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ABSTRACT

Engineering of fatty acid pathway in higher planisr enhancing their
polyunsaturated fatty acid (PUFA) content is gagnimportance in recent years. Gamma
linolenic acid (GLA), a long chain omega-6 polyutsated fatty acid has been reported
to be efficacious in treating nastalgia, atopicemea, cancer and diabetic neuropathy and
the sources are very meager. In the present igadistn, studies were undertaken to
establish a genetic transformation protocol forbs@n and to express the delta-6
desaturase gene in soybean for the production afnga linolenic acid.In vitro
regeneration of soybean was best achieved witHegtigary nodal explants which gave
a maximum of 8 shoots/ explant, under the influeméeTDZ. Also addition of
triacontanol along with BAP during multiplicatiomné rooting phase increased the
number of shoots to 14 per explant, indicating $iyaergistic effect between them.
Embryonic axis served as a better explant Agrobacterium mediated genetic
transformation of soybean resulting in a transfdromaefficiency of 7.4%, compared to
cotyledonary nodes. The full length gene sequehdelta-6 desaturase was isolated from
Soirulina platensis (strain Sp-6) and cloned into the binary vectoAMBIA1305.2 to
generate the recombinant plasmid pCAMBIADG6d, untlee control of CaMV35S
constitutive promoter and 35S poly A terminatoreTkolated delta-6 desaturase gene
sequence exhibited 98% similarity with the targeitgin and showed three histidine rich
motifs, which may act as an active site for theyemz activity. Agrobacterium mediated
genetic transformation of soybean cv. JS 335 wille trecombinant plasmid
(P CAMBIADGd) resulted in the formation of GLA (3.8%nd octadecatetraenoic acid
(6.2%) in contrast to their absence in control fafhe results from the present study
suggests that delta-6 desaturase gene f&irulina platensis is quite potential for
producing GLA in oilseed crops. Further selectiord ananipulation of these delta-6
desaturase expressing soybean lines for accumulatiGLA in seeds to a greater extent,

may make them nutritionally a more potential oitseeop.
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Introduction & Review of Literature

1.1. Soybean

1.1.1. Origin and history of soybean

Soybean Glycine max (L.) Merill] is an annual crop and belongs to the family
Fabaceae. The origin and history of soybean planbhkiscure and ancient Chinese
literature points out that as early as in 2853 B Emperor Sheng-Nung of China
named soybean as one of the five sacred grains ¢Wity 1970). The crop was first
domesticated during the Shang dynasty in the emstalf of north China, which is
believed to be the center of origin for soybeanusihsoybean has been cultivated in
China for more than 4,000 years. It is believed with the development of sea and land
trades, soybean moved out of China between theckrgury AD and 1100 AD to nearby
countries such as Burma, Japan, India, Indonesaaydia, Nepal, Philippines, Thailand
and Vietnam. However, it remained a minor crop pwéere except in China, until its
introduction into USA in the 8century (Singh and Hymowitz, 1999).
1.1.2. Area and cultivation of soybean

Systematic breeding of soybean in USA (in the $%td 1950s) transformed the
crop from an inefficient fodder type to a highlyoductive erect plant type and virtually
USA became the largest producer of soybean in tirdwHymowitz and Harlan, 1983).
Soybean has now become the largest source of \egethand protein in the world and
its large scale cultivation is concentrated in & feountries such as USA, Braazil,
Argentina, China, India, Paraguay and Canada winighther produce about 96% of the
world’s total production (Figure 1). The world’'sexage soybean yield has also increased

from less than 1 tonne/ ha to 2.3 tonnes/ ha.

United States
33%
Cther
4% o ——
Carmda — ‘_‘.'-_fj -

Paraguay ‘\ e Brazil

Iru:ina \ : 28%
China v

&% Argentina
21%

Figure 1. World Soybean production — 2008 (sourcevww.soystats.com)
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In India, soybean cultivation was negligible udi@70; thereafter it has increased

manifold as compared to any other oilseed crop siadds next only to groundnut. At

present soybean stands as one of the most impadantiltural commodity with a steady

increase in annual production (Table 1). This haslenindia the 5 largest producer of

soybean in the world (Figure 1) and sixth in terofsleading soybean consuming

countries. In India, Soybean production is mainbnfined to Madhya Pradesh (also

known as soybean bowl of India), Maharashtra, Riagas Andhra Pradesh, Karnataka,
Uttar Pradesh and Chhattisgarh (Figure 2).

Table 1. Soybean production from India and world ($81-2008)

World total production

Total production in India

|

Year
(Million Metric Tonnes)| (Million Metric Tonnes)
1981-1982 86.67 0.466
1986-1987 98.01 0.858
1991-1992 107.38 2.549
1996-1997 132.22 4.028
2001-2002 185.09 5.400
2006-2007, 235.77 7.150
2007-2008 220.81 9.473

60 -

50 -

40 -

30 -

20 -

10 -

B | =

Madhya Pradesh Maharashtra

W Area (lakh hectares)

ajasthan Other states

O Production (lakh tonnes)

Figure 2. Statewise area and production of soybean India (2007-08)

Source: The Soybean Processors Association of (&déPA), 2008. [www.sopa.org]
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India produces 5-7 million tonnes of beans, liomnltonne of oil and 3-5 million
tonnes of soy meal in a normal year (Source: Thgbh&n Processors Association of
India). Out of the total production, 10 to 12% isedtly consumed and the rest is used for
processing. India is one of the major exporters@f meal to the Asian countriegz.,
South Korea, Thailand, Philippines and Japan. Itgb&cally exports around 65% of the
country's soy meal production currently, which agds for 84% of the total edible
oilseed meal exports from the country.

1.1.3. Soybean classification

The genuslycine is divided into two subgener&lycine and Soja. The former
consists of perennial wild species (includi@ycine canescens and G. tomentella
Hayata) primarily from Australia and Europe, wherdélae latter consists of three annual
species from Asiaiz., Glycine max Merrill, Glycine soja Sieb. & Zucc., andslycine
gracilis Skvortz (Hymowitz and Newell, 1980%lycine max is the cultivated form of
soybean grown worldwide, where&ycine soja is the wild ancestor of the cultivated
soybean grown widely in China, Japan, Korea, Taiamh Russia an@lycine gracilis is
the weedy form of cultivated soybean, found only¥imna (Hymowitz and Singh, 1987;
Lackey, 1981).

Scientific classification:

Kingdom p Plantae
Phylum . Magnoliophyta
Class : Magnoliopsida
Order : Fabales
Family : Fabaceae
Subfamily : Faboideae
Genus : Glycine
Species : max
Binomial name : Glycine max (L.) Merrill

1.1.4. Morphology and physical characteristics

The cultivated formGlycine max (L.) Merrill] grows annually, with variation in
growth, habit and height. It grows prostrate witidp, stems and leaves covered by fine
brown or grey hairs. Leaves are trifoliate, havin 4 leaflets per leaf and fall before the
seeds mature (Lersten and Carlson, 1987). Flowersstandard papilionaceous type,
borne on the axil of the leaf and are white, pimlptirple in color. Anthers mature in the

bud and shed their pollen directly onto the stigmhahe same flower, thus ensuring a

3
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high degree of self-pollination (Carlson and Lemst&987). The fruit is a hairy pod that
grows in clusters of 3-5 and usually contains 2els. Seeds occur in various sizes and
in many seed coat colors, including black, brownepyellow and green.

1.1.5. Uses of soybean

Soybean is known worldwide for its high qualityf®in and oil content. The crop
has several favorable features which include itptability to a wide range of soils and
climates, ability to fix nitrogen, capacity to pra@e more edible protein per acre of land
than any other known crop and its versatile end @sehuman food, animal feed and
industrial material. Currently, the majority of arah soybean production is crushed into
oil, for use in foods and food processing and dedameal, for use as animal feed. Only a
small fraction is processed into whole bean foods direct human consumption
(Soyatech, 2004).

Soy protein contains all the essential amino adieiguired by humans. Soy oil
contains a high proportion of unsaturated fattyda@nd essential fatty acids including
oleic, linoleic and linolenic acids (Messina et, 41994). Extensive clinical research has
shown the role of soybean in preventing and trgatironic diseases such as cancer,
heart and bone diseases. This has led to a wordiniérest in using soybean for food
and nutraceutical products. A number of studie$ botvivo andin vitro, with animals
and human subjects have shown that soybeans andosmyonents have many health
benefits, including hypocholesterolemic, anticanaed antioxidant effects (Carroll and
Kurowska, 1995; Anthony, 2000). Regular consumptibsoybean and soy products are
reported to reduce heart disease, prevent bredgirastate cancers, improve bone health
and memory and alleviate menopausal symptoms inemofWang and Wixon, 1999).
Many types of biologically active components sushisoflavones, lecithin, saponins,
lectins, oligosaccharides and trypsin inhibitorsvéhdeen shown to be responsible for
these effects. Among them, isoflavones have beeogrezed as the key components
responsible for the above mentioned health prorgoéfiects though other bioactive
components are also of interest. These componeatprasent in minor quantities as
compared with protein and oil and still they carerexsome unique health benefits for
humans. The general nutrient contents as well @ ghytochemicals present in soybean
are listed in Table 2 (Liu, 2004).
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Table 2. General concentrations of nutrients and pytochemicals in soybean

(Dry weight basis)
Components Range
Protein (%) 30-50
Amino acid composition (g/100 g seed)
Non-essential
Alanine 1.49-1.87
Arginine 2.45-3.49
Aspartic acid 3.87-4.98
Glutamic acid 6.10-8.72
Glycine 1.88-2.02
Cysteine 0.56-0.66
Proline 1.88-2.61
Serine 1.81-2.32
Essential
Histidine 0.89-1.08
Isoleucine 1.46-2.12
Leucine 2.71-3.20
Lysine 2.35-2.86
Methionine 0.49-0.66
Phenyalanine 1.70-2.08
Threonine 1.33-1.79
Tryptophan 0.47-0.54
Tyrosine 1.12-1.62
Valine 1.52-2.24
Oil (%) 12-30
Fatty acid composition (% of total oil content)
Palmitic acid 4-23
Stearic acid 3-30
Oleic acid 25-86
Linoleic acid 25-60
Linolenic acid 1-15
Carbohydrates (%) 26-38
Sucrose 2.5-8.2
Raffinose 0.1-0.9
Stachyose 1.4-4.1
Ash % 4.6-5.9
Vitamins (pg/g)
Thiamine 6.26—6.85
Riboflavin 0.92-1.19
Vitamin E
a-tocopherol 10.9-28.4
t-tocopherol 150-190
d-tocopherol 24.6-72.5
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Components Range
Isoflavones (%) 0.1-04
Saponins (%) 0.1-0.3
Phytate (%) 1.0-1.5
Phytosterols (mg/g) 0.3-0.6
Trypsin inhibitors (mg/g) 16.7-27.2
Lectin HU*/mg protein 1.2-6.0
Lunasin (% defatted flour) 0.33-0.95

*HU = Hemagglutinin unit.
Source: USDA nutrient database, 2008.

1.2. Genetic modification of soybean

Soybean is grown in more areas worldwide than @ther dicotyledonous crop
and is recognized as the most economical sourfodfprotein. Hence improvement and
optimization of soybean characteristics such as qgssstance, stress tolerance, lowering
allergenic protein levels, improving the nutraceafticomponents and altering the fatty
acid composition of seeds for human nutrition drerdfore desirable (Kaneda et al.,
1997). In attaining this goal, we owe much to tiheeking techniques. Soybean is a self-
pollinated legume with natural outcrossing of < @5approximately 1% (Carlson and
Lersten, 1987). As a result of its self-pollinatirgproductive behaviour, plant breeding
procedures such as backcrossing, single pod despedigree breeding and bulk
population breeding are some of the more commocegaiares used to develop improved
varieties of soybean (Poehlman and Sleper, 1998).0Athese procedures involve
making crosses or hybrids by hand pollination felbd by selection, testing and
ultimately release of a superior soybean varietyictvis laborious and time consuming.
In such situations biotechnological techniques suash tissue culture and genetic
engineering can be a handy tool to enhance andwrphe efficiency of plant breeding.

The progress of plant genomic research has reaxiséage where transformation
has become a basic technology for both analysisvandication of the function of
isolated genes in crops as well as for the prodoaif varieties engineered with desirable
traits. The utilization of genetic transformaticcthniques to introduce useful or novel
gene(s) into soybean requires an efficient methddtransgene integration and
regeneration of transformed plants. While transgesoybeans have been already

6
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produced using several transformation techniquaisaie eitheAgrobacterium-mediated
or involve particle bombardment, the transformatiechnique itself is yet to become a
practical breeding method.
1.2.1.In vitro regeneration of soybean

A number of successful regeneration protocols Hmen developed for soybean
especially with a view to facilitate genetic tramshation. However, the frequency of
plant regeneration reported thus far does not deigim enough to be applied easily to
soybean transformation. An improvement in the regaton frequency would greatly
contribute to an increase in the production of sggmic soybeans. Many reports have
covered somatic embryogenesis and shoot organdagemesoybean, which will be
briefed in the following sections.
1.2.1.1. Somatic embryogenesis

Somatic embryogenesis in soybean was first actlidwe Christianson et al.,
(1983). The process involves the induction of peoditing embryogenic tissues from
immature cotyledons cultured on medium containirgdenately high concentrations of
auxin, either 2, 4-dichlorophenoxy acetic aciduamaphthaleneacetic acid (Ranch et al.,
1985; Lazzeri et al., 1985; Finer and Nagasawag;1Parrott et al., 1988). Adventitious
somatic embryos were allowed to develop from thebrgogenic cultures, which
germinated into a whole plant after maturation imamone free medium. The formation
of proliferative embryonic tissue is dependent anaype, although the effects of
genotype have been partially overcome by modificatof tissue culture protocols
(Bailey et al., 1993). These successes have bedtedi to those genotypes that are
amenable to embryogenic culture induction in tissukure. Tomlin et al., (2002) have
reported that somatic embryogenesis is positiveoaiated with lower maturity groups
of soybean. Various studies have been reporteth@mfluence of factors such as auxin
(Lazzeri et al., 1987; Komatsuda and Ohyama, 1988¢rose (Lazzeri et al., 1987,
Komatsuda et al., 1992), pH (Lazzeri et al., 198antarem and Finer, 1999) and
genotype (Komatsuda and Ohyama, 1988; Parrott. efi@89; Tomlin et al., 2002) on
somatic embryogenesis in soybean. Soybean sonmlicyes were first used as a target
for Agrobacterium mediated transformation (Parrott et al., 1989) aswimatic
embryogenic tissue was subsequently found to benalbhe to transformation by particle
bombardment (Finer and McMullen, 1991). Though d@mma&mbryogenesis is an
efficient system to produce genetically modifiedrgs, its genotype specificity and high

level of somaclonal variation in the regenerateahfd needs to be addressed before it can

7
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be used to regenerate transformed plants (FineNagdsawa, 1988; Parrott et al., 1989;
Finer and McMullen, 1991).
1.2.1.2. Shoot organogenesis

Earlier reports on soybean organogenesis focusechlbus regeneration. It was
considered as advantageous over direct regenergtiotransformation because of its
efficiency in selection of transgenic cells. Choistet al., (1988) could effectively select
transgenic calli after bombarding protoplasts,they failed to produce transgenic plants.
According to Hu and Wang (1999) the efforts madesgenerate plants from callus have
yielded poor results since plants could not be megged from any type of soybean
callus. An adventitious organogenic regeneratiooc@dure from seedling hypocotyl
sections was reported by Dan and Reichert, (1928¢r Reichert et al., (2003) improved
the hypocotyl based organogenic regeneration systénsoybean that was truly
adventitious in nature and showed that it is ind€jeat of genotype.

Direct shoot organogenesis is less genotype depérschd has become a routine
in vitro technique for regeneration of transformed plaRexcent reports on soybean shoot
organogenesis focused on the utilization of cotytedy node (Hu and Wang, 1999),
which is based on the proliferation of meristemsha cotyledonary node. Shan et al.,
(2005) suggested that the efficiencyiofitro organogenesis for genetic modification can
be improved if the number of shoots per explamgseased or by increasing the number
of meristematic cells with the ability to regenetafhe same authors reported the
formation of multiple shoot buds and their prol#@on by sub-culturing cotyledonary
nodes on thidiazuron (0.1 mg)Isupplemented medium. Similarly Franklin et £20@4)
reported the formation of green organogenic nodutesiced at the proximal end of
mature and immature cotyledons by combination oZ ©Edd BAP which gave 19 shoots
per explants. The efficiency of TDZ in inducing miple shoot buds was further
demonstrated by Kaneda et al., (1997) using cotylad/ nodes and hypocotyl explants.
They also suggested that by reducing the conceortrat salts in the media, frequency of
adventitious shoot buds can be increased. LateaiSaet al., (2003) used the proximal
end of cotyledons with 2, 4-D and BAP to regenenatétro shoots. They also observed
that among the carbon sources sorbitol is bestdfius induction and maltose for plant
regeneration. Even though plants have been suatlgssfansformed by using
cotyledonary nodal explants, the recovery of trenggplants capable of transmitting the

target gene(s) is very low (Christou et al., 1990)is is primarily due to pre-existing
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meristematic shoot buds, which continue to groveaively on a medium containing a
selectable agent like antibiotic or herbicide (Mewat al., 1998).
1.2.2. Genetic transformation studies on soybean

Early attempts in genetic engineering of soybeacuged on regeneration of
protoplast and embryonic suspension cultures. Heweespite some initial successes,
progress was very slow and the prospects for regcwyéransgenic soybean remained a
distant and elusive objective. Soybean geneticregging became a reality following the
invention and optimization of the technique of mdetbombardment (Klein et al., 1987;
Christou et al., 1990). In fact soybean was used asodel system to develop the
technology for a large number of crop species thate shown to be extremely
recalcitrant to genetic manipulation (Christou ket 8988; McCabe et al., 1988). There
are two modes of DNA delivery that are currentlylized by most researchers to
transform soybean. One method utilizes particle limeiment of shoot meristems and
embryogenic tissue with DNA coated carrier partictd inert materials (Hadi et al.,
1996; Santarem and Finer, 1999; Droste et al., ROD&s technique often requires a
prolonged tissue culture period to prepare targetué. The other method involves
Agrobacterium-mediated transformation of plant tissue such asrgomiic axis, immature
cotyledons or cotyledonary tissue from germinateddings (Hinchee et al., 1988;
Parrott et al., 1989; Somers et al., 2003; Pak,e2@04).
1.2.2.1 Agrobacterium mediated gene transfer

Agrobacterium tumefaciens provides a reliable and well documented means for
introducing foreign DNA into plant cellsA. tumefaciens mediated delivery of foreign
genes was first demonstrated by Horsch et al.,5198ince then its utility has been
extensively studied in numerous plant species withsequent documentation by other
workers (Wordragen and Dons, 1992; Fisk and Darrgddle®3; Hiei et al., 1994; Ishida
et al., 1996). Initial studies owgrobacterium-mediated transformation of soybean
revealed a highly variable response of the cropgmbacterium spp. Owens and Cress,
(1985), using only a single strain @& tumefaciens, demonstrated both significant
genotypic and seedling age effects on the tumoigtgesponse of cut stems. Byrne et al.,
(1987) in their evaluation of multipl&lycine and Agrobacterium species identified
significant genotype x strain interaction. They mexaluated eleve\. tumefaciens
strains on the most susceptible soybean genotypekiig’ and found significant
differences in tumor formation induced by differénttumefaciens strains. Delzer et al.,

(1990) found that a significant strain x genotypteiaction existed when they evaluated
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10 early-maturity genotypes with 3 strains Af tumefaciens for tumorigenicity of
wounded cotyledons, a non-organogenic tissue. &ityiMauro et al., (1995) and Bailey
et al., (1994) identified genotypes divergent Agrobacterium-induced tumor formation
and have made crosses between these genotypedentorstudy the heritability of this
trait. Both groups determined this trait to be gitative in nature with sufficient genetic
variance to permit improvement by selection. Thevabstudies suggest that tumor
formation is a complex process that could be cdlettdoy factors such as tissue growth
stage, ability of transformed tissue to proliferatelerin vitro conditions and also in the
presence of bacteria and other factors.

The first successful recovery of transformed saybplants using\grobacterium
was reported by Hinchee et al., (1988). The procedelied on shoot organogenesis from
cotyledons of soybean genotype (cultivar Pekindgected for its susceptibility to
Agrobacterium infection. Later Parrott et al.,, (1989) used immnatseeds to obtain
cotyledonary tissues that were macerated on nylonsteel mesh, infected with
Agrobacterium and placed on culture medium to generate somatibry@s. Later
researchers concentrated on cotyledonary node f@hod for soybean transformation,
which offers one of the reliable methods for regaten of fertile soybean plants due to
a short seed-to-seed generation time and non eggeit of the maintenance of parental
donor plants or long term cultures (Paz et al.,6200he efficiency of this transformation
system remains low because of infrequent T-DNAwaeyi to cells (axillary meristems)
in the cotyledonary node, ineffective wounding gplants prior to infection, inefficient
selection of transgenic cells that give rise toashmeristems and low rates of transgenic
shoot regeneration and plant establishment (Obuadt Somers, 2001). Improvements to
this CN protocol have been actively pursued in plast one decade to increase its
efficiency, which is summarized in Table 3.

The CN system involves wounding of explants defiieom 5-7 day old
seedlings by making accurate incisions on the afiaxde using a surgical blade. This
wounding procedure requires precise cutting of #lant prior to infection.
Discrepancies in transformation efficienea the Agrobacterium method have been
partially attributed to non-reproducibility of CNownding procedures. Other soybean
transformation approaches involving some forms aeibérate wounding on the explant
have also been explored resulting in differentdfarmation efficiencies. For example,
sonication was used to assAgrobacterium-mediated transformation (SAAT) of both
CN explants (Meurer et al., 1998) and immature lediyns (Santarem et al., 1998; Finer
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and Finer, 2000). Biolistic treatment was used ¢tmmd embryogenic tissue derived from
cotyledonary explants followed Agrobacterium inoculation of the tissue (Droste et al.,
2000).

Table 3. Improvements of the cotyledonary nodal trasformation system in soybean

Improvements Reference

Improved selection and regeneration of Zhang et al., 1999; Olhoft et al., 2003.
transformed plants

Increasedhgrobacterium virulence by | Bolton et al., 1986; Dye et al., 1997;
improvingvir gene constructs and usingHansen et al., 1994; Palanichelvam et a.,

chemical inducers ofir genes 2000.
Identification and selection of Byrne et al., 1987; Delzer et al., 1990;
susceptible soybean genotypes Meurer et al., 1998; Cho et al., 2000.

Facilitating the gene delivery through | Santarem et al., 1998; Meurer et al., 1998;
wounding of explants/ microprojectile | Finer and Finer, 2000; Droste et al., 2000;
bombardment/ sonication. Ko et al., 2003; Yan et al., 2000.

Explant wounding of excised embryonic axes frormagure seeds using a multi-
needle wounding prong (Ko et al., 2003) and comytedusing forceps (Yan et al., 2000)
have also been reported. Although some of thesenging treatments resulted in
enhanced transient expression of marker genes,digegot imply the improvement of
stable transgenic plant recovery, which has beeroloorated using other plant systems
(Wroblewski et al., 2005). While these studies espnt substantial progress towards
improving the cotyledonary node transformation ayst the production of transgenic
soybean plants remains inefficient.

Olhoft and Somers (2001) reported that applicatibthiol compounds (cysteine,
dithiothreitol and sodium thiosulfate) during cdttation results in a significantly
increased transformation rate using the cotyledonade tissues. Based on this protocol
coupled with hygromycin B as a selective agentcieffit stable transformation (16%) has
been achieved (Olhoft et al., 2003). However, itswsuggested that efficacy of
transformant selection with hygromycin B might bengtype dependent (Zeng et al.,
2004). Recently Liu et al., (2008) reported incesagransformation efficiencies of
soybean cotyledonary node by using 0.02% (v/v)astaht (Silwet L-77, Arabidopsis
Inc., USA) along with theAgrobacterium inoculums. The application of Silwet L-77
(0.02%) during infection and L-cysteine (600 mig Huring co-cultivation resulted in
more significantly improved transformation efficagnthan each of the two factors alone.
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They also optimized the selection of transgenicoshdyy gradually increasing the
concentration of hygromycin (from 0- 8 mgih 27 days) to regenerate more number of
transgenic plants. Alternative to this CN systery ét al., (2004) reported the use of
embryonic tip as explants f@grobacterium mediated transformation of soybean. They
pointed out the use of fewer and readily availaplants, simple protocol and shorter
time period to generate transgenic soybeans aadventages of this system. The above
literatures point to the extensive studiesAgrobacterium mediated transformation of
soybean, which is well established now with onlyfeav bottlenecks (like genotype

specificity and transformation efficiency) to beesosome.

1.3. Genetic engineering of oilseed plants

1.3.1. Polyunsaturated fatty acids

Polyunsaturated fatty acids (PUFAS) are of 18 @astor more in length with two
or more methylene interrupted double bonds indbkgosition. PUFAs can be grouped
into two main familiesn-6 (or n-6) andw-3 (or n-3), depending on the position of the
first double bond proximate to the methyl end dfyfacids. For example: linoleic acid, in
the -6 family, is designated as C18i26 to indicate that it has 18 carbons and 2 double
bonds, with the first double bond at the sixth carlatom starting from the methyl end.
Very long chain polyunsaturated fatty acids (LCPYmBave 20 or 22 carbon atoms and
4, 5 or 6 methylene interruptets double bonds im-3 or w-6 arrangements (Huang and
Ziboh, 2000). The nutritionally most important PUs-Anclude linoleic acid (LA);y-
linolenic acid (GLA) anda-linolenic acid (ALA), whereas the LCPUFA includes
arachidonic acid (AA), eicosapentaenoic acid (ERA) docosahexaenoic acid (DHA)
(Alonso and Maroto, 2000).
1.3.2. Uses of PUFAs

Dietary polyunsaturated fatty acids (PUFA) havie@t on diverse physiological
processes impacting normal health and chronic sieseauch as the regulation of plasma
lipid levels, cardiovascular and immune functiomsulin action, neuronal development
and visual function (Table 4). Ingestion of PUFAIWead to their distribution to virtually
every cell in the body with effects on membrane position and function, eicosanoid
synthesis and signaling as well as the regulatiogene expression. Cell specific lipid

metabolism, as well as the expression of fatty asgulilated transcription factors is likely
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to play an important role in determining cellulagsponse to changes in PUFA

composition (Alonso and Maroto, 2000).

Table 4. Polyunsaturated fatty acids and their putéive role

PUFA Formula Metabolic role Reference
Linoleic acid (LA) | 18:2n-6 | Essential fatty acid WHO/FAO, 1977.
y-linolenic acid 18:3n-6 | Essential for diet, Skin | WHO/FAO, 1977;
(GLA) diseases and others | Horrobin, 1992.
a-linolenic acid 18:3n-3 | Essential fatty acid WHO/FAO, 1977.

(ALA)

Octadecatetraenoic 18:4n-3 | Anti-inflammatory Coupland et al., 1996.
acid (OTA)
Dihomoy-linolenic | 20:3n-6 | Virus infections, Jareonkitmongkol et al.,
acid (DHGLA) cancer, inflammatory | 1993.
diseases, and atopy of
the skin and mucosa.
Arachidonic acid | 20:4n-6 | Essential for diet, WHO/FAO, 1977; Singh
(AA) Eicosanoid precursor, | and Chandra, 1988; Innis,
Development of the 1991.
nervous system
Eicosapentaenoic | 20:5n-3 | Eicosanoid precursor, | Dyerberg, 1986; Singh and
acid (EPA) Circulatory system, Chandra, 1988; Innis, 1991;
Anti-inflammatory, Wingmore et al., 1996;
Anti-tumoral Simonopoulos, 1989.
Docosahexaenoic | 22:6n-3 | Development of the Singh and Chandra, 1988;

acid (DHA)

nervous system and
retina

Innis, 1991.

GLA plays a significant role in the prevention siin diseases, diabetes and
reproductive disorders (Gunstone, 1992, 1998; Hamtdl992). AA and DHA are found
in high proportions in neuronal tissues such agbratina and testis (Singh and Chandra,
1988; Innis, 1991). DHA acts as a ligand for thinmd receptor and is involved in the
development of retina (Brown, 1994). Inclusion oA And DHA in infant formula has
also been shown to be beneficial to the growthasuhl development in pre-term infants
(Gill and Valivety, 1997). The role of EPA in theoper functioning of the circulatory
system and cardiovascular diseases is now wellostgap (Dyerberg, 1986; lacono and
Dougherty, 1993; Simonopoulos, 1991; Wingmore et1#896). PUFAs also serve as a
precursor for a number of biologically active malles such as eicosanoids, growth
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regulators and hormones. Eicosanoids include trosaes, leukotrienes and
prostaglandins which are physiologically active pannds and play diverse roles in
human metabolism (Gill and Valivety, 1997; Inni991; Parent et al., 1992; Peck, 1994).

Because of their profound effects on human healthny PUFAs and PUFA-
based products are now commercially available enrttarket (Table 5). Production of
some PUFAs is relatively well established and isgeresearch is underway to develop
commercially viable production methods for otheféie market demand of GLA is
estimated to be about 2000 tonnes/year (Gunst@88) land for EPA it is 125 tonnes/
year in Japan alone. GLA is priced at < $100 kg crude oil, whereas EPA sells for
< $600 kg of pure oil. EPA has proved beneficial in treatinef several important
ailments and its demand is expected to increasdlyap the near term (Belarbi et al.,
2000).

Table 5. Commercially available PUFA and PUFA prodets

PUFA Source Company Product
GLA | Oencthera sp. Clover Co., Australia Milkarra
Oenothera sp. Croda Oleochemicals, EnglandCrossesential EPO
Borago officinalis Scotia Lipids, Scotland Crossesential GLA
Oenothera sp. Scotia Lipids, Scotland Efamol®
OTA | Trichodesma zeylanicum | Croda Oleochemicals, England Crossesential OTA
Echium plantagineum
AA Fermentation Suntory Ltd., Japan SUN-TGA
Single-cell oll Hoffmann-La Roche Ltd, ROPUFA
Switzerland.
Mortierella alpina Gist-brocades, Holland ARASCO
EPA | Fish oll Croda Oleochemicals, Englanthcromega
Scotia Lipids, Scotland Hi-EPA Oil
BASF, Denmark Dry n-3°
PRONOVA, Norway EPAX 0626 TG
DHA | Tuna Clover Co., Australia Milkarra™
Hoffmann-La Roche ROPUFA
Ltd., Switzerland
Fish oll Croda Oleochemicals, Englandncromega
Fish oll Scotia Lipids, Scotland Hi-DHA Oil
Crypthecodinium cohnii | Martek Biosciences Co. DHASCO
Fish oil BASF, Denmark Dry n-3°
Fish oil PRONOVA, Norway EPAX 0626 TG
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1.3.3. Current sources and potential sources of PWs

PUFAs are currently obtained from a number of sesitincluding higher plants,
animal viscera (brain) and oily fish (Table 6). Tgredominant sources oF3 fatty acids
are vegetable oils and fish. Vegetable oils arentlagor sources of ALA, which is also
found in the chloroplast of green leafy vegetalsiesh as purslane and spinach. Purslane
(Portulaca oleracea), is the richest source of ALA and is also onetled few plants
known to be a source of EPA (Simonopoulos, 1983ndla oil Brassica napus)
contains appreciable levels of PUFA (22% LA and 1A#&A). Other sources include
nuts and seeds, vegetables and some fruits, edg polltry and meat, all of which
collectively contribute minor quantities ef3 fatty acids to the diet. Oils extracted from
marine fish such as mackerel, herring, salmon andirsees serve as the richest source of
EPA and DHA (Huang et al., 2004). Commerciallyhfals are available in the form of
gelatin capsules or oily preparations, which cantaD% to 30% EPA and DHA
(Trautwein, 2001). Fishes obtain their long chawFRs (LCPUFAS) by consuming the
LCPUFA rich microalage and phytoplanktons. EPA &81tdlA oils can also be obtained
from single cell organisms like microalgae and furigatoms such adlitzschia, are
good producers of EPA, and dinoflagellates suc@rgpthecodinium cohnii are used for
commercial production of DHA (Barclay et al., 1994farine protists such as the
Thraustochytrids are a potential source of DHA for human consump(i®arclay et al.,
1994; Bajpai et al., 1991).

Vegetables are the main sourcesvef fatty acids. The most important6 fatty
acid, LA, is found in large amounts in corn oilffleaver oil, sunflower oil and soybean
oil (Adam, 1989). It is very plentiful in nature dfound practically in all plant seeds with
the exception of palm and cocoa. GLA is found @nploils derived from borage, evening
primrose and black currant (Barre, 2001). AA is awencially produced by fermentation
of Mortierella alpina andPorphyridium sp. which are rich sources of AA (Kendrick and
Ratledge, 1992; Streekstra, 1997).
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Table 6. Current and alternative sources of PUFAs

PUFA Sources

GLA Plants:Oenothera, Borago, Ribes, Macaronesian, Echium
Fungi: Mucor javanicus, Mortierella isabelina
Microalgae:Spirulina

ALA Plants:Glycine, Linum, (many others)

AA Animal viscera (brain)

Fungi:Mortierella alpina

Microalgae:Porphyridium cruentum

EPA Oil fish: Sardina, Engraulis, etc.

Fungi: M. alpina, Saprolegnia sp.
Microalgae:Phaeodactylum tricornutum, Monodus subterraneous
MossesPhytiumirregulare

Bacteria:Shewanella sp.

DHA Oil fish: Sardina, Engraulis, etc.

Fungi: Traustochitrids

Microalgae: Dynophyceae

1.3.4. Genetic engineering of oilseed crops for thpgoduction of PUFAs

PUFA production from the above mentioned sourcesirsadequate for meeting
the expanding PUFA market (Napier et al., 1999)ifidnal and significant problems of
the current sources are: (a) seasonal and climatiation in oil composition, which can
result in inconsistencies in oil supply and quali(lp) low productivity of the plant
sources (c) complex downstream processing, (d) prgduction and purification costs
and (e) unpleasant taste/odour of oils from sioglesources (Alonso and Maroto, 2000).
Although strain improvement and cultivation optiatipn may raise the levels of the
desired fatty acids in the oils, these processesime consuming and labour demanding.
The above mentioned drawbacks and the increasintamg have raised the interest in
obtaining these PUFAs from alternate sources tteatreore economical and sustainable.
One attractive option is to genetically engineex tilseed crops like soybean, canola,
sunflower and others to produce PUFAs such as GAA, EPA and DHA. These
oleaginous plants are attractive because of thiéirpmductivity, well established
agronomic practices and processing techniques forrezovery. In addition, the
knowledge of pathway engineering is advancing dgp@hd has opened up new
possibilities for production of PUFAs in plants. g the past few years, genes

encoding the enzymes involved in biosynthesis ofFR&) such as desaturases and
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elongases have been successfully isolated (Budwszeet al., 1996; Lassner, 1997)
from PUFA rich organisms and transgenically exprdsa oilseed crops.

In the last few years reviews have appeared orptissibilities of engineering
oilseed crops to produce ‘designer’ oils by gengtdosformation. There are several basic
requirements for engineering oleaginous plantgpfoducing PUFAs: (a) understanding
of the metabolic pathways and the enzymes/genesdvied, (b) cloning of the critical
genes involved in the synthesis of a specific PUE&, availability of suitablecis-
regulatory elements (i.e. promoters) to achieveresgion in the appropriate tissue and
(d) availability of transformation methods for tbhé&eaginous plants and stability of the
trait (Budziszweski et al., 1996). A brief litewa¢ review of the above requirements is
given below,
1.3.4.1. Metabolic pathways

The knowledge of lipids and fatty acid biosyntlsasiplants has greatly expanded
in the last decade, as summarized in several gnoews (Browse and Somerville, 1991;
Harwood, 1996; Murphy, 1993; Ohlrogge and Jawordl®@7; Slabas and Fawcett, 1992;
Somerville and Browse, 1991). Plant fatty acid fdkesis occurs almost exclusively in
the plastid (Somerville and Browse, 1991) and sied out by the fatty acid synthetase
complex (Harwood, 1988). Fatty acids are then udieectly in the plastid for the
production of plastid glycerolipids (prokaryotictbaay) or exported to the cytoplasm to
produce other glycerolipids (eukaryotic pathwang endoplasmic reticulum processing
(Browse and Somerville, 1991). Desaturation reastidake place in both cellular
compartments with the fatty acids in the form oflalpids (linked to the glycerol
backbone), except for the desaturation of 18:08tdc3-9 (Harwood, 1996). The enzymes
involved in the desaturation steps in plants ar# krewn (Figure 3). Each desaturase
enzyme is usually present in at least two isoforom& in the plastid and another one in
the microsomes (Harwood, 1996; Heppard et al., 199&nt desaturases seem to exhibit
low activity on G fatty acids (Millar et al., 1998; Spychalla et, d997) and therefore,
very long chain PUFAs are not synthesized desp#abstantial accumulation in plants.
Some fungi, mosses and microalgae have the abilisynthesize these very long chain
PUFAs by pathways that are poorly understood (Eid@)r(Arao et al., 1994; Arao and
Yamada, 1994; Bajpai and Bajpai, 1993; Girke etl#198). These organisms contain all
desaturases found in higher plants and severaltiawiali desaturases, which can

specifically desaturate,gand G fatty acids.
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Stearicacid (18:0)

A9 desaturase

Oleic acid (18:1n-9)

A2 desaturase

o A desaturase
Linoleicacid  m————p-  o-Linolenicacid

(18:2n-6) (18:3n-3)
lq— A® desaturase —»l
7 -Linolenic acid Octadecatetraenoic acid
(18:3n-6) (18:4n-3)
1‘7 elongase 4.1
Dihomo “-Linolenic acid Eicosatetraenoic acid
(20:3n-6) (20:4n-3)
lq— AS desaturase —»l
17
Arachidonic acid % Eicosapentaenoic acid
(20:4n-6) (20:5n-3)
elongase

Docosapentaenoic acid
(22:5n-3)

A4 desaturase

Docosahexaenoic acid
(22:6n-3)

Figure 3. The general biochemical pathway ofn vivo synthesis of PUFAS in various
organisms.Green arrows represent reactions that are veryrmmomin higher plants; Red
arrows represent reactions that occur only in agkamts; Blue arrows represent reactions

that occur only in some lower organisms. (Sourdenso and Maroto, 2000).
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Both the prokaryotic and the eukaryotic pathwagése known as ‘chloroplastic’
and ‘extra chloroplastic’ pathways, respectivelyafiood, 1996) serve the cellular needs
for structural lipids (i.e. membrane lipids). Indéttbn, the extra chloroplastic pathway is
the major route for the storage lipids, mainly dyiglycerols (TAG). Storage TAGs are
synthesized by the Kennedy pathway in developiredsgGurr and Harwood, 1991;
Murphy, 1993), which requires the enzyme diacylghpt acyltransferase. This enzyme
appears to have wide fatty acid specificity (Gund &larwood, 1991).
1.3.4.2. Gene cloning

Recent years have witnessed advances in the glafimany genes involved in

the biosynthesis of lipids, especially of the PUpathway which are listed in Table 7.

Table 7. List of the desaturase genes with potentidiotechnological applications

that have been cloned

Gene/Enzyme Biological source Reference
A’-desaturase Arabidopsis thaliana Fukuchi et al., 1995
Rosa hybrida Fukuchi et al., 1995
Anabaena variabilis Sakamoto et al., 1994
Synechocystis sp. Sakamoto et al., 1994
n-3 desaturase Arabidopsis thaliana Yadav et al., 1993
(microsomal) Glycine max Yadav et al., 1993
Brassica napus Yadav et al., 1993
Limnanthes douglasii Bhella and Mackenzie, 1995
Nicotiana tobaccum Hamada et al., 1994
Triticum aestivum Horiguchi et al., 1998
Perilla frutescens Chung et al., 1999
n-3 desaturase Arabidopsis thaliana (FAD-7) Yadav et al., 1993
(plastidial) Arabidopsis thaliana (FAD-8) Gibson et al., 1994
Glycine max Yadav et al., 1993
Brassica napus Yadav et al., 1993
Nicotiana tabaccum Hamada et al., 1994
Triticum aestivum Horiguchi et al., 1998
A" -desaturase Arabidopsis thaliana Okuley et al., 1994
(microsomal) Glycine max Heppard et al., 1996
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A% desaturase

(plastidial)

Arabidopsisthaliana

Spinacia oleracea

Falcone et al., 1994
Schmidt et al., 1994

A®-desaturase

Borago officinalis
Pythiumirregulare
Synechocystis sp.
Mortierella alpina
Mucor circinelloides

Echium sp.

Sayanova et al., 1997
Hong et al., 2002
Reddy et al., 1993
Huang et al., 1999
Hao et al., 2008
Marotoa et al., 2002

A>-desaturase

Mortierella alpina

Michaelson et al., 1998

Knutzon et al., 1998

1.3.4.3. Transformation

Wada et al., (1990) reported the first case ofdliplteration by genetic
engineering in cyanobacteria, which proved theilbdéy of this approach in modifying
the lipid composition. Initially the focus has bemmnon-oleaginous model plants such as
Arabidopsis (Millar et al., 1998; Qi et al., 2004) and tobad@dunberg et al., 1994;
Marotoa et al., 2002), which are of little directgtical value for agronomic based oil
production. Currently efficient transformation medls are already available for several
oilseed cropsiz., soybean, canola, maize, etc (Olhoft et al., 2008et al., 2008; Frame
et al., 2002), and the range of oilseed crops abierta genetic manipulation is set to
increase. The stability of the transformed tragmse not to be a problem in transgenic
plants and there are many reports of extended ssipre of the transgene in modified
plants. Friedt and Luhs, (1998) transformed rapk$arehigh lauric acid content which is
currently cultivated in the United States.
1.3.4.4. Appropriate expression

The expression of the transgene in the approptigtie is of paramount
importance. The constitutive expression of somey faicid transgenes has proven
detrimental for the performance of the organisnpeemlly under certain conditions
(Kinney, 1994; Millar et al., 1998; Miquel and Breg; 1994). Other characteristics are
sometimes poorly expressed or not expressed inss@Reddy and Thomas, 1996;
Sayanova et al., 1999) where the transgene isrdEsigr expression in the oilseed plant.
These circumstances can invalidate the usefulneisedransgenic plant as production
vehicle and greater effort is necessary for asgutime correct expression (i.e. in the
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seeds) without other adverse effects (Budziszeefski., 1996). Several reports of seed-
specific promoters that work satisfactorily wherediswith heterologous genes were
reported by Falco et al., (1995), Sarmiento ef(A897) and Heppard et al., (1996).

1.3.5. Studies on transgenic oilseed plants as aiste of PUFA

The rapid pace of genetic manipulation and reguiatechniques have aided in
utilizing the oilseed crops for PUFA production (Biszewski et al., 1996). The
following sections briefly review the achievementade in engineering oilseeds crops
for the production of some specific PUFAs (GLA, AEPA, and DHA) that are
commercially the most attractive.
1.3.5.1. Transgenic production of GLA

GLA can be produced from its precursor LA by thtiam of aA®-desaturase
(Figure 3). Potentially, GLA can be produced ecoitwatty from oilseed crops by a
relatively simple transformation of a singl&desaturase gene, providing that the gene is
expressed stably in seeds and at a high rate andrdhsformed plants are easy to
cultivate. A detailed review of the same will bealleinder section 1.4.8 at a later stage of
this chapter.
1.3.5.2. Transgenic production of AA

The production of AA from LA involves the desatiima of LA to GLA, followed
by the elongation of GLA to DHGLA and a subsequaéegaturation of DHGLA to AA
(Figure 3). This process takes place only in soumgifand microalgae because DHGLA
is uniquely present in these organisms. Three nejaymes are involved in this process
viz., a A®-desaturase, a C18-PUFA specific elongase antf-desaturase. Although
transformation of a single plant with several difigt genes is still not routine, there are
good expectations using thigrobacterium tumefaciens system. Co-transformation of
Arabidopsis using two different binary vectors each containtng genes on a single
plasmid has been possible (Poirier et al., 2000).

The first C18-PUFA specific elongase was isolaaed identified from the AA
rich fungus,Mortierella alpina (Knutzon et al., 1998). This enzyme when tested in
bakers’ yeast, specifically recognized and elordjatee n-6 and n-3 C18-PUFA
substrates, GLA and OTA (C18:4n-3), respectivelijemeas it demonstrated no activity
towards monounsaturated or saturated fatty acidtgatbs (Parker et al., 2000; Das et al.,
2000a, b; Das et al.,, 2002). Enzymes with similangating activity have also been
isolated fromCaenorhabditis elegans (Beaudoin et al., 2000Rhyscomitrella patens

(Zank et al., 2000), the marine proti¥hraustochytrium sp. (Heinz et al., 2001), algae,
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Ostreococcus tauri and Thalassiosira pseudonada (Meyer et al.,, 2004), and from
mammalian sources (Meyer et al., 2004; Leonard.,e2@00a; Agaba et al., 2004). These
C18-PUFA specific elongases are thought to receg@izA linked substrates (Domergue
et al., 2003) and are different from the acyl @rprotein (ACP) linked substrate specific
plant elongases that are involved in elongationvefy long chain saturated and
monounsaturated fatty acids, but not PUFAs (Cassagal., 1994; Von et al., 2001). An
alternative pathway for the biosynthesis of DHGLA adlso found in some organisms
(Hulanicka et al., 1964; Lees and Korn, 1966; Uleaset al., 1969; Wallis and Browse,
1999). In these organisms, LA is first elongatedfaom eicosadienoic acid (EDA,
C20:2n-6), and subsequently desaturated ar¥hmosition to yield DHGLA. The PUFA-
specific elongase involved in this pathway has beemtified from the marine algae,
Isochrysis (Qi et al., 2004) and A®-desaturase gene has been isolated from the DHA-
producing marine protisguglena gracilis (Wallis and Browse, 1999).

The final step in the production of AA is the oduction of a double bond at the
A®-position of the DHGLA to generate AA. Delta-5 desase genes have been identified
from fungi and algae such Mortierella alpina (Knutzon et al., 1998; Michaelson et al.,
1998), Thraustochytrium sp. (Qiu et al., 2002) andPhaeodactylum tricornutum
(Domergue et al., 2002) and have been functiomdifiracterized in yeast. Additiona?-
desaturases have been identified fr@aenorhabditis elegans (Watts, and Browse,
1999), human (Leonard et al., 2000b) and rat (Holéai et al., 2001). When introduced
into a low linolenic variety oBrassica napus, the Mortierella alpina A>-desaturase was
capable of desaturating oleic acid (OA, 18:1n-9)atoleic acid 4> °18:2), and LA to
pinolenic acidA®>?1218:3) (Knutzon et al., 1998). Similarly co-expressbf A®-specific
elongase fromsochrysis galbana (Qi et al., 2004)A%-desaturase froruglena gracilis
(Wallis and Browse, 1999) andA3-desaturase frorivlortierella alpina demonstrated the
production of low amounts of AA iArabidopsis.
1.3.5.3. Transgenic production of EPA

EPA is naturally found in some microalgae, fungdanosses (Table 6). Fishes
accumulate EPA and DHA obtained in their food chhit do not synthesize these fatty
acids. In micro-organisms, EPA is synthesized eithem ALA (the n-3 pathway) or
from AA (the n-6 pathway) (Figure 3). The produatiof EPA from ALA involves the
desaturation of ALA to OTA by aA®-desaturase, which is further elongated to
eicosatrienoic acid (ETA, C20:4n-3) and is subsatiyelesaturated at th&-position to

form EPA. Since the three enzymes involved in thiscess, i.eA®-desaturase, &
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PUFA specific elongase antP-desaturase function on both n-3 and n-6 pathways,
plant oils rich in ALA contains significant levelsf LA, the transgenic expression of
these three genes in an ALA rich plant would resutynthesis of both AA and EPA. To
minimize the production of AA during EPA biosyntigsone approach involves the
shunting of the n-6 PUFA metabolites to their ne8rtterparts by the action of a group of
enzymes designated as th&desaturases (Figure 3). These enzymes introdalceilzle
bond at the third carbon atom counted from the ghdiv) end of the fatty acyl chain
and are found in some plants, lower eukaryotescgadobacteria (Tocher et al., 1998).
All plant and cyanobacteriab®-desaturases act exclusively on the C18-PUFA saflestr
LA, converting it to ALA.

However, these enzymes do not efficiently conk&tto ALA as shown by a
high LA to ALA ratio in their seed oils (Padley at, 1994). A novekn’-desaturase
capable of recognizing multiple n-6 PUFA substratesluding the LA, GLA and
DHGLA, was identified fromCaenorhabditis elegans (Meesapyodsuk et al., 2000) and
shown to be functional in plants (Spychalla et dl997). Pereira et al., (2003)
successfully identified and expressed a novel fundalesaturase that could specifically
convert AA to EPA in an oil-seed crop. Thus, thesedesaturases have potential
applications for transgenic production of EPA byabgzing the conversion of n-6 to n-3
pathway. In earlier reports, the yields of AA or ABbtained by coexpression of the
PUFA biosynthesis genes in yeast or plants have peer (Domergue et al., 2002; Qi et
al., 2004). These coexpression studies revealedcanmulation of the\®-desaturated
fatty acids in the glycerolipid fractions and almhasne in the acyl-CoA pool and thus a
decrease in flux through the pathway. This redutisy the fact that the fungal and algal
A®-desaturase function on phospholipid linked (majtigsphatidylcholine linked) LA or
ALA substrates, whereas the PUFA specific elongagqaires its substrates to be present
in the acyl-CoA pool. In the plant or yeast modgdtems tested, there appears to be an
inefficient transfer of tha\°-desaturated products from the phospholipids taty:CoA
pool due to lack of suitable acyl transferase eséhorganisms (Domergue et al., 2003).
Hence additional research work is needed to idemiifizymes that are involved in the
transfer of phospholipid linked PUFAs to the acgACpools.

An early report of recreating the microbial syrsiseof n-3 LCPUFAs in plant
was described by Qi et al. (2004). The genes ferghthway were obtained from micro-
organisms, including the microalgsochrysis galbana (A%-elongase), the protiguglena

gracilis (A%-desatuarase), and the microbial funddsrtierella alpina (A°-desaturase).
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The pathway was expressed in non-seed tissue ohtitel plantArabidopsis and EPA
content in leaves of about 3% was observed. Thidystvas a path-breaking first step
towards producing EPA in plants. But the low conteh EPA is hardly a viable
alternative to fish oil and also the AA and by-pwotilcontent needs to be reduced for
commercial food oil. Kinney et al., (2004) filedpatent for the heterologous expression
of an EPA pathway in soybean seeds. They expresgede set representing th&fatty
acid pathway fronMortierella along withe>-desaturases frorrabidopsis (Yadav et al.,
1993) and freshwater moul8aprolegnia diclina (Pereira et al., 2004) in soybean
embryos. The authors observed EPA content as hgh0% in seeds, which could be
increased to 20% by replacing th&-desaturase gene fromortierella with one from
Saprolegnia. To date, this is the highest content of EPA aaddein any plant tissue.
These transgenic soybean seeds contained onlyaragants of AA due to the presence
of the highly efficientSaprolegnia o°-desaturase that has a substrate preference for AA,
converting it to EPA (Pereira et al., 2004).
1.3.5.4. Transgenic production of DHA

In lower eukaryotes, DHA can be synthesized frdP\En a two-step process that
involves (a) the elongation of EPA to docosaperdeeracid (DPA) and (b) the
desaturation of DPA by A*-desaturase to generate DHA (Figure 3). Thus theymtion
of DHA in plant seed oils would involve coexpressihe C20-PUFA specific elongase
and A*desaturase in addition to the previously descrilgeties needed for EPA
production. A number of mammalian elongases haen lidentified that can recognize
and elongate C20-PUFAs (Meyer et al., 2004; Agdla. £2004; Leonard et al., 2000a).
Expression of these genes in bakers yeast shovwatdtitbse enzymes can recognize
multiple chain length PUFAs, such as C18, C20 agd-BUFAs (Leonard et al., 2004).
Elongases specific for C20-PUFAs have been idextifirom lower eukaryotes and
demonstrated to function in production of DHA (Meg¢ al., 2004; Pereira et al., 2004).

The firstA*-desaturase was identified from the marine pratisgustochytrium,
which is capable of introducing a double bond"tdrbon of»®-DPA to form DHA, and
of adrenic acid (ADA, C22:4n-6) to generat®DPA (C22:5n-6). Qiu et al. (2001) have
expressed thig‘*-desaturase gene Brassica juncea, in the presence of exogenously
suppliedw®-DPA substrate and showed a production of 3-6% Diifhe leaves, stems
and roots of the transgerrassica. Currently,A*-desaturase genes were identified from
Euglena gracilis (Meyer et al., 2003)Paviova (Tonon et al., 2003) antkochrysis
(Pereira et al., 2004). Although feasibility of guztion of DHA in yeast model system has
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been demonstrated by co-expression of the C18-atentr-desaturase, C20-elongase and
aA*desaturase (Meyer et al., 2004), similar studi&mot been done in the plant system.
1.3.6. Soybean Ol

Soybeans store their lipids mainly in the forntrajlycerides in organelles known
as oil bodies. Soybean lipids contain triglycerides triacylglycerols), phospholipids,
tocopherols, phytosterols and free fatty acids. Aghwthem triglycerides are the major
components and account for nearly 80% of the tiy#ds. Triglycerides are neutral
lipids, each consisting of three fatty acids linkedone glycerol moiety. Plant breeding
and biotechnology has resulted in a wide range edetic variation in fatty acid
composition among the soybean germplasm. The tygmmgbean oil has a fatty acid
composition of C16:0 (11%), C18:0 (4%), C18:1 (24%)8:2 (53%) and C18x37%).

Soybean is one of the few plant sources for tiserdgl fatty acids, linoleic acid
and a-linolenic acid. According to Chapkin (1992) mangpplations have diets low in
omega-3 fatty acids and soy oil has significant am® of omega-3 fatty acids in the
form of o-linolenic acid. Since natural soy oil (without mgdenation) is low in
cholesterol and saturated fatty acids (about 15%)f@nd high in unsaturated fatty acids
(about 85% total), it is considered as a healthy oi
1.3.6.1. Genetic modification of soybean oll

Soybean is one of the most extensively geneticatigineered oilseed crops for
production of PUFAs and alteration of saturated amshturated fatty acid contents. A lot
of research work has been carried out in soybeanadify its oil content as per human
requirements for better nutrition. Kinney and Kntoml (1998) first reported the efficacy of
seed specifi®deaturase gene silencing to increase seed oliglccantent in soybean.
High oleic soybean oil also has the added healtefiieof having low saturated fatty acid
content by 20% (Buhr et al., 2002). Similarly sy of A°-desaturase genes expressed in
their seeds (Booth et al., 2006) and expressi@tbioesterase gene with a high specificity
for stearic acid (Kridl, 2002) resulted in soy agigntaining 20 to 30% stearic acid when
compared with just a few percent in commodity Sdye introduction of modified seed oils
such as high oleic/stearic acid soybean oils vallaglong way to remove the undesirable
saturated fatty acids and trans fatty acids froenhthman diet (Lichtenstein et al., 2006). It
is conceivable that soybean lines with very lowssed fatty acids and very high oleic
acid contents could become the next generationrahwodity oil.

Among the oilseed crops, genetic transformatianiqmol has been well studied in

soybean and hence it has been used as a moddiocrttye production of PUFAs. Seed
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specific expression ofA°-desaturase genes from borageythium irregulare and
Saprolegnia diclina resulted in GLA contents as high as 40% of togdtyf acids in
soybean seeds (Hong et al., 2002; Qiu et al., 2888 et al., 2004; Knauf et al., 2006).
Similarly expression oh°-desaturase gene along witf-desaturase gene resulted in an
OTA content of 20-30% in soybean seeds (Eckert.eP@06). As mentioned earlier the
first demonstration of EPA and DHA production irapl seed oil was shown in soybean
(Mukerji et al., 2002; Kinney et al., 2004). When A-desaturase gene from
Schizochytrium aggregatum was added to this pathway in soybean embryos, 8%er
DHA was observed in the embryo oil. This is thehleist DHA content seen in any plant
oil till date. Soybean seeds expressisiydesaturase fronfFusarium moniliforme have
been shown to have a total n-3 fatty acid contémiver 70% (Damude et al., 2006). An
attempt by Chen et al., (2006) in expressing Mutierella A°-desaturase pathway in
soybean seed to produce AA (the endogenous n-3udasa was down regulated in these
experiments) resulted in only trace amounts of A%0.8% of total fatty acids). The
authors hypothesized the use of same promoterptautimes, as the reason for this poor
expression. However using the samertierella A°-pathway, Kinney et al., (2004)
reported AA contents of up to 20% in transgenidoeay seeds.

After many years of development and safety testiwg independently modified
soybean transgencis/ transgenic products are egdot be commercialized soon to
directly benefit the consumers; (i) one is the hodgic acid soybean line and (ii) the other

one is the soybean oil containing OTA (Monsant@&0

1.4. Gamma linolenic acid

Gamma linolenic acid (GLA) a trienoic £fatty acid is a member of the n-6 class
of essential fatty acids (EFA) (Gill and Valivety997; Broun et al., 1999) and is the first
intermediate in the conversion of linoleic acidai@chidonic acid. GLA is a long chain
polyunsaturated fatty acid with 18 carbon atoms thnee methylene interrupted double
bonds in the molecule. It is synthesized by thaaaif A° -desaturase enzyme on linoleic
acid. The desaturation process is a rate detergisiep due to the impairment of the
desaturase activity or the imbalance in the intake»6 andw-3 fatty acids in humans.
An exogenous supply of-linolenic acid (GLA) can effectively overcome thrate
limiting desaturation step. This possibility forrige basis for the current interest in this

acid and in those oils in which it occurs.
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1.4.1. History

GLA was first isolated from evening primros@efiothera biennis), an herbal
plant that was traditionally used by Native Amenigdor treating the swellings of the
body. Its use was learned by the early Europeattersetand was introduced in the
seventeenth century to Europe where evening prinbegame a popular folk remedy.
Because of its wide range of uses as a generaérarinand for treatment, it earned the
name “king’'s cure all’. However, despite its popitlg its active ingredient was known
only in 1919, when Heiduschka and Luft (1919) exttd the oil from evening primrose
seeds and reported the presence of an unusuarinacid. This particular acid yielded
a hexabromide derivative of linolenic acid with yadifferent physical characterisrtics
from the other two common formsi{ and3- isomers) found in linseed oil. Thus they
named ity-isomer or GLA. The exact chemical structure wasrlaharacterized and
confirmed by Riley, (1949).

Coincidentally, another GLA rich plant Boraggofago officinalis L.) was also
widely used as a folk medicine in early times. ldaves and flowers were useful in
treating putrid and pestitential fever, combatirige tvenom of serpents, jaundice,
consumption, sore throat and rheumatism, and iscrgebreast milk. Anectodal stories
about borage include its reputation for instillimpurage and producing absolute
forgetfulness when steeped in wine (Awang, 199@weler, it was not until 1960 that
its richness in GLA was reported (Miwa et al., 160
1.4.2. Nomenclature of GLA

GLA refers to a fatty acid that has an 18 carbbairt length and three double
bonds attached to th&'69" and 12" carbons counting from the carbonyl end (Figure 4).
According to the modified Geneva system, GLA is adnas A%%'? octadecatrienoic
acid.” This can be simplified t&®°'?18:3, in which 18 represents the carbon chain
length and 3 represents the number of double bddidse the naturally occurring fatty
acids are mostly of thas configuration, to distinguish them from fatty axiith double
bonds intrans form, geometric configuration is often indicat@thus GLA iscis-6, cis-9,
cis-12 18:3 (or simply c6, 9, c12 -18:3). In litenatua more simplified shorthand name
is often used in which GLA is designated as 18:3j01618:30-6), where n-6 (oxo-6)
indicates the position of the first double bondibamg from methyl end (CH).
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12 9 6 1« Chemical name
CH;3(CHy)4CH = CHCHCH = CHCHCH = CH (CH),COOH
1 6 9 12

— Shorthand name

Figure 4. Molecular structure of gamma linolenic a«

1.4.3. Stereochemistry of GLA

The stereospecificity of GLA varies from sourcestmurce. In evening primrose
oil and black currant oil GLA is concentrated i #n-3 position, while in borage oil it is
concentrated in then-2 position. GLA is concentrated in both the2 andsn-3 positions
of fungal oils (GLA monograph, 2004).
1.4.4. Biosynthesis and metabolism of GLA

GLA is not normally found in the diet, but is sggsized from the dietary linoleic
acid (18:2n-6) by a desaturation reaction catalyzgdhe enzyme\’-desaturase. GLA
represents the first product on the n-6 polyunsatdr fatty acid pathway (Figure 3).
Once formed it is rapidly elongated to DHGLA (20:@n by the activity of a
polyunsaturated fatty acid specific elongase (Raseal., 2000). DHGLA can be
converted to arachidonic acid (AA>®*11%20:4) by the action oh>-desaturase (Willis,
1981). Both DHGLA and AA can be metabolized to foeitosanoids (and on to
prostaglandins and related compounds).
1.4.5. Delta-6 desaturase and gamma linolenic adidosynthesis

The key enzyme necessary for the biosynthesis loA @ the A°-desaturase,
which is a subclass of the microsomal fatty acidorif end” desaturases. These
desaturases catalyze the introduction of a doubiel bbetween the pre-existing double
bonds and the carboxyl group (the front end\@nd) of the fatty acid molecule (Napier
et al., 1999). The desaturase reaction occurs waetebic conditions and hence requires
the presence of oxygen (Shanklin and Cahoon, 199®8)se desaturases are membrane
bound enzymes and because of the technical diifssuin obtaining large quantities of
purified membrane protein, progress in understandire structure-function of these
desaturases has lagged behind that of a solulde @ayl-ACP desaturases). Many “front
end” desaturase genes from various organisms haen hdentified, which has
significantly increased the scope for further irtigadion of the precise mechanism of

desaturation and the enzymes involved in polyumatgd fatty acid biosynthesis.
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These front end desaturases use fatty acids etterified to glycerolipid or to
coenzyme A (CoA) as substrates, depending on thidadility of fatty acid substrates in
different organisms (Tocher et al., 1998; Los anardte, 1998). In higher plants, thé
desaturase operates in the endoplasmic reticuluynoonC18 chains irsn-1 andsn-2 of
mainly phosphatidylcholine (PC), while in animal§;desaturase generally utilizes CoA-
linked substrates in the endoplasmic reticulum fiEocet al., 1998). In lower eukaryotes
like fungi, the fatty acids linked to phospholipidee believed to be the substrates/br
desaturase enzyme (Los and Murata, 1998). In gB{®ynechocystis spp. PC 6714,
Spirulina platensis) and group 4, $ynechocystis spp. 6803) cyanobacteria, th¥
desaturase is believed to operate on C18ndt in the thylakoid membrane and the
desaturation occurs in fatty acids linked to momagiasyl diacylglycerol (Tocher et al.,
1998).

1.4.6. Sources of GLA

GLA is obtained mainly from three different sowsoe. plant, cyanobacterial and
fungal sources. Among the plants only a few higilantsviz., Borage, Evening primrose
and Black currant are known to have GLA.

(i) Evening primrose:

Evening primrose is grown in many countries in dp@, and in Australia,
Newzealand, Israel and the USA. GLA usually repres&-10% of the triacylglycerols.
Evening primrose oil is very rich in linoleic acahd contains only very little-linolenic
acid and fatty acids with more than 18 carbon atoms
(i) Borage

Borage oil is a richer source of GLA than evenimgnrose oil. The seeds contain
29-30% of oil with a GLA content of 20-25%. The é\of GLA in seed is about three
times that of evening primrose. Linoleic acid (3B4) is lower than in evening primrose
oil and there is an inverse ratio between oleid acd GLA.

(i) Black currant and other Ribes species

Black currant seeds contain 30% oil, which diffetmam evening primrose and
borage oils in that it contains two n-3 acwis, a-linolenic (18:3) and octadecatetraenoic
acid (18:4). GLA is present at lower levels in otRe&bes species such as redcurrant and
gooseberry (Traitler et al., 1984, 1988).
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(iv) Microbial sources

Several microorganisms produce GLA in their lipadsd much effort have been
put into studying them. Moulds belonging to tdecorales family produce GLA as the
sole 18:3 acid rather than the more usuaomer and commercial processes have been
developed foMucor javanicus andMortierella isabellina. They differ from the seed oils
in their higher levels of saturated and monoendsaand their lower level of linoleic acid.
The consequences of varying growth conditions imt@Empt to optimize the production
of GLA are described in several papers (Table &g Gyanobacteri§pirulina platensis
and Spirulina maxima are potential sources of GLA. However GLA is prédga various
galatoacyl-diacylglycerols or in phosphatidic acidih triacylglycerols only a minor
componentS. platensis contains about 1.2% of GLA on dry weight basis.
1.4.7. Microbial production of GLA

An overview of process investigations related tiorobial production of GLA is
presented in Table 8. Researchers have demonsttaegotential to produce GLA at
concentrations of 15-25% of total fatty acids its @groduced by lower fungi from the
order Mucorales, especially fromMortierella, Mucor and Cunninghamella species. It is
possible to achieve biomass densities of > 58ig submerged culture in culture periods
of typically 10 days with productivities of about60g/l/day. In solid state media
productivities of 1.3 g GLA/kg substrate/day weeparted. High concentrations were
obtained in a two stage process, whereby harvestgdelium was disrupted and
incubated under defined conditions at 5 °C for agsd GLA (15%, w/w), was the first
single cell oil (SCO) to be produced commerciatynh Mucor circinelloides (Kennedy
et al., 1993). This fungus is used in oriental fdednentations and hence the oil was
approved for human consumption. However, pricethefatter plant oils remained stable
or even decreased, such that the SCO-GLA preparbéoomes uncompetitive.
1.4.8. Production of GLA in transgenic plants

In order to modify the fatty acid biosynthetic Ipagys by genetic manipulation to
produce GLA in an oilseed crop, the identificatiand isolation of the gene of the
required enzym@A®-desaturase is a prerequisite. Furthermore, Glafoisa common fatty
acid in plants, since only a small number of plgmisses this enzyme, which converts
LA to GLA in seeds. For this reason many laboratohave extended the search of this

gene to microorganisms.
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Table 8. Production of GLA from different microbial sources

l\?(l)' Strategy Organism Reference

1. | Development of a high GLAMortierellaramannia | Hiruta et al., 1996
producing mutant with resistance
to low temperature

2. | Optimization of GLA production Mortierellaisabellina | Xian et al., 2001
in hexadeconal media.

3. | Media optimization for GLA Mucor rouxii Mamata et al., 2008
production Mucor circinelloides | Preez et al., 1997

4. | Investigation of low temperatuteMucor circinelloides | Kennedy et al.
incubation of disrupted mycelia 1993

5. | Screening mucorales for highed¥lucor mucedo Certik et al., 1997
GLA production

6. | Effect of carbon and nitrogenRhizopus nigricans Bandyopadhyay €
source on GLA accumulation al., 2001

7. | Effect of metal ion concentratigonCunninghamella sp. Muhid et al., 2008
on GLA production

8. | Studies in solid state culture Cunninghamella Conti et al., 2001

echinulata

—t

In the past decade, significant progress has Ipegae; the gene encoding the

enzyme A°-desaturase has been successfully identified aothtésl from borage

(Sayanova et al., 199 ortierella alpina (Huang et al., 1999Mucor rouxii (Laoten et

al., 2000),Pythium irregulare (Hong et al., 2002)Physcomitrella patens (Girke et al.,

1998), Echium sp. (Marotoa et al., 2002)Primula sp. (Sayanova et al., 2003) and

Synechocystis (Reddy et al., 1993). Generally, tH¥-desaturases isolated from the

microbes and plants act exclusively on the phospidolinked LA substrate (Domergue

et al., 2003), whereas those from mammalian soureesgnize CoA linked LA

substrates (Okayasu et al., 1981). To date, mo#tedi®-desaturases have been cloned

and functionally expressed in yeast, tobacco amdesbave also been tested in oilseed

crop plants (Table 9).
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The first demonstration of the production of GLA fransgenic plants was
reported by Reddy and Thomas (1996). In their sttitly cyanobacteriaSgnechocystis
sp.) desD was sub cloned. Since in higher plantsfdkty acid desaturation occurs in
chloroplast and endoplasmic reticulum, the authosed two separate constructs
containing either endoplasmic reticulum or chloesplsignal peptide sequence in order to
target theA®-desaturase to either endoplasmic reticulum or roblast respectively.
However it is important to mention that in cyandiesia theA®-desaturation of fatty acids
closely follows the plastid pathway, not the endspiic pathway. The analysis of fatty
acids extracted from the transgenic tobacco shdexdevels of GLA or OTA ranging
from 1-3% of the total C18 fatty acid content (Rg@hd Thomas, 1996). No significant
amounts of GLA and OTA were detected in seedsamisgenic tobacco plants expressing
cyanobacterial\®-desaturase. Furthermore, targeting Melesaturase to chloroplast did
not increase the production of GLA despite the fhett cyanobacteriah®-desaturase

follows the plastid pathway.

Table 9. List of desaturases cloned and their expssion levels

Biological source Expressed in % of GLA Reference
production

Borago officinalis Tobacco 13.2 Sayanova et al., 1997
Glycine max 17.0 Sato et al., 2004

Physcomitrella patens | Tobacco 12.3 Girke et al., 1998

Synechocystis sp. Tobacco 1.2 Reddy et al., 1993
Brassica juncea 15.0 Das et al., 2006

Helianthus annus Tobacco 12.0 Sperling et al., 1995

Mortierella alpina Saccharomyces 30.6 Huang et al., 1999
cerevisiae

Pythiumirregulare Brassica juncea 25.5 Hong et al., 2002

Later Sayanova et al., (1997) taking a similaprapch expressed the
borageA®-desaturase in transgenic tobacco plants. The @uthio not use signal peptide
sequence for targeted expression in their constRatty acid analysis indicates that GLA
and OTA accounted for about 13 and 10%, respegtivethe transgenic leaf lipid and

were absent in the control leaf lipid. The enzymaiitivity of borage\®-desaturase in
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transgenic tobacco appeared to be much highertkizdrof cyanobacteridl®-desaturase.
This could be due to the fact that the cyanobaiteYi-desaturase differs from the
endoplasmic reticulum located plant desaturasesusing ferredoxin rather than
cytochrome B as cofactor (Sayanova et al., 1997). Nonethelesth, examples clearly
demonstrated that the transgenic expressiomeflesaturase was the first step in
engineering the production of GLA or LCPUFA in tin@nsgenic oilseed crop.

Huang et al., (2001) have co-expressedMoetierella alpina A°-desaturase and
A -desaturase genes in a low linolenic acid varidtymassica napus resulting in the
generation of GLA at a level of greater than 40%mikarly Hong et al., (2002)
transformedBrassica juncea with A°-desaturase gene from irregulare to generate 25—
40% GLA in the transgenic seeds. However, dueddigh initial content of ALA in this
plant, 2—-10% octadecatetraenoic acid (OTA, 18:4w&)j also reported to be formed.

The use of seed specific promoters resulted inenaonounts of modified fatty
acids in the seed oilA®-desaturase genes from boraggthium irregulare and
Saprolegnia diclina have been seed specifically expressed in soylirassicca juncea
and safflower Carthamus tinctorius), with resulting GLA contents in the seed oil aghh
as 70% of total fatty acids (Hong et al., 2002; &ial., 2002; Sato et al., 2004; Knauf et
al., 2006). Similarly Das et al., (2006) reportes®d accumulation of GLA irB. juncea
by the seed specific expressionSphechocystis sp. PCC680a°-desaturase.

1.5. Importance of the proposed work in the present scenario

In mammals, GLA is synthesized from dietary linolacid by the action of a rate
limiting enzyme, A°-desaturase. GLA represents the first product am dmega-6
polyunsaturated fatty acid pathway. Once formeds itapidly elongated to DHGLA,
converted to AA and finally metabolized to form asenoids through a series of
elongation and desaturation reactions. Many phggioal and pathological conditions
have been shown to depress th@desaturation step. Decreased activity of this key
enzyme was observed in case of ageing, stresss@xeealcohol consumption, diabetes,
atopic dermatitis, premenstrual syndrome, rheumatithritis, eczema, cancer and
cardiovascular diseases. Clinical studies have shivat dietary supplementation with
GLA, bypassing the delta-6 desaturation step isc#ffe in treating a number of such
conditions and hence oils containing GLA are widelged as a general health

supplement. This has prompted GLA rich oils to lmee@a much demanded commodity.
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GLA is an uncommon fatty acid in plant kingdom. @al small number of higher plant
species synthesize GLA. The sources of GLA are s®isdfrom Evening primrose
(Oenothera sp.), Borage Borago officinalis) and Black currantRibes nigrum), Spirulina
and certain fungi such @&hizopus, Mucor andMortierella. The commercial sources of
GLA include seed oils of evening primrose (7-10% &orage (18-26%). Unfortunately,
production of these oils is generally limited bywloyield and poor agronomic
performance of these crops. GLA from microorganisonsh asspirulina, Mortierella sp.
and Mucor sp. are also found to be unsuitable for dietary seim@ntation due to their
high production/purification costs, unpleasant adand safety concerns. Thus there is a
tremendous opportunity to produce GLA in converdiooilseed crops by cloning6-
desaturase gene, which will provide new dietaryreeal of GLA. Also from the brief
literature survey mentioned earlier it can be ndbed the introduction and expression of
A®-desaturase enzyme is the first and foremost sieph production of PUFAs and
LCPUFAs in transgenic oilseed crops.

Hence the present investigation focused on theirmpof A®-desaturase gene from
the cyanobacterial sourc&{rulina platensis) and its expression in soybea@lycine
max) a conventional oilseed crop. With this backgrquiieé following objectives were

framed for the research work.

1.6. Objectives:

1. Genetic transformation of soybean using selectatalker genes.

2. Cloning of A®-desaturase gene fropirulina platensis and its expression in

soybean for the production of gamma linolenic acid.

kkkkkkk
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Materials and Methods

SECTION 1
IN VITRO REGENERATION OF SOYBEAN

2.1. Materials

Soybean genotypes (viz., Hardee and JS 335) weeaened from Gandhi Krishi
Vigyan Kendra (GKVK), University of Agricultural $&nces, Bangalore, Karnataka,
India. The characteristics of the procured soylssads were presented in Table 10. All
the salts and chemicals that are used in the expatal study were obtained from Hi-
Media, Mumbai; the hormones and plant growth retguafrom Sigma-Aldrich, USA;
antibiotics (Cefotaxime, kanamycin, hygromycin,.gtérom Duchefa, Germany; and

glasswares from Borosil, Mumbai, India, unlesstheeovise mentioned.

Table 10. Description of Indian soybean varietiessed in the present study

Soybean :(eT:;;;/ Area Of M(?::;f:g(r)ln vield Salient features
genotype notification adaptability (days) (g/ha)
White flowers, grey
Hardee 1976 Southern 105-110 | 15-20 | pubescence, yellow
zone seed coat, rosy hilum,
determinate and
suitable for

intercropping

Purple flowers, semi
JS 335 | 636(E)/2.9.94 Central zone| 95-100 25-30 | determinate, resistant to

shattering, black hilum.
Performs well in
Eastern and Southern

states
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2.2. Methodology

2.2.1 Sterilization of culture media and culture caditions

MS medium (Murashige and Skoog, 1962) with sucr(&® g I*) and myo-
Inositol (0.10 g T) was used as the basal medium (unless otherwasedytand was
supplemented with different concentrations and doatlons of plant growth regulators
for different types of response as per the requramMS salts and vitamins were
prepared as stocks (Solution A to G) and storeceurefrigerated conditions for its use
on requirement. Stock solutions were prepared@sted by Helgeson (1979) and Dodds
and Roberts (1982) with minor modifications as giwrethe Table 11.

From the stocks, MS basal medium was preparedesioned in Table 11, and
the required hormones and growth regulators atrettsioncentrations and combinations
were added to the MS basal medium. The pH of théiumewas set to 5.6-5.8 (Marmh
al., 1982) using a pH meter (Control Dynamics Digpad meter, APX 175). For solid
medium, tissue culture grade agar (Hi-Media, Mumnla4i0.8% (w/v) was added as a
gelling agent, boiled and dispensed into 150 mérrieyer flasks or test tubes or tissue
culture bottles and sterilized at 121 °C with asptee of 1.05 kg cthfor 20 min
(George, 1993). Hormones or plant growth regulathist are heat labile are filter
sterilized using a 0.2@m filters (Sartorius, Mumbai, India) and added he sterilized
medium under sterile conditions in a laminar aowfl chamber. The cultures were
maintained in a 16/8 h (light/dark) photoperiodngsthe fluorescent lights (Philips India
Ltd., Mumbai, India) at 4amol m? s* and the temperature was maintained at 24 + 2 °C.
2.2.2. Seed germination

Matured and uniform sized soybean seeds of cvdeétarand JS 335 were
handpicked and surface sterilized in 70% ethanol3®@ seconds followed by 0.2%
carbendazim (w/v) for 5 min and 0.1% mercuric cider(w/v) for 1 min. The surface
sterilized seeds were rinsed for four to six tinresterile distilled water and cultured in

petridishes containing MS basal medium for gerniamat
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Table 11. Components of MS basal medium with minomodifications (Murashige
and Skoog, 1962; Helgeson, 1979; Dodds and Rod&&2).

Stocks Chemical Stock (g I') | Quantity required! litre
A (50X) | Ammonium nitrate 82.50 20.0 mi
B (50X) | Potassium nitrate 95.00 20.0 ml
C (200X) | Boric acid 1.24 5.0 mi
Potassium dihydrogen phosphate 34.00
Potassium iodide 0.166
Sodium molybdate dihydrate 0.050
Cobalt chloride hexahydrate 0.005
D (200X) | Calcium chloride dihydrate 66.40 5.0 ml

E (200X) | Magnesium sulfate heptahydrate 74.0 5.0 ml
Manganese sulfate monohydrate 3.38
Zinc sulfate heptahydrate 1.725
Copper sulfate pentahydrate 0.005

F (200X) | EDTA disodium salt dihydrate 7.46 5.0 ml

Ferrous sulfate heptahydrate 5.56

G (200X) | Glycine 2.0 5.0 ml
Nicotinic acid 0.5
Pyridoxine-HCI 0.5
Thiamine-HCI 0.1
Sucrose 30.0¢g
myo-Inositol 0.10g

2.2.3. Effect of cytokinin and explants onn vitro regeneration

Seven days after seed germination, cotyledonagesiand upper hypocotyl
segments about 1 cm long were excised from thelisgedThe explants (cotyledonary
node and hypocotyl) were then cultured on mediaaioimg MS basal medium with
varying concentrations of thidiazuron (TDZ) at O®5, 1.0 and 2.0 mglor N°
benzylaminopurine (BAP) at 0.5 and 1.0 mbfér shoot bud tissue formation. Ten

explants were placed in each petridish and thererpats were repeated thrice. After 6
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weeks of culture in the above media combinatiohs, number of explants forming
adventitious shoot bud tissues was recorded. [g@neration or elongation, the shoot bud
tissues were placed in media containing MS basdiumesupplemented with Gibberellic
acid (GA) at0.1, 0.2, 0.5 and 1.0 mg br BAP at 0.2 and 0.5 m@.I The number of
elongated shoots was recorded after 8 weeks afreulThe elongated shoots were further
transferred to MS basal medium supplemented with (85 mg 1*) for rooting. After 4
weeks of culture, the rooted plantlets were transfeto pots containing the mixture of
peat, sand and red soil (1:1:2) for hardening eegrhouse and allowed to set seeds.
2.2.4. Effect of Triacontanol (TRIA) onin vitro shoot multiplication

Triacontanol [CH (CH,).s CH,OH] stock solution was prepared by dissolving 1 mg
of TRIA in 0.75 ml of CHC{4 containing one drop of Tween 20 and was graduhllyed
with distilled HO to a final volume of 200 ml (Giridhar et al., 200 The explants
(cotyledonary nodes and shoot tips) were placetienMS basal medium supplemented
with varying concentrations of TRIA (0, 2, 5 and 1§ I'") along with Indole-3-butyric
acid (IBA) at 0.2 mgtand BAP (0.2 mg?) or GAs (50 ug I'") for adventitious shoot bud
formation. The explants were sub-cultured in frestdium once in two weeks. After 4
weeks, the newly formed shoots were transferred® basal medium with varying
concentrations of TRIA (0, 2, 5 and 1@ I™) for rooting. The rooted plantlets were
transplanted to pots in green house for hardemgaiowed to set seeds.
2.2.5. Regeneration from embryonic axis

Mature soybean seeds were surface sterilized aianed above in section 2.2.2.
The sterilized seeds were soaked in distilled wéder24 h in the dark at 24 °C. The
embryonic axis was separated and primary leaveab@embryonic axis were excised to
expose the meristem. The explants were placed alapegions directed upwards) in
MSBs medium [MSB medium contains MS macro and micronutrients (Muiges and
Skoog, 1962) with Bvitamins (Gamborg et al., 1968)] supplemented Witng I* BAP.
After 48 h, these explants were transferred tcathm/e mentioned medium supplemented
with 0.2 mg " BAP and 0.2 mg1IBA. The explants were sub-cultured afresh onto the
same medium at biweekly intervals. The number ofeatitious shoots was recorded
after 6 weeks and the regeneration frequencies determined. Adventitious shoots of
4-6 cm were excised from the explant and transdetoerooting medium (Y2 MS basal
medium devoid of any growth regulators). After 4ek® in the rooting medium, the

rooted plantlets were grown to maturity in potsemgreen house conditions.
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2.2.6. Statistical analysis

All the experiments were based on a randomizeakbldesign with three
replications for each treatment. The data weras$itally analyzed using the AGRES
7.01 software. Significant difference between theatiments was determined using
Analysis of variance (ANOVA) test and the meanseveompared using the Duncan’s

New Multiple Range Test at a significance levePof 0.05.
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SECTION II
AGROBACTERIUM MEDIATED TRANSFORMATION OF
SOYBEAN

2.3. Materials

Soybean genotype JS 335 was obtained from GandbkhiKVigyan Kendra
(GKVK), University of Agricultural Sciences, Bangaé, Karnataka, India and its
characteristics are presented in Table 10. Thenpinactor pCAMBIA 1305.2 and
Agrobacterium tumefaciens strain EHA 105 maintained by Plant Cell Bioteclogyl
Department, Central Food Technological Researctitutes Mysore was used for the
experiments. All the salts and chemicals that aedun the experimental study were
obtained from Hi-Media, Mumbai; the plant growthguéators from Sigma-Aldrich,
USA,; antibiotics (Cefotaxime, kanamycin, hygromyceic.,) from Duchefa, Germany;

and glasswares from Borosil, Mumbai, India, uni@sstherwise mentioned.

2.4. Methodology
2.4.1. System sensitivity to hygromycin B

The explants cotyledonary nodes and embryonic @xsoybean cv. JS 335 were
prepared from matured seeds as mentioned undeorse@.2.3 and 2.2.5 respectively.
The explants were cultured on regeneration mediwpplemented with various
concentrations of hygromycin B from 0 to 50 mb After 4 weeks, the number of
explants that survived hygromycin B levels was doented.
2.4.2.Agrobacterium strains and vector

The plasmid pCAMBIA 1305.2 (CAMBIA, Canberra, Atdmta), a compact
binary vector (11.6 kb) was used in this study.sThiasmid contains theidA gene,
designated as GUSpltiswith secretion signal peptide [a glycine rich pint signal
peptide sequence (GRP) from rice for rapidivo gus assays], an intron from the castor
bean catalase gene to confirm detection of plamciBp B-glucuronidase (GUS)
expression and a hygromycin resistance gbpel} for selection (Figure 5). The plasmid
was mobilized into theé\grobacterium tumefaciens strain EHA 105 by freeze thawing
method (Appendix G) and maintained on solid LurgxtBnii (LB) media (Appendix A)

supplemented with 20 mg bf rifampicin and 50 mg1of kanamycin.
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Figure 5. Diagrammatic representation of the binaryvector pCAMBIA 1305.2

2.4.3. Bacterial infection and co-cultivation

Single bacterial colony was transferred to 5 migfid LB medium with 50 mg'}
kanamycin and grown overnight at 28 °C in an intotyashaker (BEST shaker, LSI 50)
at 120 rpm. Overnight grown culture was used tauhate 25 ml of LB broth containing
50 mg I* kanamycin and kept at 28 °C with 120 rpm until &sorbance value reaches
1.0-1.2 at 600 nm. The resulting bacterial cultwes pelleted by centrifuging at 3,000
rpm for 10 min and resuspended in liquid co-cutttwa medium (CCM) to an Ofg, of
0.5. The components of the CCM are presented iheTE in which the thiol compound
L-Cysteine was added in varying concentrations (200000 mg'f) to study its effect on
gene transformation. The explants cotyledonary rastkeembryonic axis of soybean cv.
JS 335 were prepared as mentioned under secti@i3 &nd 2.2.5 respectively. The
explants were then immersed in the bacterial susperior 30 min, blotted dry in filter
paper and plated on a petridish (90 mm diamet&b mm deep) containing solid CCM
overlaid with a piece of Whatman no. 42 filter pap€&he Petri dishes holding ten
explants each were wrapped with paraffin film amcbbated in the dark for 5 days.
2.4.4. Selection and plant regeneration

After five days in dark, the exce#s tumefaciens was briefly washed in liquid

shoot induction medium (SIM) and the explants wsubsequently embedded in the
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semi-solid SIM. During shoot induction differeniesstion strategies with hygromycin B
as a selective agent were evaluated. The explares eultured without hygromycin B for
the first 2 weeks. Later the explants were tramsteto the same medium supplemented
with 5 mg I* hygromycin B for further 4 weeks with biweekly suliare into fresh
medium. After 4 weeks, the differentiating tissuegre transferred to the shoot
elongation medium (SEM). The explants were subdcett every 2 weeks into fresh
SEM until the shoot buds elongate. Elongated sh@ét6 cm) were excised and

transferred to rooting medium (RM).

Table 12. Media components during different stagesf soybean transformation with
binary vector pCAMBIA 1305.2

Co cultivation Shoot Shoot Rooting
Components medium induction elongation medium
(CCM) medium (SIM) | medium (SEM) (RM)

MS Y2 MS Y2 MS Y2 MS ¥ MS
Sucrose 3% 3% 3% 3%
Purified agar 0.6% 0.8% 0.8% 0.8%
MES 4gtt 05gi 05gi 05git
L-Cysteine 0.2to 1 g1 0.2to1gt - -
BAP 2mgt 0.2mgt 0.2mgt -
IBA : 0.2mgl* - 1.0mgt
GA3 ) - 0.05 mgt -
Acetosyringone 100 pm - - -
Cefotaxime : 300 mgH 300 mgt :
Hygromycin B - 0, 5 mg't 10 mg 1* -

2.4.5. Histochemical assay for GUS activity

GUS activity was histochemically measured aftewekeks in shoot elongation
medium. Tissues were incubated for 24 h at 37 °@ ipuffer consisting of 80 mM
NaHPO, (pH 8.0), 10 mM NgEDTA, 0.5 mM KiFe(CN}, 0.1% (v/v) Triton-X, 1%
(v/v) dimethyl sulfoxide, 20% (v/v) methanol and Gng [* 5-bromo-4-chloro-3-indolyl-
B-D-glucuronide [X-Gluc; Sigma Aldrich, Bangaloréjollowing incubation, the tissues
were destained with 95% ethanol and then visualigeoved for blue staining. For
transient GUS assay scores, the ranking system llodftOand Somers, (2001) was

followed.
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2.4.6. Transformation efficiencies

Transformants were defined as GUS-positive plahest also demonstrated
resistance to hygromycin B and transformation efficy as the number of both GUS
positive and hygromycin B resistant plants dividgdthe total number of explants at the
start of the experiment.
2.4.7. Biosafety measures

All the work that involves manipulation of biolagil materials was carried out
according to the guidelines of IBSC (InstitutioBabsafety Committee, CFTRI, Mysore).
Transgenic work was carried out with permissiomfrRCGM (Regulatory Committee
for Genetic Modifications, Department of Biotechogy, Government of India). ISO
14001 guidelines of CFTRI were followed for the ptisal of contaminants and
transgenic wastes.
2.4.8. Statistical analysis

All the experiments were based on a randomizeakbldesign with three
replications for each treatment. The data werasstally analyzed using the AGRES
7.01 software. Significant difference between theatiments was determined using
Analysis of variance (ANOVA) test and the meanseveompared using the Duncan’s

New Multiple Range Test at a significance levePof 0.05.
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SECTION III
CLONING AND EXPRESSION OF DELTA-6 DESATURSASE
GENE IN SOYBEAN

2.5. Materials

Spirulina platensis strain Sp-6 Agrobacterium tumefaciens strain EHA 105 and
plasmid vectors pRT 100 and pCAMBIA 1305.2 maingdiy Plant Cell Biotechnology
Department, Central Food Technological Researctitutes Mysore was used for the
experiments. Soybean genotype JS 335 obtained @amdhi Krishi Vigyan Kendra
(GKVK), University of Agricultural Sciences, Bangaé was used for transformation
studies. All the enzymes, buffers and other mokecbiological grade chemicals were

procured from MBI Fermentas, Germany unless orratise mentioned.

2.6. Methodology

2.6.1. Maintenance ofSpirulina cultures

The axenic cultures @& platensis were maintained in Zarrouk’s media (Zarrouk,
1996) with slight modification. Chemical compositi@f the medium is presented in
appendix C. The pH was adjusted to 7.5 using a gk&n{Control Dynamics Digital pH
meter, APX 175) prior to autoclaving at 121 °C, & min. The solid medium was
prepared by gelling with 1.2% (w/v) tissue cultgrade agar (Hi-media, Mumbai, India),
in test tubes each containing 15 ml of the medilihe tubes and flasks were closed with
cotton plugs. The slant and flasks were inoculatgld S. platensis cultures, under aseptic
conditions in laminar airflow cabinet (Airflow caol systems, Bangalore, India). Axenic
cultures were maintained in both solid as wellnalsguid medium.
2.6.2. Isolation of delta-6 desaturase gene

Soirulina platensis strain Sp-6 was grown with continuous stirring 4nl of
Zarrouk’s medium (Zarrouk, 1996) under illuminatiby fluorescent light at 100 ERs
! The culture was grown to mid log phase (until tiptical density at 560 nm reached
0.4) and the biomass was harvested by centrifugindg0,000 rpm for 10 min in a
centrifuge. Genomic DNA was isolated by using thenGclute Plant Genomic DNA
isolation kit (Sigma, USA). The extracted DNA wasted by electrophoresing on a 0.8%
agarose (Sisco Research Laboratories, Mumbai) sieyuLX Tris-acetate EDTA (TAE)
buffer (Appendix B). Based on the nucleotide segaeavailable in the NCBI database
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(Genbank accession number X87094), primers werigmies for the isolation of\®-
desaturase (D6d) gene frdguirulina platensis. Three set of primers were designed with
tagged restriction sites using Primer3 softwarezgRoand Skaletsky, 2000) and their

sequences are listed in the following Table 13.

Table 13. List of primers for amplification of D6d gene fromSpirulina platensis

Sl. Oligos : , Length
5—3

no. name (bp)

1. D6dF1 | AGCAGTTATCGGCGCTTCTA 20
D6dR1 | ACTGCTCGATCGCTTTTGTT 20

2. D6dF2 | TGGGGATCCTTAATGACATCAACAAC (BamHI) 26
D6dR2 | GGGAAGCTTAAGGTTAGTGATGATT (Hind I1I) 25

3. D6dF3 | TGGCTCGAGGTTTAATGACATCAACAAC (Xhol) 28
D6dR3 | GGGTCTAGAAAGGTTAGTGATGATT (Xbal) 25

Of the three primers, the first set of primers i@spartial amplification of the
gene (to a size 6500 bp) and the other two primer sets was fordaiplification of the
gene £1200 bp), with different restriction sites as menéd in the Table 13. Primers
were synthesised from Sigma Aldrich, Bangalore.yPefrase chain reaction was
performed using the above mentioned primers forlificgtion of D6d gene in a thermal
cycler (Eppendorf Mastercycler personal, Germamile PCR mixture (25 ul) contained
50 ng ofSpirulina platensis DNA as the template, 1X PCR buffer, 2.5 mM of d¥Té&hd
1 unit of Taq DNA polymerase (MBI Fermentas), 25 pmoles of epdmer (Genosys,
Sigma USA). Amplification was performed with antial denaturation at 92C for 4 min
followed by 35 cycles of 1 min denaturation at @, 1 min annealing at different
annealing temperatures and 1 min extension 28C7®ith a final extension of 72 for
10 min. An aliquot of 1Qul from each PCR reaction was fractionated on a 1(&%6)
agarose gel in Tris acetate EDTA (TAE) buffer.

2.6.3. Agarose gel electrophoresis

PCR product obtained were resolved using 1.2%o0agafSigma-Aldrich, USA)
gel at 100 V crit using 1X TAE buffer prepared from the stock solntiof 50X TAE
buffer (Appendix B) with an electrophoresis unitef®l, Bangalore). The size of
amplicon was compared using a 3 kb DNA ladder (N#ientas, Germany). The gel
was stained using ethidium bromide (Sigma-AldridBA) solution of 0.5 pg rifl for 15
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min, at room temperature. The gel was further destiain distilled water for 15 min and
examined on a UV trans-illuminator and documentsthgs Gel documentation unit
(Herolab, Germany).
2.6.4. Construction of recombinant plasmid

The amplified fragment of the desired gene wasfipdrusing a Qiagen PCR
purification kit (Qiagen, GmbH, Germany). The pigif PCR product was subjected to
double digestion witlXho | and Xba | enzymes using the following conditions (Table
14). Simultaneously the plant expression vector JRI(see appendix D for vector map
of pRT 100), with the constitutive CaMV35S promoaerd polyadenylation signal (poly
A) of CaMV strain Cabb B-D with a host of restraitienzyme sites was also subjected to
double digestion with the same restriction enzymes.

Table 14. Components of restriction enzyme digestio(Double digestion)

Components Quantityl) | Quantity ()
10X tango buffer 30.0 30.0
D6d gene (PCR product) 5.0
Plasmid DNA (pRT 100) 5.0
Xho | 2.0 2.0
Xball 3.0 3.0

dd HO 10.0 10.0
Total 50.0 50.0

The components were set up in ice and incubat8d &C in a water bath
for overnight (~12 h). The digestion reaction wagpped by inactivating the enzymes at
80 °C for 20 min. The digested products were re=bin a 1.2% agarose gel and eluted
from the gel matrix using Qiagen minelute gel entkit (Qiagen, GmbH, Germany).
The eluted products were stored at -20 °C for &urtise in ligation.

The digested plasmid vector (pRT 100) and D6d geae ligated in a ligation
reaction mixture as mentioned in Tablel1l5. To ensptanal ligation, the ratio of vector
to DNA insert was maintained at 1:3 molar ratiobeTigation reaction mixture was
incubated at 16 °C for 6 h and stored at 4 °C ws#.

1M DNA = DNA size (kb)*1000*average molecular weight of aleotide
1M plasmid DNA (pRT 100) = 3.3 * 1000 * 660

= 2.178* 10
1M DNA insert (D6d gene) = 1.1 * 1000 * 660

= 0.726 * 19
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Table 15. Components of ligation reaction

Components Quantityul)
Plasmid DNA (pRT 100 @ fg pl™) 2
Insert DNA (D6d gene @ dg pl™) 2
10X ligation buffer 2
T, DNA ligase (2.8 Weiss unitd™) 2
dd HO 12
Total 20

2.6.5. Transformation of recombinant pRT 100 plasnd into Escherichia coli

The ligated products were transformed into thengbally competent cells dE.
coli strain DH% and incubated in a 37 °C incubator for 12 to 16ohthe transformed
bacterial cells to grow and form colonies. Chentyjcabmpetent cells oE. coli strain
DH5a was prepared and transformed according to SamlandkRussell, (2001), which
is given in the appendix E and F, with slight maifions.

Each transformed colonies were inoculated intoral £B liquid broth (with 50
ug I ampicillin) and incubated at 37 °C overnight wétieking at 200 rpm. Recombinant
plasmids were isolated using miniprep plasmid ismhakit (Qiagen, GmbH, Germany)
and were confirmed by agarose gel electrophoresimgya 0.8% agarose gel. The isolated
plasmids were digested with the same restrictiaymes Kho | andXba I) as mentioned
earlier in section 2.6.4. The digested productsewsn in 0.8% agarose gel and the
fragments (plasmid vector and DNA insert) were fiegtiusing a 3 kb DNA ladder. The
positive recombinant plasmids were outsourced &musncing to MWG Biotech Pvt.
Ltd., Bangalore, for further confirmation.

2.6.6. Multiple sequence analysis of the cloned D@gne

The obtained sequences of the recombinant plagmid MWG Pvt. Ltd.,
Bangalore were subjected to BLAST (Altschatlal., 1990) using the BLAST program
from the NCBI database for the confirmation of tfeme and the vector backbone. Also, a
restriction map for the gene sequence has beenlwonsing NEB cutter 2.0 (Vinczst
al., 2003). Alignment of amino acid sequences for ARelesaturase proteins was done
using the program ClustalW v2 (Thompson et al, }994h the default settings. The
whole alignment output was used to generate a gbyletic tree based on the neighbor-
joining algorithm of Saitou and Nei (1987) with tf&lowing parameters: The whole
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amino acid sequence of the protein was considgpeditions with gaps were not
excluded and distances were not corrected for plelsubstitutions. Bootstrap values
over 1,000 replicates were also calculated usirg shme program. The resulting
phenogram was drawn using the program Tree-viegegPE096).
2.6.7. Sub-cloning of the expression cassette irddinary vector

The term expression cassette refers to the DN@rtrsdong with the constitutive
CaMV35S promoter and polyadenylation (poly A) signah a set of restriction enzymes
attached to it. The expression cassette was isblateligesting the recombinant plasmid
with Hind 111 enzyme. Simultaneously the binary vector pPCAMBIR0%.2, maintained in
E.coli DH5¢ strain was isolated using the miniprep plasmidasoh kit (Qiagen, GmbH,
Germany). The recombinant pRT 100 and the binamgtovewere digested with the
common enzymeviz., Hind 11l to release the expression cassette and to lieetres
vector respectively (Table 16). The digestion cbads and the elution of digested
products were carried out as mentioned under se2t@4.

The eluted products were stored at -20 °C fohgrruse in ligation. The digested
products were ligated in a ligation mixture of @0containing 10X ligation buffer (2.0
ul); linearized pCAMBIA 1305.2 vector (7.0); released gene cassette from clone 4 of
PRT100 vector (7.Qul); T, DNA Ligase (2.0ul, 2.8 Weiss unitsl™; TaKaRa Bio Inc.,
Japan) and sterile dd,@ (2.0 pul). The ligation mixture was kept at room temperatu
(=25 °C) for overnight and the ligated productseveansformed int& coli strain DH.

competent cells as described earlier under se2t@b.

Table 16. Components for restriction digestion of imary vector and recombinant
pRT 100 vector

Components Quantityl) | Quantity ful)
10X Tango buffer 30.0 30.0
Recombinant pRT 100 vector 5.0
Binary plasmid pCAMBIA 1305.2 5.0
Hind 111 2.0 2.0
dd H,O 13.0 13.0
Total 50.0 50.0
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The transformed colonies were identified usinglihee-white selection (Ullmann
et al., 1967) by adding X-gal (40 ml of 2% w/v per plébe spreading) and IPTG (7 ml
of 20% wi/v per plate for spreading) onto the LBid@mpicillin plates (100 mg") and
incubated at 37 °C for two hours before platinglividual white colonies were selected
and grown in LB broth with ampicillin (100 mgl for further confirmation of the
recombinant clones. Isolated plasmids from thecsedecolonies were run on a 0.8%
agarose gel and the positive clones were digesitbdtie same restriction enzymidiqd
[11) for the release of D6d expression cassette. Thestbd products along with the
unligated pCAMBIA 1305.2 vector (as control) wesified in 0.8% agarose gel against
a 10 kb DNA ladder and documented. The recombip@AMBIA 1305.2 plasmid
containing the D6dyene cassette will be herein called as pCAMBIAD&d364 bp).
Recombinant pCAMBIA1305.2 vectaiz.,, pPCAMBIADG6d containing the gene cassette
was isolated using miniprep plasmid isolation Kiggen, GmbH, Germany) froia coli
DH5a strain and transformed intgrobacterium tumefaciens strainEHA 105 by freeze
thawing method as described in appendix G. Thestoamed white colonies were
selected and confirmed for the presence of recocambihinary plasmid by SDS method
as reported by Barnes, (1977) and by restricticdymie digestion as described earlier in
this section (section 2.6.7). Glycerol stocks wenepared for the confirmed colonies and

stored at -70 °C for further use in plant transfation.

2.6.8. Transformation of soybean
2.6.8.1.Agrobacterium infection: strains and explant preparation

The experiments were performed as per the protdestribed in section 2.4.,
with slight modifications. Thégrobacterium tumefaciens strain EHA 105 harbouring the
recombinant binary plasmid pCAMBIAD6d having GUS te reporter gene and
hygromycin as the selection marker was used forstommation. Single bacterial colony
was transferred to 5 ml of liquid LB medium withQLthg I* kanamycin, grown overnight
at 28 °C. Overnight grown cultureas used to inoculate 50 ml of liquid LB medium and
kept at vigorous shaking at 28 °C until the OD hescl1.3-1.5 at 600 nm. Bacterial
culture was centrifuged at 3,000 rpm for 10 mirmithich the pellet was resuspended in
liquid co-cultivation medium (Table 17) to an g@pof 0.5. The embryonic axis explants
of soybean cv. JS 335, prepared as mentioned wedéion 2.2.5 were immersed in the
bacterial suspension for 24 h, blotted dry in fifk@per and plated on a petridish (90 mm
diameterx 15 mm deep) containing solid CCM overlaid withiace of Whatman no. 42
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filter paper. The Petri dishes holding ten expladsh were wrapped with paraffin film
and incubated in the dark for 5 days.
2.6.8.2. Selection and screening of transformants

After five days in dark, the exces#s tumefaciens was briefly washed in liquid
resting medium (ResM) and the explants were sulesglyuembedded in the semi-solid
ResM for a week. Later the explants were transfetcethe selection medium (SM)
supplemented with 5 mg'lhygromycin B for 4 weeks with biweekly subcultuirgo
fresh medium. The differentiating tissues were dfammed to fresh SM with 10 mg' |
hygromycin B for further 4 weeks. The explants weub-cultured every 2 weeks into
fresh SM until the shoot buds elongate. Elongateabts (4-6 cm) were excised and

transferred to rooting medium (RtgM).

Table 17. Media components during different stagesf soybean transformation with
recombinant binary vector pCAMBIADG6d#

Co-cultivation Resting Selection Rooting
Components medium medium medium medium
(CCM) (ResM) (SM) (RtgM)
Basal medium Y2 MSBs Y2 MSB; Y% MSBs Y MSBs
Sucrose 3% 3% 3% 3%
Purified agar 0.6% 0.6% 0.6% 0.6%
MES 49Tt 05gl 05gl 05gl
L-Cysteine 1000 mgt | 1000 mgt - -
BAP 6 mgI* 0.2mgt 0.2mgM* -
IBA - 0.2mgt 0.2mgm* 1.0mgt*
Acetosyringone 100 pm - - -
Cefotaxime - 300mgt™ | 300mgt | 300mgt
Hygromycin - - 0,510mgt | 10mgt

#MSBs medium contains MS macro and micronutrients (Muiges and Skoog, 1962)
with Bs vitamins (Gamborg et al., 1968)

Histochemical GUS assay using X-glucA was cargatito confirm the putative
transformants which exhibits growth in the antilmio$election medium. Well rooted
transformed plants were transferred to green hausewere allowed to set seeds. The
transformed plants were subjected to molecularicoation by PCR usingptll and D6d
gene specific primers and the seeds harvested tihem were analyzed for their fatty
acid profile by GC and confirmed by GC-MS.
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2.6.8.3. Histochemical GUS assay

GUS activity was histochemically measured by thethod of Jefferson el.,
(1987) in embryonic tips at 2 days post co-culiatafter 5 days in resting medium and
after 1 week in selection medium. Tissues wereubated for 24 hr at 37°C in a buffer
consisting of 0.1 M NaPO(pH 7.0), 0.1 M potassium ferricyanide, 0.1 M @siam
ferrocyanide, 0.2 M EDTA (pH 7.0), 0.05% Triton X@ with 500 mgf of 5-bromo- 4-
chloro-3- indolyl$-D-glucuronide (X-gluc). Following incubation, tisss were destained
with 95% ethanol as necessary and then visuallgrebd for blue staining.

2.6.9. Analysis of transformants
2.6.9.1. Molecular confirmation of transformation wsing PCR

Genomic DNA was isolated from the putative transfants using Gen-elute
genomic kit (Sigma, Bangalore). The genomic DNA weed for PCR analysis to
confirm the presence of the T-DNA in the plant gaeo Forward and reverse primers
specific to hygromycin phosphotransferasgtl|) gene was designed using Primer3
software (Rozen and Skaletsky, 2000) and syntheédimen Sigma-Aldrich, Bangalore.
The primer sequences are presented in Table 18.

Table 18. List of forward and reverse primers forhptll and D6d gene

Oligos , , Length | T ( °C)
5—3

name (bp)

hptll F | GATGTTGGCGACCTCGTATT 20 50 - 55

hptll R | GTGTCACGTTGCAAGACCTG 20

D6dF3 | TGGCTCGAGGTTTAATGACATCAACAAC 28 55

D6dR3 | GGGTCTAGAAAGGTTAGTGATGATT 25

PCR analyses were performed using the primersiam&at above along with D6d
gene specific primers. Amplification reactions wer@olumes of 25.@u each containing
16.0ul of sterilized double distilled water, 25 of 10X assay buffer with 15 mM Mggl
1.0 ul of dNTP (2.5 mM each in the dNTP mix; to obtaid @M final concentration),
2.0 ul each of forward and reverse primer (0.08 mM eaacfinal concentration) and 0.5
ul (2.5 U) of Taq polymerase (GeNei, Bangalore, India) using dl.®f the template
DNA. Amplification were performed using 0.2 ml PQRbes (Axygen Inc.,) in an
Eppendorf mastercycler (Eppendorf, Germany) progmachfor 30 cycles consisting of
thirty seconds in 94 °C; thirty seconds in 55 °@ ame minute thirty seconds in 72 °C
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for denaturing, annealing and extension respegtiviehese cycles were preceded by a
step for initial denaturation of two minutes at % and the cycles followed by a final
extension of five minutes at 72 °C. Amplified prothi were resolved by agarose gel
electrophoresis and documented.
2.6.9.2. Southern blot analysis

A portion of the hygromycin gene was amplified wgsiplasmid DNA
(PCAMBIA1305.2) as template and then purified usa@iagen PCR purification kit
(Qiagen GmpH, Germany). The fragment was labeldtl wsoralen-biotin labeling kit
(from Ambion Inc, Texas, USA), according to the hust prescribed by the
manufacturer. Thenptll labeled probe was used for the detection of T-DMAthe
transformants. Aliquots of 2fl of genomic DNA (~25ug) from transformed and non-
transformed plants were digested wifr 421 Sac 1) andXba | enzymes separately as
described by Sambrook and Russell, (2001). Digdstgpnents of DNA were separated
on 0.8% agarose gel, transferred to positively @bérnylon membrane (Brightst¥r
Plus, Ambion Inc, Texas, USA) and hybridized at’68with biotin labelechpt!l gene
fragments. The probe hybridized fragments in thenbrane was blocked with Strep-
alkaline phosphates by incubation and then washedtt three times. The washed
membrane was incubated in the detection buffer WNBT substrate for colour
development.
2.6.9.3. Fatty acid analysis

Total lipid was extracted from matured seeds angformed and non-
transformed soybean plants by the method of Bligd Byer (1959). One gram of
soybean seeds was homogenized with 25 ml of chldarofand methanol (2:1) and
filtered. The process was repeated thrice and itiraté was concentrated. Wash the
filtrate with 2% KCI and hexane separately. Thedifsaction was recovered and stored
at -20 °C for further analysis. Fatty acid methsltezs (FAME) were prepared from the
lipid fraction by trans-esterification with 0.75 mof 1N methanolic-HCI under reflux at
80 °C for 2 h, followed by the addition of 0.5 nil@9% NaCl and 10Ql hexane (after
cooling). After vortexing vigorously, 30l of the hexane fraction was transferred to a
fresh tube and analyzed by GC.
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2.6.9.3.1. Capillary gas-liquid chromatography (GC)

FAMEs were analyzed with a Perklin EImer auto eysiXL Gas chromatograph
fitted with a flame ionization detector (FID). Tdetector temperature was set at 240 °C.
Samples (Lul from 500 to 1000ul) were injected at 120 °C onto a capillary column
(SPB1; 50 m x 0.32 mm; i.d. 0.1um film thickness). Identification of peaks was kdhse
on the comparison of relative retention time daith wtandard FAMEs (FAME standard
mix C8-C24, from SUPELCO) and confirmation by msgsctrometry.
2.6.9.3.2. Gas chromatography-mass spectrometry (GKS)

GC-MS was carried out on a Shimadzu, GC 17A (QBOp@tted with on column
injection set. FAME’s of the samples were injectado a retention gap attached to an
HP-5 ultra 2 bonded phase column (50 m x 0.32 nuin;0.17um film thickness). The
mass spectra of the relevant peaks were comparéubse of standards (GLA and ALA
from Sigma-Aldrich, Bangalore) processed by theesaquipment.
2.6.9.4. Isoflavone analysis

The total and individual isoflavones were extrdctsd analyzed according to
Sakthivelu et al., (2008). Two grams of ground s&ab seed with the seed coat was
mixed with 2 ml of 0.1 N HCI and 10 ml of acetoiér(ACN) in a 125 ml screw-top
flask, stirred for 2 h at room temperature andefdd through Whatman no. 42 filter
paper. The filtrate was dried under vacuum rotagperator at a temperature below -30
°C and then re-dissolved in 10 ml of 80% HPLC gradsgthanol in distilled water. The
re-dissolved sample was filtered through a 0.45fijlter unit (Cameo 13N syringe-filter,
nylon) and then transferred to 1 ml vials.

The Shimadzu LC 10-AS high pressure liquid chragetph equipped with a
dual pump and a UV detector (Model SPD-10A) wasdu&e separate, identify and
guantify isoflavones. Separation of isoflavones aelsieved by a Bondapak eversed
phase HPLC column (250 x 4.6 mm andrb internal diameter). A linear HPLC gradient
was used with solvent A (0.1% glacial acetic aaidlistilled water) and solvent B (0.1%
glacial acetic acid in acetonitrile). Following thngection of 20 pl of the sample, solvent
B was increased from 15 to 35% for 50 min and teld at 35% for 10 min. The solvent
flow rate was 1 ml/min. The wavelength of the UMesor was set at 256 nm.

Authentic standards of daidzein, genistin, gemséad glycitien were purchased
from Sigma-Aldrich, Bangalore. Daidzin, glycitin,atenyl daidzin, malonyl genistin,
malonyl glycitin, acetyl daidzin, acetyl genistimdaacetyl glycitin were isolated and
purified using the modified method of Wang and Mwrp(1994). All the 12 isoflavones
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were identified by their retention times and by atwematography with standard
compounds and the individual concentrations welautated based on each peak area.
2.6.10. Biosafety measures

All the work that involves manipulation of biolagil materials was carried out
according to the IBSC guidelines of the Institubesijitutional Bio-safety Committee,
CFTRI). Transgenic work was carried out with pesiga from RCGM (Regulatory
Committee for Genetic Modifications, DepartmenBobtechnology, Govt. of India) and
ISO 14001 guidelines of the institute was followed the disposal of contaminants and
transgenic wastes.
2.6.11. Statistical analysis

All the experiments were based on a randomizeckbldesign with three
replications for each treatment. Significance betwthe control and treatments for all the
experiments in this study were tested using theveene ANOVA (Analysis of variance)
test and values are presented in the tables vgitméan separation either by LSD or by

student’s t-test. AGRES 7.01 software was usedlfdhe statistical analysis.

*kkkkkk
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SECTION 1
IN VITRO REGENERATION OF SOYBEAN

3.1. Background

In vitro techniques are important tools for plant improvetrend the ability to
regenerate fertile plants is crucial to the sudcésgpplication ofin vitro methods with
regard to plant breeding and genetic modificatiéraijini and Ruiz, 2003). The primary
aim of in vitro regeneration is to produce as easily and as quiaklpossible, a large
number of regenerable cells that is accessible @negtransfer. The subsequent
regeneration step is often the most difficult stepplant transformation studies. The
improvement of soybean using genetic engineeringsstates the availability of a rapid
and efficient regeneration system. The two majartee of soybean regeneration are
somatic embryogenesis (Bailey et al., 1993; Kitalet2007) and shoot organogenesis
(Hu and Wang, 1999; Franklin et al., 2004). Chaission et al., (1983) published the
first report on successful soybean regeneratiorwhich several somatic embryoids
were produced. Somatic embryogenesis is an effiggatem to produce genetically
modified plants, however, it is genotype specifiequires long period of culture
maintenance and is accompanied with a high levekahaclonal variation in the
regenerated plants (Parrott et al., 1989; FineMcilullen, 1991).

Organogenesis is less genotype dependent and dwsmb routinein vitro
technique for regeneration of transformed plantsigiif et al., 1986, 1987a, 1987b; Dan
and Reichert, 1998). Adventitious soybean shoot® leen induced from cotyledonary
nodes (Barwale et al1,986; Wright et al.,1986), primary leaves (Wright et al., 1987a)
and epicotyls (Wright et al., 1987b), hypocotyl tsmts (Dan and Reichert, 1998;
Reichert et al., 2003) and embryonic tips (Liu kf 2004). Hypocotyls have a low
regeneration frequency, genotype dependent (DarRarchert, 1998) and have not been
combined successfully with genetic modification.gBeeration from cotyledons and
embryonic axis has been combined successfully gattetic modification (Hinchee et al.,
1988; Yan et al., 2000; Olhoft and Somers, 200ho@let al., 2003; Ko et al., 2003; Liu
et al.,, 2004). The regeneration is based on thdifgmation of meristems in both
cotyledonary node and embryonic axis. However, ftequency of plant regeneration
reported so far does not seem to be high enoubk tpplied to soybean transformation.

The recovery of transgenic plants capable of trétisigp the target genes in the
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successive generation is also very low (Christoal.etL990). Hence, improvement in the
regeneration frequency would contribute to an iaseein the production of transgenic
soybeans. Shan et al., (2005) suggested that ficeety of the organogenic system for
genetic modification can be improved if the numbkshoots per explant is increased or
if the number of meristematic cells in explantsieased.

Thidiazuron (TDZ; N —phenyl,"NL, 2, 3 -thidiazol-5-yl urea) is a substituted
phenyl-urea compound which was developed for mazkdrharvesting of cotton bolls,
has now emerged as a highly efficacious bio-requtdnmorphogenesis in the tissue
culture of many plant species (Tzitzikas et alQ40 TDZ induces a diverse array iaof
vitro responses ranging from induction of callus to fation of somatic embryos. TDZ
exhibits the unique property of mimicking both auand cytokinin effects on growth and
differentiation of cultured explants although sturally it is different from either auxin
or purine based cytokinins. A number of physiolag@nd biochemical events in cells are
likely to be influenced by TDZ, but these may orymaot be directly related to the
induction of morphogenic responses and hence thdembaction of TDZ is unknown.
Various reports indicate that TDZ may act througbdalation of the endogenous plant
growth regulations, either directly or as a residlinduced stress. The other possibilities
include the modification in cell membranes, enelgpels, nutrient uptake and nutrient
assimilation. The positive influence of pretreatef seeds with TDZ or BAP on
regeneration of shoots has been reported in soyp¥aight et al., 1986; Shan et al.,
2005) as well as in many other legumes such agTmiaikas et al., 2004), lentil (Malik
and Saxena, 1992) and Azuki bean (Mohamed et @D06)2 In lentil Malik and Saxena,
(1992) observed that pretreatment of seeds with BBxves time and results in more
number of shoots compared to the initiation of $khdoom isolated organs such as
hypocotyls or cotyledonary nodes. The influencesalt concentrations of basal media
and thidiazuron on the frequency of shoot organegisnwas reported by Kaneda et al.,
(1997) in soybean.

Triacontanol (TRIA) a 30 carbon primary alcohda,a naturally occurring plant
growth promoter (Ries and Houtz, 1983) and has kseewn to increase the growth and
yield of plantsin vivo as well asn vitro (Stoutemyer and Cook, 1987; Ma et al., 1990;
Tantos et al., 1999). TRIA is a component of thewular waxes of alfalfa and many
other plants (Chibnall et al., 1993; Azam et ab97). The plant growth stimulating
property of TRIA was demonstrated for the firsteitny Crosby and Vlitos, (1959) and
later by Stoutemyer, (1981) and Stoutemyer and Cd®@87). There are many reports on
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enhancement of crop yield by TRIA. Knight and M&th(1987) reported the stimulating
productivity of hydroponic lettuce in controlledwv@ronment with TRIA. Mahadevappa et
al., (1989) studied the effect of TRIA on rice deey weight and grain yield effect.
Balyan et al., (1994) investigated the TRIA effect growth and yield parameters of
CKP-25 variety of lemon grass and found that plagight, number of leaves and leaf
length were increased by 21% over control. TRIA bagn shown to increase seed
weight, chlorophyll content of leaves, enhance p&ynthesis, branching, shoot length
and rooting (Ries and Wert, 1988; Srivastava andr8a, 1990; Kulandaivelu, 1996;
Tantos et al., 1999). Ma et al., (1990) found TRtA had a significant stimulating effect
on thein vitro growth of the plantMalus domesticaCV ‘Fuji’. Tantos et al., (1999)
studied the effect of TRIA omMelissa officinalisand found that it supports shoot
multiplication at 5 pgt and rooting at 2 pg*l Reddy et al., (2002) for the first time
reported the effect of TRIA on micropropagationG#psicum frutescensnd Decalepis
hamiltonii. Giridhar et al., (2004) reported the influence T®RIA on direct somatic
embryogenesis from cultured leaf and stem tissuesaffea arabicaand Coffea
canephora The use of TDZ and Triacontanol has not been datumented in soybean.
Hence in the present study the effects of both dh@wth regulators onin vitro
regeneration of soybean were examined and thetsesele discussed in detail in this

section.

3.2. Results

3.2.1. Effect of cytokinin and explants onn vitro regeneration

Adventitious shoot bud tissues were directly iremthfrom cotyledonary nodes and
from upper sections of the hypocotyl segments iy AB®Z and BAP. Within 15 days,
the explants bulged and formed deep green, shiggnagenic shoot bud tissues, which
in turn, differentiated, into numerous shoot buds4i weeks (Figure 6). In contrast,
hypocotyls took a longer time (6 weeks) for orgarmg shoot bud formation and
differentiation (Figure 7).

The percentage of explants forming shoot budsr @teveeks of culture is
presented in Table 19. The frequency of shoot lbuthdtion was influenced by both the
type of explant and the choice of cytokinin. Sigmint difference between and within
the growth regulator concentrations were obsereedéth TDZ and BAP during shoot

bud induction. Maximum frequency of shoot bud tesswvas noticed in the MS basal

57



Results & Discussion

medium supplemented with 0.2 miand 2.0 mgt of TDZ for cotyledonary nodes and
hypocotyls respectively, with cotyledonary node8.866) recording more response than
hypocotyl (56.3%) for the soybean cv. Hardee. lsecaf BAP, the frequency of
adventitious shoot bud formation was 63.7 and 45fb% cotyledonary node and
hypocotyls respectively (Table 19) for the cultivE® 335. The induction of shoot bud
tissues from cotyledonary nodal segments decreastdincreasing concentration of
TDZ whereas it was the reverse in case of hypocexglants in both the cultivars.
Irrespective of the cultivars, the combination @ZI and cotyledonary nodal segments
induced shoot bud tissues most efficiently than dtieer combinations. No significant
genotypic difference was observed between the soybeltivars for shoot bud induction

with TDZ and BAP.

Table 19. Response of explants on MS basal mediunittvTDZ and BAP

Shoot bud formation (%)
Plant growth
regulators Hardee JS 335
[mg I Cotyledonary, Hypocotyl | Cotyledonary, Hypocotyl
node node
TDZ
0.2 68.3 23.7 64.7 20.¢
0.5 60.0° 30.3¢ 56.3 31.7°
1.0 47.7F 40.0°° 48.0° 38.2
2.0 44.31 56.3 40.0 50.¢%
BAP
0.5 51.7 37.7°¢ 44.6 40.0
1.0 60.2 42.0° 63.7 45.7°

*Mean values with different alphabets are statilijicagnificant at P < 0.05.
Data recorded after 6 weeks of inoculation.
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ey

Figure 6. Effect of TDZ on n vitro regeneration of soybean from cotyledonary nodal
explants; (a) Soybean seedling (two weeks old); (b) Cotyteaty nodal explants; (c & d)
adventitious shoots from cotyledonary nodal exglanit soybean cv. Hardee; (e & f)
adventitious shoots from cotyledonary nodal exmlamit soybean cv. JS 335; and (g)
micropropagation of soybean cv. JS 335 in tissuru@ibottles on MS basal medium
supplemented with 0.2 mg BAP.
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Figure 7. Effect of TDZ on n vitro regeneration of soybean from hypocotyl explants;
(a) hypocotyl explants; (b & d) adventitious shofstsn hypocotyl explants on medium
containing 0.2 mg¥ BAP; and (c) rooting of plantlets in MS basal medicontaining
0.5 mg I* IBA.

Table 20. Effect of GA,and BAP on shoot bud elongation

Plant growth Hardee JS 335
r?%g?g(])rs No. of shoots/ | Shoot length| No. of shoots/ | Shoot length
explant [cm] explant [cm]
GAs
0.1 3.6 +0.8° 3.44+0.86 3.0+0.7 4.14 +0.26°
0.2 52+1.4 4.96 +0.36° 4.4+18 4.84 +0.29
0.5 6.2+ 1.f° 5.24 + 0.6 54+0.8 5.72 +0.62
1.0 43+15 6.24 + 0.42 3.6+1.F 6.56 + 0.38
BAP
0.2 6.6 +1.F 5.04 + 0.55° 54+1.6 4.68 +0.55
0.5 5.0+ 1.8° 4.66 +0.69 3.8+1.3° 4.00 + 0.38°

"Values are mean + SD; Mean values with differephabets are statistically
significant at P < 0.05. Data recorded after 8 vgaakshoot elongation medium.
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The shoot bud tissues were sub-cultured in elamganhedium containing MS
basal medium with varying concentration of 8.1, 0.2, 0.5, 1.0 mg'} and BAP (0.2
and 0.5 mg1). After 8 weeks of culture, the number of elondaséoots were recorded
and the same was presented in Table 20. Signifdiffietence was observed for number
of shoots and shoot length between the growth atgrutoncentrations of both TDZ and
BAP during shoot bud elongation. Elongation of thekoot buds was best achieved in
0.5 mg I GA3; and 0.2 mgt BAP, compared to other concentrations (Figure cOa
medium containing 0.5 mg'IGAs, the shoot buds showed good elongation with an
average shoot number of 6.2 and 5.4 for the culthardee and JS 335 respectively
(Figure 8a). The number of shoots increased withegse in the concentration of GA
upto 0.5 mgf and slightly decreased at the higher concentraifoh mg I*. BAP also
induced equal number of shoots (6.6 and 5.4 respéctor Hardee and JS 335) at lower
concentration of 0.2 mg*lcomparedto GAs at 0.5 mg F. The shoot length was
maximum at higher concentration of & mg I') and showed positive correlation with
GA; concentration in both the cultivars (Table 20gr#icant difference was observed
for shoot length at higher concentrations of &#AdBAP, with the former recording
maximum shoot length. The regenerated shoots veered on MS basal medium with
IBA (0.5 mg '), for a period of 4 weeks (Figure 8b). All tire vitro rooted plants
survived the transfer to greenhouse and within riogeof 8 weeks, they flowered and

subsequently formed fertile seeds (Figure 8c, d).
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Figure 8. Rooting ofin vitro grown soybean plantlets;(a) elongated soybean plantlets
(cv. Hardee) in MS basal medium with 0.5 rigGAs; (b) rooted soybean plantlets on
MS medium with 0.5 mg* IBA; (c) acclimatization of rooted plantlets ofyéean cv. JS
335 in polybags; and (d) fully grown vitro plant of soybean cv. Hardee with pods.

62



Results & Discussion

3.2.2. Effect of Triacontanol (TRIA) onin vitro regeneration

The effect of TRIA was evaluated in both the nplitiation and rooting phase of
soybearin vitro organogenesis. After 4 weeks of culture, the pgege of response (the
ratio of number of explants cultured to the numbkexplants responded expressed in
%), number of shoots per explant and shoot lengifewneasured in the multiplication

phase and the same was presented in Table 21 and 22

Table 21. Influence of TRIA and IBA on adventitious shoot formation from
cotyledonary node and shoot tip explants#
MSB+BAP | TRIA IBA % of No. of shoots Shoot
Explants mgr | (ug ™) | (mg ") | response per explant* length
(cm)*
0.2 - - 50.6 40+0.7 | 0.60+0.5
0.2 - 75.6° 85+0.7 |1.33+0.5
0.2 - 1008 | 9.3+058 |233+05°
Cm{:igg”aw 0.2 10 - 833 | 63+07 |21620.5°
0.2 0.2 75.% 43+12%% | 1.83+0.7
0.2 0.2 833 70+08 | 3.83+0.7
0.2 10 0.2 1000 | 35+0.7% | 250+0.58°
0.2 : - 30.0d 20+10 | 0.80+0.4°
0.2 - 50.0c 3.0+10 | 1.62+0.6
0.2 - 80.0a 53+0°5 | 4.16+0.7
Shoot tips 0.2 10 - 60.0b 3.6+0°5 | 2.75+0.8
0.2 0.2 | 40.0cd 3.3+F2 [ 350+0.5
0.2 5 0.2 66.6b 6.8+(5 | 450+0.5
0.2 10 0.2 50.0c 27+0% | 1.25+0.8

* mean valuet SD; # mean values with different alphabets argssieally significant
at P < 0.05. Data was recorded after 4 weeks itrtheontanol media.
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Figure 9. Effect of TRIA on in vitro shoot regeneration of soybean (cv. JS 335) from
cotyledonary nodal explants; A) Shoot multiplication in 0.2 mg*IBAP and 5.0ug I*
TRIA; (B & C) Shoot induction in 5Qg I GAs, 0.2 mg ' IBA and 5.0ug I* TRIA; and
(D) In vitro rooting of soybean plantlets in 519 I'* TRIA.
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In the multiplication phase, maximum response wasained in the media
containing 5ug I* TRIA for both cotyledonary node (Figure 9) and shtip explants
(Figure 10), with the former recording more resm@otigan the latter. As shown in Table
21and 22, even the lowest concentration of TRIAG2™) resulted in an increase in the
number of shoots and shoot length of the expl&igmnificant increase in the number of
shoots and shoot length was observed at lower otation of TRIA (2, 5ug %)
whereas higher TRIA concentration (6 1) did not show any significant difference
compared to the control. TRIA at &g I along with 0.2 mgt BAP recorded the
maximum number of shoots (9.3 and 5.3) and shaagtte (2.33 and 4.16 cm) for
cotyledonary node and shoot tip explants respdgtiveldition of IBA (0.2 mg ") to the
tested concentrations of TRIA reduced shoot nunaberincreased shoot length in case
of cotyledonary nodal explants whereas, it sigaifity increased the number of shoots
(6.8) and shoot length (4.5) in case of shoot Xjpamnts.

Table 22. Influence of TRIA and GA; on adventitious shoot induction from

cotyledonary node and shoot tip explants#

Explants M?B+.C1; As IBAl TRI'_A{ % of shl\(l)%ts ];oer Iizg?k:
ngl?) | (mgl) | (ugl™) | response explant* (cm)*
50 0.2 - 3¢ 42+0F | 20+0.5
Cotyledonary| 50 0.2 75° | 93+1.2°| 3.2+0.3°
node 50 0.2 9" | 14.0+058 | 46+0.3
50 0.2 10 65 | 85+0.7°| 25+0.5
50 0.2 - 40 | 6.2+0.7¢ | 3.0 +0.5°
Shoo fips 50 0.2 54° | 73+17 | 6.3+0.7°
50 0.2 80°® | 9.0+0.3°| 10.0+0.7
50 0.2 10 50° 65+0.7 | 45+0.3

*mean valuest SD; # mean values with different alphabets araificantly different
at P < 0.05. Data was recorded after 4 weeks itrtheontanol media.

Similarly addition of GA (50 ug I to the tested concentration of TRIA and IBA,
resulted in 90% response for cotyledonary node &% for shoot tip explants (Table
22). Both the explants showed significant diffeeerfor number of shoots and shoot
length for the TRIA concentrations compared witle ttontrol. Cotyledonary nodes

recorded a maximum of 14 shoots/ explant with araye shoot length of 4.6 cm (Figure
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10), whereas shoot tip explants recorded an avera§eshoots/ explant with an average
length of 10 cm (Figure 10b, c). The shoot lendthast doubled with the addition of
GAszalong with TRIA and IBA in case of cotyledonary abéxplants, whereas the shoot
tips exhibited a triple fold increase in shoot l#gngompared to the control.

Figure 10. Effect of TRIA on in vitro shoot regeneration of shoot tip explants of
soybean cv. JS 335(a) adventitious shoot induction in 0.2 mgBAP and 5.0ug I
TRIA; (b) shoot induction and elongation in 0.2 tdBA, 5.0 ug I'* TRIA and 50ug I*
GAs; and (clelongated soybean shoots in MS medium with 60" TRIA.
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In the root induction phase, the parameters inctudoot number, root length,
node number, shoot length and fresh weight wererded after 4 weeks and are
presented in Figure 11 and 12. As shown in Figdretie number of roots and root
length significantly increased with 2 andu§ I'* triacontanol and decreased at higher
concentration of 1Qig I*. Although triacontanol was found to be less effecat higher
concentrations, it still induced more number oftsowith increased root length than the
control. Shoot growth was also evaluated in thdaimgophase and similar pattern was
found in both shoot length and number of nodeg &fiecontanol treatment (Figure 12).
Triacontanol positively influenced shoot growth andreased the number of nodes, with
reduced length of internodes. The maximum shoogtterwas recorded at hg I*
concentration, whereas the highest number of ne@asfound at 1Qug I with slightly
reduced shoot length. The fresh weight of the p#mtwas significantly higher at all

concentrations of triacontanol than that of thetiamn
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Figure 11. Effect of TRIA added during the root induction phase on number of roots
and root length; values with different alphabets are significantlifetent at P < 0.05.

Data was recorded after 4 weeks in the triacontaredia.
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ENo.ofnodes @Shootlength (cm) M®Fresh weight (g)
10 ~ a

0 2 5 10
Triacontanol concentration (ug ')

Figure 12. Effect of TRIA added during the root induction phase on number of
nodes, shoot length and fresh weighyalues with different alphabets are significantly
different at P < 0.05. Data was recorded after éksen the triacontanol media.
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3.3. Discussion

High frequency of regeneration is vital for eféiot transformation and hence we
first evaluated the different explants for theigeeeration frequencies with selected
growth regulator combinations. Several studies @ybsan regeneration have shown the
importance of specific plant growth regulators ietemination of the morphogenic
responses according to cultivar and tissue type.d&te, BAP has been the most
commonly tested cytokinin in soybean, while theaseenbeen few reports on the effects
of TDZ on shoot regeneration from cotyledonary rsodaed hypocotyl of few soybean
genotypes (Passey et al., 2003; Shan et al., 2005).

3.3.1. Effect of cytokinins and explants om vitro regeneration

The type of explant and the choice of growth ratprl influenced the frequency
of shoot bud formation and subsequent shoot reggoer TDZ concentration in the
medium, influenced shoot bud tissue formation ddfely in the soybean explants. The
shoot bud formation and TDZ concentration was dyeproportional in case of
hypocotyl explants whereas it is inversely prommdl in case of cotyledonary nodal
explants in both the genotypes of soybean (TableK&neda et al., (1997) reported that
frequency of shoot regeneration was reduced atrlaeacentration (2.244M) and
inhibited at higher concentration (18.1,gM) of TDZ. Similar results on TDZ
morphogenesis was earlier reported by Malik andeB8ax(1992) in common bean, and
Gill and Saxena, (1992) in peanut. Collectivelydh results suggest that the response of
explants to shoot bud formation is dependent omvtjraegulator concentration and/or
genotype. Earlier reports by Mok et al., (1982) drftbmas and Katterman, (1986)
suggested that the high morphogenic activity of thibstituted phenyl urea compound is
due to its cytokinin like activity. It is plausibthat TDZ has a higher cytokinin activity or
a different action than other cytokinins influergidifferentiation.

Apart from its cytokinin like activity, TDZ has ba suggested to be a modulator
of the endogenous hormone levels. Experimentaleede points out that TDZ stimulates
de novosynthesis of auxins by increasing the levels oble®-acetic acid (IAA) and its
precursor, tryptophan (Murthy et al., 1995). Inse&n endogenous auxin, cytokinin and
ethylene have been seen in response to TDZ treatihMurthy et al., 1995; Yip
andYang, 1986). As a consequence, TDZ has beennstmwe useful for rapid plant
regeneration in several species through organogeripilik and Saxena, 1992) or

somatic embryogenesis (Zhou et al., 1994). The ebogntioned activities of TDZ to
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plant cells could explain the high frequency of@h@generation observed in the present
study. Also in our experiments, the shoots indumed DZ often showed stunting, as has
been reported in other plant species such as ampl®hododendrorfVan et al., 1986).
The inhibition of shoot elongation may be due te thigh cytokinin activity of TDZ.
Cytokinins are commonly known to stimulate shoatlifgration while inhibiting their
elongation (Huetteman and Preece, 1993).

In the above mentiondad vitro regeneration system, only the cotyledonary nodes
with axillary buds gave 100% regeneration and pcedushoot buds whereas those
without axillary buds produced only excess calMight et al., (1986) and Carmen et
al., (2001) showed histologically that exogenouslyplied cytokinins altered the
development of axillary meristems, promoted prodifen of the meristematic cells in the
axillary buds and increased the number of bud pidiaowhich originated from the
existing axillary meristems. Shan et al., (2005gasted that the structural integrity of
axillary meristem might contribute to high efficgnof regeneration in soybean when
pretreated with TDZ. Malik and Saxena (1992) hypeibed that the high level of
regeneration through TDZ or BAP treatment of ped @mmmon bean seeds was due to
the morphological integrity of the seedlings. Irr aystem, the shoots were regenerated
from shoot buds, whose multiplication can be viewsdhe proliferation of meristematic
cells in the existing axillary buds.

3.3.2. Effect of Triacontanol (TRIA) onin vitro regeneration

At low concentrations, triacontanol promoted betioot growth and rooting of
plants, but at high concentrations it had a slightbitory effect. This may be due to the
sensitivity of whole explants to extremely low desd# TRIA (Biernbaum et al., 1988).
Corresponding data published in the literature atsticate that triacontanol has an
inhibitory effect above certain concentrations (8onand Seetalakshmi, 1991; Tantos et
al., 1999; Reddy et al., 2002). The explants onimmedtontaining 5ug I triacontanol
had the most number of shoots with maximum shaagtle TRIA enhanced the shoot
length and number of nodes with a reduced lengthntdrnodes. As reported by
Hangarter et al., (1978), the increased growth ey TRIA is not simply caused by
water uptake and cell enlargement but rather binarease in cell number. After initial
application of TRIA, a metabolite of TRIA or a sedary messenger moves rapidly in
plants and influences enzymes relating to carbatgdmetabolism (Ries and Houtz,
1983) and growth processes (Ries and Wert, 1988hwmight be responsible for the
high growth activity in plants.
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The present work shows the stimulating effect BAA on shoot multiplication
and rooting at very low concentrations, which diandicates that TRIA can be
effectively used as a growth regulator farvitro regeneration of soybean. This is in
contrast with the results reported by Yun and K{@&986), who found no significant
activity of this compound i®©ryza sativaregeneration, but in agreement with the reports
by Ma et al., (1990) inMalus domesticatissue culture, Tantos et al., (1999) in
regenerationof Melissa officinalisand Reddy et al., (2002) in micropropagation of
CapsicumandDecalepis.
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3.4. Summary

Soybean genotypes (Hardee and JS 335) were setbjexin vitro regeneration
with different plant hormonesiz.,, TDZ, BAP and GA against the explants hypocotyl
and cotyledonary nodevlaximum frequency of shoot buds was obtained in MSal
medium supplemented with 0.2 mand 2.0 mgt of TDZ for cotyledonary nodes and
hypocotyls respectively, with cotyledonary node8.3686) recording more response than
hypocotyl (56.3%) for the soybean cv. Hardee. Tyme tof explant and the choice of
growth regulator influenced the frequency of shimatl formation and subsequent shoot
regeneration. Elongation of these shoot buds wasamhieved in 0.5 mg'iGA; and 0.2
mg " BAP with a maximum shoot length of 5.7 cm. Triacoml at low concentration of
5 ug I significantlyincreased the frequency of shoot buds for bothledonary node
and shoot tip explants compared to the control. a&imum of 14 shoots/ explant was
obtained from the cotyledonary nodal explants odimeontaining 5Qg I* GAs, 5pug I'*
TRIA and 0.2 mg'f IBA with an average shoot length of 4.6 cm. Thauls indicate that
triacontanol can be successfully used as a grogghlator in both the multiplication and
rooting phase of soybean micropropagation.

72



Results & Discussion

SECTION II
AGROBACTERIUM MEDIATED TRANSFORMATION OF
SOYBEAN
3.5. Background

Developing an efficient transformation system sticae a prerequisite for both
improvement of cultivar quality and investigatiohtiee functional genes in soybean (Liu
et al., 2008). According to the United Soybean Edaroduction Committee’s Soybean
Genomics white paper, soybean transformation eficy must be improved 5 to 10 fold
so that one can produce upto 300 transgenic lipesr /to meet the existing soybean
genomics initiatives. Olhoft et al., (2003) statbdt an ideal transformation method for
soybean should (i) be simple, inexpensive and rdpjdbe successful with a wide range
of cultivars, Agrobacterium strains and binary plasmids and (iii) provide @ént
selection without production of non-transformedcbimeric plants. Transgenic soybeans
are produced by different DNA delivery methods apthnt tissues, including
microprojectile bombardment of shoot meistems (MCat al., 1988) and embryogenic
suspension cultures (Finer and McMullen, 1991) Agdobacteriummediated T-DNA
delivery into immature cotyledons (Parrott et 4B89; Yan et al., 2000), embryogenic
suspension cultures (Trick and Finer, 1998) antlaayximeristematic tissue located in the
seedling cotyledonary nodes (Hinchee et al., 1988)ong them the cotyledonary node
basedAgrobacteriummediated transformation has been a successfuloghetith lot of
improvements. However the production of transg@tants remains low most likely due
to (i) inefficient T-DNA delivery fromA. tumefacieneto cells in the cotyledonary node
region, (ii) inefficient selection of proliferatintansgenic cells and regenerated shoots
and (iii) difficulty with plant regeneration.

Various efforts have been made to overcome theealnoentioned drawbacks.
Olhoft and Somers, (2001) reported that the additd thiol compounds during co-
cultivation significantly increased th&. tumefaciensnfection and T-DNA transfer into
cotyledonary node cells. The effectiveness of @sswlture selection regimes is
dependent on many factors including tissue tye sf explant, chemical properties and
concentration of selective agent and the time @lieation (Bowen, 1993). Incomplete
selection of transformed cells is reflected in soswection systems by the high
percentage of escapes (Hinchee et al., 1988) opribsiuction of chimeric plants (Di et
al., 1996). Olhoft and Somers, (2001) observed 3@ Mon-transgenic escapes despite
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the presence of high levels of glufosinate as sgk@gent. Later Olhoft et al., 2003
developed an efficient hygromycin B based selecsystem for rapid selection of
transgenic shoots with a very low frequency of pesa However Zeng et al., (2004)
suggested that the efficacy of transformant seactvith hygromycin B might be

genotype dependent. With all these improvements ¢btyledonary node based
regeneration system is still relatively inefficientomplicated and time consuming
(Barwale et al., 1986; Shetty et al., 1992). Thameefit will be interesting to test other
explants like embryonic axis for their regeneratma transformation efficiency and also
to examine some key parameters which have the faltém promote transformation that

would be helpful for further optimization of soylemansformation system.

3.6. Results

3.6.1. Embryonic axis and cotyledonary node system

The soybean cultivar JS 335 was used to assayatdaetors which might affect
transformation. In the study of using embryonicsaand cotyledonary node as explants
for Agrobacteriummediated transformation of soybean, the formegufe 13) showed

highest frequency of regeneration (86.4%) comptodhe latter (46.5%).

100.0 - M Cotyledonary node  ® Embryonic axis

500 | 864
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Regeneration frequency (%) GUS positive explants (%)

Figure 13. Efficiency of Agrobacterium mediated transformation of soybean (cv. JS

335) using cotyledonary node and embryonic axis ebgmts.
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For generation of fertile transgenic soybean pglansing an organogenic
regeneration system, it is important that the shabbuld be regenerated in a relatively
short time. In our experiments, the embryonic aystem regenerated adventitious shoots
in relatively short period of time (4-6 weeks) withore uniform length than the
cotyledonary node systems (Figure 14). Taking iatmount the time required for
germination and preparation of explants, the cdiyary node system is relatively slow
and complicated in comparison to the embryonic asystem. The explants after
inoculation withAgrobacteriumwere assayed for their transient GUS activity (aeek
after co-cultivation). Since the binary plasmid g@BIA 1305.2 contains an intron from
the castor bean catalase gene to confirm detectioplant specificp-glucuronidase
(GUS) activity, GUS staining is an indicative ofetlpresence of GUS gene being
expressed in plant cells. Based on GUS staining/%83of embryonic axis derived
explants and 17.9% of cotyledonary nodal explangsewfound to be GUS positive
(Figure 13).

Figure 14. Agrobacterium mediated transformation of soybean cv. JS 335(a)
embryonic axis explants during co-cultivation; (b & adventitious shoots from
embryonic axis explants and (d & e) visualizatidrGS activity in leaf of transformed

plants.
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Another factor that affects the production of iferttransgenic plants is the
sensitivity of explants to antibiotic selection. eltexplants cotyledonary node and
embryonic axis were screened for their sensitiongr a wide range of hygromycin B
concentration from 0 to 50 mg for a period of 4 weeks (Table 23). The embryaniis
were unable to form any shoots when treated witmds [* or more and complete
browning and death of the explants were observetiDamg I* within two weeks. In
contrast the cotyledonary nodal explants were blegenerate shoots even at 5 fhg |
and the complete death occurred at 20 thgdncentration. Based on the results of
sensitivity studies, the embryonic tips were foundbe more sensitive to antibiotic
selection than the cotyledonary nodes.

Taken together these results suggest that theyembraxis system may be useful
for effective soybean transformation and generatbmon-chimeric transgenic plants
compared to the cotyledonary nodal system. Heneeethbryonic axis was used for
further studies on the role of L-cysteine and aotib selection schemes of

Agrobacteriummediated genetic transformation of soybean.

Table 23. Screening of explants for their sensitity to hygromycin B.

Concentration of No. of explants survived
hygromycin B (mg") | Embryonic axis| Cotyledonary node

50 50
21 29
4 18

10 0 7

20 0 0

30 0 0

40 0 0

50 0 0

3.6.2 Agrobacterium infection and the role of L-cysteine

The explants were immersed in the bacterial susperfor 20 h, blotted dry on
sterile tissue paper and placed in the solid covation medium (CCM) for 5 days in
dark. The CCM was supplemented with different cotre¢ions of L-cysteine (200, 400,
600, 800 and 1,000 mgY)l to investigate its effect on T-DNA delivery intihe

meristematic cells of embryonic axis by transi@gtobacteriuminfection assay (Meurer
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et al., 1998). Following co-cultivation, T-DNA trsier to cells of embryonic axis was
determined by transient GUS expression (GUS+) uGib& histochemical staining. The
mean frequency of explants that contained at laashgle focus of GUS staining cells
(GUS+ focus) in the embryonic tip region was detagd for each level of L-cysteine
tested. The addition of L-cysteine to the solid cattivation medium increased the
average frequency of explants containing a GUStigesiocus from 0.8% in control to
6.1% in CCM containing 1,000 mg L-cysteine (Figure 15). L-Cysteine also enhanced
the physical appearance of the explants with lesging on the cut surfaces of the
explants. The above results demonstrated that teitys significantly increased the
number of GUS positive cells and thereby increabedfrequency of T-DNA delivery,

when the latter was expressed as a function oitimbers of GUS positive cells per
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Figure 15. Effect of L-cysteine on the frequency dBUS positive shoots

3.6.3. Hygromycin B (Hyg B) selection of transforma cells

Different selection schemes (Table 24) during shieduction was performed to
optimize the selection of transgenic events. Afieicultivation the explants were either
directly transferred to selection medium (SIM whmg I* Hyg B) or after a resting
period of 7 and 14 days in SIM without Hyg B. Thedquency of the GUS positive shoots
obtained from the three different selection schevae®d from 2 to 7.4% (Table 24).
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Table 24. Effect of selection schemes on regenematiof transformed cells

Resting Total no. Regenerated Recovered GUS+ Escape Transformation
: of explants rate -

period infected plants plants | plants (%) efficiency (%)

0 days 98 24 11 2 81.8 2.0

7 days 108 72 9 8 11.1 7.4

14 days 128 86 6 5 16.7 8.9

The explants which were transferred onto the seleenedium immediately after
co-cultivation seemed to suffer from the combinddess of Agrobacterium and
hygromycin B (5 mg 1) during shoot bud initiation phase and produced fBUS
positive shoots. It was found that an appropriateation of resting period, after
Agrobacterium infection was helpful for efficient selection anekgeneration of
transformed cells. The results demonstrated that7tlday resting period led to lower
escape rate than 14 day resting period and thevalmf transgenic shoots benefited
from the gradually increased selective pressuer #tfie 7 day resting period. Among the
selection schemes tested, 7 day resting periodstivasn to be optimal, under which the

production of the GUS positive shoots was consistéih an average frequency of 7.4%.
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3.7. Discussion

3.7.1. Embryonic axis and cotyledonary node system

The embryonic axis regeneration system has manyandaiges over the
cotyledonary node and hypocotyl segment systeresstdrting material is easy to obtain,
more shoots are regenerated in the same amoumefand the meristem shows greater
division. The latter can be explained by the strdigding ability of the promeristems
and procambium in the embryonic axis. This charette likely improves the growth
and division of transformed cells in the selectioredium, as confirmed by our
observations of high level transient GUS expressiorhighly dividing meristematic
tissues. Because high regeneration frequency isablés for transformation, we have
used embryonic axis regeneration system (Liu et28l04) forAgrobacteriummediated
soybean transformation compared to cotyledonaryensgistem which has been
previously used (Di et al., 1996; Meurer et al.989Zhang et al., 1999; Donaldson and
Simmonds, 2000).

During A. tumefaciensnediated transformation of soybean and other criops,
uncommon for explants to be suspended for 20 lyind infection medium, as was done
in the present study. In the cotyledonary nodeesyssuspension time is limited by the
pollution and necrosis caused By tumefaciensHowever, the embryonic axis system
responded well toA. tumefaciengnfection and there was no obvious necrosis. This
difference between the cotyledonary node and enmmiicyaxis systems may relate to the
smooth surface of the latter, which can be easdghed free ofA. tumefaciensyr it may
be associated with the greater growth potentiakthef explants. Thus, the extended
suspension time is another aspect in which the yonir axis system outperforms the
cotyledonary node system in tAgrobacteriunmediated transformation of soybean.
3.7.2.Agrobacterium infection and the role of L-cysteine

The addition of L-cysteine in the CCM demonstraaedncrease in the frequency
of T-DNA delivery, as analyzed by transient GUSagssvhich is in line with the results
of previous investigations (Olhoft and Somers, 2Q0d et al., 2008). The addition of L-
cysteine to the solid co-cultivation medium incezhégrobacteriummediated T-DNA
delivery into the cells with a notable decreaseemzymatic browning on the explants.
Since bothAgrobacteriuminfection and tissue browning were affected, passible that
L-cysteine interacts with the plant’s response tmmd and pathogen infection during co-

cultivation, resulting in an increase in T-DNA delry. However, high levels of L-
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cysteine in the CCM might also have some negatimpacts onin vitro plant
morphogenesis. In thAgrobacteriummediated transformation of maize, Frame et al.,
(2002) reported that the infected embryos as wsellha non-infected ones treated with
400 mg T* L-cysteine exhibited significant decrease in givitse to embryogenic callus.
A similar negative effect of L-cysteine (80 mg) lon embryogenesis in Japonica rice
explants was reported by Obregon et al., (1999 Boame et al., (2002) and Obregon et
al.,, (1999) opined that L-cysteine enhancement @grobacteriuramediated
transformation might be a balanced consequends pbsitive and negative roles.

3.7.3. Hygromycin B selection of transformed cells

An effective selection strategy is very importémt developing an efficient plant
transformation procedure. Olhoft et al., (2003) Bywpd hygromycin B as a selective
agent in theAgrobacteriummediated cotyledonary node transformation of sagband
achieved rapid production of multiple, transgeioas with considerable efficiencies. In
the present study, based on the result of Olhottlet(2003), an improved selection
strategy was developed by adjusting the restingpggeand hygromycin B levels in the
shoot initiation and elongation phase. A restirgpsivas usually applied to alleviate the
suffering from the combined stress Afrobacteriumand selection agents. Zhao et al.,
(2001) reported that a 4 day resting period ina@édbe callus transformation frequency
by 2.7 times higher than the control (without neg}iin maize. Olhoft et al., (2003) also
obtained good results by eliminating the selecpoassure during the first 14 days of
shoot initiation. The time required for resting tdture in our system (7 days) was far
shorter than the 14 days rest required by the edtylary node system (Olhoft et al.,
2003). Within the 7 days resting period, the embiyaxis explants turned green and
began growing quickly, whereupon we could succdlgsfuove them to the selection
medium. The 7 day resting period was found adeqieateduce the combined stress of
Agrobacteriumand selection agents, and also helped to arrestatiid growth of most
non-transgenic shoot primordial cells with strongiding ability, resulting in fewer
escapes.

In summary, an improved soybean transformatiotesysnvolving better explant
with high regeneration frequency, optimized L-cyste concentration and selection
strategy was established. This system could pravideeful tool for both improvement of
cultivar quality and investigations on the funcabrgenes in soybean. The results
indicated that the embryonic axis system yieldecghasformation efficiency of 7.4 % on

the soybean cv. JS 335 which is not an improveroeet the 16.4% efficiency reported
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for the cotyledonary node system (Olhoft et al.020 However, the embryonic axis
system has many advantages compared with the dotyey nodal system. The
embryonic axis system uses fewer and more easdyjade starting materials, involves a
simple protocol, utilizes hygromycin B as an efit selective agent, and takes less time
to generate transgenic soybeans. Based on the abrperiments, an efficient
Agrobacteriummediated transformation system was establishethiosoybean cultivar

JS 335 which is widely cultivated in north and cahindia.

81



Results & Discussion

3.8. Summary

The Agrobacterium tumefacienstrain EHA 105 harboring the binary plasmid
pCAMBIA 1305.2 was used for transformation of tlwtytedonary node and embryonic
axis explants of soybean. The transformation efficy as analyzed by transient GUS
expression showed 33.7% for embryonic axis and% 7@ cotyledonary node explants.
Addition of L-cysteine during co-cultivation enhaat the T-DNA delivery into the
explants with a notable decrease in enzymatic birgvof the explants. Also a resting
period of 7 days was found to improve the selectdntransgenics by eliminating
selection pressure in the early shoot inductiorsph@he embryonic axis transformation
system has advantages in terms of easy handlindeaadime consuming as compared
with cotyledonary nodal transformation system ametde can be effectively used for
genetic improvement of soybean. The same was atidptefurther studies on genetic
transformation of soybean with the target geneag@ltiesaturase, for the production of

gamma linolenic acid.
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SECTION III
CLONING AND EXPRESSION OF DELTA-6 DESATURSASE
GENE IN SOYBEAN
3.9. Background

Genetic manipulation of the oil yielding crop plarior better oil quality through
biotechnological methods is an important aspectrop improvement (Kinney, 1994;
Cardoza and Stewart, 2004). In recent years, geneddification of oilseed plant to
synthesize nutritionally and industrially importdatty acids that are generally obtained
from other sources, has gained considerable impogtgdDamude and Kinney, 2008;
Singh et al., 2005). Gamma-linolenic acid (GLA),arusual fatty acid in plant kingdom,
is produced by specific desaturation of linoleimg€18:2). Dietary GLA has therapeutic
benefits in being an active precursor of arachidaeid (C20:4), which participates in the
synthesis of prostaglandins in human beings (Nagtiat., 1999). GLA has been reported
to have anti-inflammatory and antitumoral effecGoffman and Galletti, 2001). It
improves dysregulation of inflammation and provid@snunity in atopic eczema (Henz
et al.,, 1999). Consumption of vegetable oils contgy GLA is reported to be effective
against hypercholesteromia and other related @irdisorders that provide susceptibility
to coronary atherosclerosis (Barre, 2001). Theegfproduction of oilseed crop rich in
GLA is extremely desirable for the benefit of humace. In addition to the nutritional
value of GLA, OTA produced from-linolenic acid (ALA) by the sama®’-desaturase
(D6d) has immense industrial applications, whiatiude production of oil films, special
waxes and plastics (Reddy and Thomas 1996).

In plants, synthesis of unsaturated fatty acidsitgated in the plastids through a
series of condensation reactions which are contineither in the plastids or in the
endoplasmic reticulum resulting in a pool of Cl&rd C18:3 unsaturated fatty acids.
Acylation and hydrolysis of these precursors in émeloplasmic reticulum lead to the
formation of triacylglycerol, the main storage tp{Kinney, 1994). C18 desaturation
pathway in higher plants involves desaturation &, €12 and C15, generating
predominantly oleic (C18:2%), linoleic (C18:24%'3 and ALA (C18:3A%**j acids. An
additional C18 desaturation step is present in d@nobacteria (e.gSynechocystjs
Spiruling) and in few higher plants (e.gorago officinalis, Oenothera sp.where the
desaturation proceeds towards productiony-ifiolenic acid (GLA, C18:3A°°*3 and
octadecatetraenoic acid (OTA, C1&2>'*!y via a single D6d enzyme (Reddy and
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Thomas, 1996). Transgenic higher plants expresgerges for alteration in fatty acid
metabolic pathway to produce long chain polyunsdéat fatty acids, generally obtained
from marine sources like microalgae and fish, ave eing developed (Abbadi et al.,
2004; Qi et al., 2004). Commercially grown oil seadps like soybean, groundnut,
rapeseed etc., are deficient in GLA because thegremtly lack the D6d gene (Reddy and
Thomas, 1996). Till date several attempts have Inesie by a number of researchers to
explore the possibilities of altering the C18 desation pathway of plants for production
of GLA (Knutzon et al.,, 1998; Sayanova et al., 19@8u et al., 2002). Reddy and
Thomas, (1996) first reported the production of GipAtransgenic tobacco plants after
successful introgression of the D6d coding sequdrm® SynechocystisLater, D6d
gene(s) from several eukaryotic sources have beteogressed in different plants for
production of GLA. Such attempts include transfaiora of Lycopersicunesculentum
with borage D6d (Cook et al., 200Byrassica junceawith Pythium irregulare D6d
(Hong et al., 2002) an@enotherasp. with borage D6d (Gyves et al., 2004).

Due to the inherent absence of tifedesaturase (D6d) function, soybean a pulse
cum oilseed crop plant, is unable to synthesitimolenic acid (GLA), a nutritionally
important fatty acid, although the crop plant swsikes the precursor fatty acids required
for GLA production.Spirulina platensiscontains a high level gflinolenic acid (20% of
total fatty acid content) and has been considesdre of the alternate source for
linolenic acid production (Hongsthong et al.,, 200HMuang and Ziboh, 2000).
Cyanobacterial\®-desaturase introduces carbon—carbon double botu limwleic acid
(C18:2) anda-linolenic acid (C18:3) by desaturation processwsproduction of GLA
and OTA respectively. Cyanobacterial fatty acidatiesases are categorized as being part
of the family of acyl-lipid desaturases or planpeéydesaturases (Murata and Wada,
1995), which are membrane-bound enzymes (Mustadyalet 1996). Acyl-lipid
desaturases introduce double bonds into fatty athdg have been esterified to
glycerolipids (Schmidt et al., 1993). These membr&ound enzymes associate with
endoplasmic reticulum and chloroplast membranelamtp, and thylakoid and plasma
membranes in cyanobacteria (Murata and Wada, 18f#gsthong et al., 2003).
Expression of a cyanobacterial D6d in oil seed csoph as soybean has not been
reported so far. This section explores the posséslof using a cyanobacteri&@girulina
platensi3 D6d gene in soybean to modify the C18 desaturgb@thway towards GLA

production for obtaining nutritionally superior dman oil.
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Soybean seeds also contain isoflavones, whichbimactive molecules of low
molecular weight, hydrophobic peptides or fattydacomponents that are known to
influence the physiological state in animals aslved in humans. Isoflavones are
structurally similar to naturally occurring estrogeand show promise in protecting
against hormone-dependent cancers (Sakthivelu.e2@D8). Epidemiological studies
have shown that consumption of soybeans and saupt® reduces the risk of human
cancer, osteoporosis and cardiovascular diseasesi (& al., 2009). In addition,
isoflavones belong to a group of active plant deéecompounds known as phytoalexins,
and thereby acts as a repellant against insecinigatd pathogenic fungi (Dixon, 1993).
Isoflavones are also involved in nodulation of leguous plants by inducing the
expression of nodulation genes in rhizobial baateliring symbiosis (Pueppke, 1996).
Considering the importance of soybean as an oilsged and also as a source of
phytochemicals like isoflavones, the unintende@af of soybean transformation with
delta-6 desaturase gene was also analyzed andskstin this section with reference to

isoflavone content.

3.10. Results

3.10.1. Isolation of D6d gene fronspirulina

All the three sets of primers were tested agdiresggenomic DNA of th&pirulina
platensisstrain Sp-6 for the amplification of D6d genEhe internal primer setvig,
D6dFR and D6dR) gave good amplification (Figure 16A) of the exieekcsize of 480 bp
(a part of theA®-desaturase gene). The annealing temperature emgastized at 50 °C
for the partial primers. The remaining primer S&@8dF, & R, and D6dk & R3) gave
good amplification for the full length gene of kR, from the genomic DNA dBpirulina
platensisstrain Sp-6 (Figure 16B & C). The annealing terapge was standardized at 50
and 55 °C respectively for D6¢g& R, and D6di & R3 primers.
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1200 bp

Figure 16. PCR amplification of delta-6 desaturasegene from Spirulina platensis
strain Sp-6; (A) PCR amplicon of partial D6d gene (480 bp) gsimernal primers D6dF
and D6dR with 3 kb DNA ladderfPCR amplicon of full length D6d gene (1.2 kb) using
primers (BD6dF, & D6dR;, and (C) D6dg& D6dR3with 3 kb DNA ladder.

3.10.2. Construction of recombinant plasmid with D@ gene

The plasmid pRT100 (3340 bp) with CaMV35S (caalifer mosaic virus)
promoter, poly A (polyadenylation signal of CaMVrah Cabb B-D) terminator,
ampicillin resistance gene and a multicloning witth different restriction sites was used
as the plant expression vector (Appendix D). Tlodated coding sequence of the delta-6
desaturase gene (1.2 kb) was inserted in betweexhit | andXba | site of pRT100 by
directional cloning. The cloned plasmids were tfamsed toE.coli strain DH® and the
colonies were subjected to antibiotic (ampicillsglection. Six individual recombinant
colonies were obtained (Figure 17) and each of theas confirmed by restriction
digestion and PCR with CaMV35S F and D@dis forward and reverse primers
respectively. Upon digesting the recombinant plasmvith the same restriction enzymes
Xho landXba |, the gene insert was released from the vectordmmekas shown in Figure
18. After verification the positive recombinant giasids were stored in deep freezer (-70°C)

for further use.
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Figure 17. Recombinant plasmid of pRT 100 with de#-6 desaturase gend;ane 1-6:
Recombinant pRT100 plasmid clonegl00 bp); lane 7-8: wild pRT 100 plasmid (3340
bp); lane 9: 10 kb DNA ladder

At A A3 A As As Ay B B Bs

1800 bp—>

<— 3340 bp
<— 1200 bp

Figure 18. Confirmation of recombinant pRT 100 cloes; (A) PCR confirmation of
recombinant pRT 100 plasmid clones; LaneA% - PCR amplicon of D6d gene’1800
bp) from the recombinant pRT 100 plasmid clones\qistaMV35S F & D6dR as
forward and reverse primers; Lane A 3 kb DNA ladder; (B) Restriction digestion
confirmation of recombinant pRT 100 clone; Lane-Bvild pRT100 plasmid (3340 bp);
lane B — digested products of recombinant pRT 100 cldr@ving the release of gene
insert (1200 bp) and vector backbone (3340 bp)el2y 10 kb DNA ladder.
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3.10.3. Multiple sequence analysis of the clonedltie6 desaturase gene

The recombinant pRT100 plasmid was sequenced WBWG Biotech private
limited, Bangalore, and the sequence was depositéde NCBI (GenBank) database
with the assigned accession number FJ752023 (Sakihet al., 2009). The cloned gene
is devoid of any intervening sequences and exhib®®% identity at the DNA level,
when aligned with the reported gene sequence of opading frame (ORF) 1106 bp
through pairwise BLAST 2.0 analysis. The recombinalasmid presented very similar
open reading frames encoding proteins of the samgthviz.,, 368 amino acids (Figure
20). Computational analysis of the deduced amindsaitom the cloned gene sequence
showed 98% similarity with the targeted proteinusate. The 2% deviation is due to the
conserved substitution of amino acids, except lieramino acid proline (P) at the3
position which was replaced by Arginine (R) in tbkwned sequence dbpirulina
platensis The influence of this replacement on the expogssif the D6d gene in plants
should be further investigated. Furthermore, thérdyyathy profile (Figure 19) of amino
acid sequences revealed the presence of two meeibpamning domains, which have a
similar characteristic to membrane-bound desatartmend in other organisms (Hong et
al., 2002; Laoten et al., 2000).
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Figure 19. Hydropathy profile of the delta-6 fatty acid desaturase ofSpirulina
platensis. The plots were analyzed using the Kyte-Doolittletinod (Kyte and Doolittle,
1982). Bars indicate the two hydrophobic domains

3.10.3.1. Multiple sequence alignment with other @nobacterial delta-6 desaturases
The amino acid sequence alignment of cyanobattelta-6 desaturases (Figure

20) demonstrates the three histidine rich motifaratno acid positions 89-93, 124-129
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and 302-309 conserved among all the fatty acidtdesses, together with two histidine
residues adjacent to the third motif (amino acidifpans 313-315), which are conserved
among the acyl-lipid desaturases of cyanobactkritotal there are about 83 amino acid
residues which are conserved among the comparedobgaterial species. The two
species fronBpirulina genusviz., S. maximaandS. platensisncoded the same number
of amino acids and showed 98% similarity (Table &Gl only four substituitions, out of
which three are conserved. Followed ®ymaximathe cloned delta-6 desaturaseSof
platensisshowed 60% amino acid sequence identity to dellesaturase dlNodularia
spumigenafollowed by Microcystis aeruginosa59%), Acarychloris marina(54%),
Synechocystig50%) andLyngbyasp (35%) (Table 25). Phylogenetic analysis also
demonstrated the homology between delta-6 fattyd adesaturase with other
cyanobacterial D6d (Figure 21). The cloned deltatfy acid desaturase is closely related
with the other species of the same geSBusnaxima The analysis also revealed closer
association witiNodularia spumigenavlicrocystis aeruginosa, Acarychloris mariaad

Synechocysti@=igure 21).

S. maxi ma
S.platensis
N. spuni gena
M aer ugi nosa

------------ MISTTSKVTFGKSI GFRKELNRRVNAYLEAENI SPRDNPAMYLKTAI | 48
------------ MISTTSKVTFGKSI GFRKELNRRVNAYLEAENI SPRDNPAMYLKTAI | 48
------------ MIQTQPKVTFTKNYGFRKELNKRVDAYFESONI STRDNAAMYMKTTVI 48
----------------- VRVTFTENQGFRKELNKRVDAYFTENG PTRDNLAMYLKTI TI 43

A marina 0 o---e---------- MINPQVTFARNVGFRKEL SRRVNEYFATNNI RPRDNPAMYFKTLVI 46

Synechocystis  ------------- M_TAERI KFTQKRGFRRVLNQRVDAYFAEHGL TORDNPSMYLKTLI | 47

Lyngbya MVNKSHQSVVL EKEAAKKL KFGKNSGFKTEL KRRVDEL FONPDRKARDCPQWAKTI | L 60
--.* . **: *.:**: . * % * % * %

S. maxi ma LAVWVSAW FVWFGPDVLWVKL L GCI VL GFGVSAVG-NI SHDGNHGGYSKYQUW/NYLSGL 108

S.platensis LAW/VSAWT FVWWFGRDVLWWKL L GCl VLGFGVSAVGFNI SHDGNHGGYSKYQW/NYLSGL 108

N. spumni gena
M aer ugi nosa
A. mari na
Synechocysti s
Lyngbya

S. maxi ma
S.platensis
N. spuni gena
M aer ugi nosa
A marina
Synechocysti s
Lyngbya

LSW/WVATWFTLFGPPEI WLKVI GCI ALGFG AG GFSVGHDANHGGYSRHKMVNNI FGY 108
LTW/I AAW.FVLFGPDI WALKI | GCLVLGAGLAG GFSI GHDANHGGYSSKKW/NSLLGM 103
TAWLTAWSI | LFGPPNLAI KI LGCVAL GMGVAGFGVEVGEHDANHGGYSSSPLVNRI VGS 106
VLW.FSAWAFVLFAPVI FPVRLLGCWLAI ALAAFSFNVGHDANHNAYSSNPHI NRVLGM 107
LFSFFCGLYSLLVLVAQTWAQVI PLCI MLGWTAG GFSI QHDGGHRAYSDSLVWNKLVAM 120

* - * . . . * % * * % LR

HBI |

THD- Al GVSSYLVWKFRHNVLHHTYTNI LGHDVEI HGDEL VRVBPSMVEYRWYHRYCQHWFI W 167
THD- Al GVSSYLVWKFRHNVLHHTYTNI LGHDVEI HGDEL VRVBPSMEYRWYHRYCQHWFI W 167
TFD- 1 | GLSSFLVWKFRHNFLHHKYTNI LGHDVEI HGDGL VRMIPYMEHKWYHSFOHVFI W 167
TYDYI | GASSYLWRFRHNYLHHTYTNVLGYDLEI HGDGVVRMIPHAEHKWYHRYCQHLFI P 163
CYD- VI GVSSFLWKFRHNQLHHI YTNI EGYDNEI EGDGVVRVSPHT DHKPHHRWOHYW W 165
TYD- FVGLSSFLVRYRHNYLHHTYTNI LGHDVEI HGDGAVRVBPECQEHVG YRFQQFYI W 166
SSD- LI GASSYI WWWKHDVLHHTYTNI AGYDKDLBVG FGRFSPSHPHLAFHRWOHYYLW 179

* fk kke o ke e ke

*kk Kkkk- * ok .. * ok . . *
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S. maxi na FVYPFI PYYWSI ADVQTM.FKRQYHDHEI PSPTW/DI ATLLAFKAFGVAVFLI | Pl AVGY 227
S.platensis FVYPFI PYYWSI ADVQT M. FKRQYHDHEI PIPTV\X/DI ATLLAFKAFGVAVFLI | PI AVGY 227
N. spuni gena FI YPI | PLYWSFADVYLVMFKRKYHTYDI PKLKPLDLLVFFSGKLMALGLFLA Pl AVGY 227
M aer ugi nosa I LYG | Pl YWSFSDVRSI LFRHRFGEI KLPNPKAI DLFVLLSGKVWYLFWFI G PLLVGY 223
A marina FI YPFI Pl YWYFRDI QRFI RNTPYQTNTLPTRQPI DYVTFW/GRI | GVYSFFWTPYLVGY 225
Synechocysti s GLYLFI PFYWFLYDVYLVLNKGKYHDHKI PPFQPLELASLLG KLLW.GYVFGLPLALGF 226
Lyngbya LLYGLLVI KWHFYDDFYCLI TGKI GDRRYPRPKSSNLVI FFGGKLVFFALAFAI PLQF-H 238
Cx x . % . * . . . .
S. maxi na SPLEAVI GASI VYMIHGLVACVWFM_AHVI EPAEFLDPDN- - LHI DDEWAI AQVKTTVDF 285
S.platensis SPLEAVI GASI VYMTHGLIJACVWWFM_AHVI EPAEFLDPDN- - LHI DDEWAI AQVKTTVDF 285
N. spum gena SPI QAWGFVI TYMTYGLM Cl | FMVAHVLEAAEFI EPNSDL QQVNDEWAI FQI KTTVDF 287
M aer ugi nosa SPLEI Al GFLI VFMTYGVLACHVFMLAHVLEPAEFI QPSAT- NQI EDEVAI FQVRTTVDF 282
A marina SPLQ VLG-CI AYWTYGAI VCEI FMLAHVMEG DFPKPDPESNQ EDEVWAI FQLRTTADF 285
Synechocysti s S| PEVLI GASVTYMIYG VWCTI FMLAHVLESTEFLTPDGESGAI DDEWAI CQl RTTANF 286
Lyngbya ALSQVLASYGLVAFTWGVWVL SI VFQLAHVVEEADFPLPI AELDLI EKDWAVHQ ETTVNF 298
. . . **: . :*:***:* :* * .. :**: *:.**.:*
HBI | | HBI V
S. maxi ma APNNPI | NWYVGGLNYQTVHHLFPHI CHI HYPKI APl LAEVCEEFGYNYAVHQTFFGALA 345
S.platensis APENPI | NWVGGLNYQTVHHEFEHI CHIFFYPKI APl LAEVCEEFGVNYAVHQTFFGALA 345
N. spum gena APKNQFLNWYL GGLNYQWHHLFPNI CHI HYPQLAKI LADVCEDFGVKYNVCETFTEALA 347
M aer ugi nosa APKNI FLNWYL GGLNYQWHHLFPQ CHI' HYPKI APl LAEVCQEFGYNYAVYPTFWGALT 342
A marina APRNPFLNWYVGGLNYQAVHHLFPQ CHI HYPQ APl VAEVCQEFGYNYMVYPTFAKAI A 345
Synechocysti s ATNNPFWAWFCGGL NHQVTHHLFPNI CHI HYPQLENI | KDVCQEFGVEYKVYPTFKAAI A 346
Lyngbya SRNNHL MTWFL GGLNFQVEHHLFBNI CHI' NYPEL SKVWWEQT CREYGVRYNQHSSFWSGELS 358
. .* * ****.*. *****:****:**:: . *.::**.* :*

S. maxi ma ANYSW.KKMSI NPETKAI EQLTV- 368

S.platensis ANYSW.KKMSI NPETKAI EQLTV- 368

N. spuni gena SNYRWLKLMGSAPNLE- - - - - - - - 363

M aer ugi nosa YNYRW.RQLGNKQSNFDLKLAS- - 364

A marina SNYRW.RLMAI GEEEVSYSQATTS 369

Synechocysti s SNYRW.EAMGKAS- - - - - = - - - - - 359

Lyngbya 371

sk k%

Figure 20. Comparison of the deduced amino acid segnce of delta-6 desaturase
from Spirulina platensis (FJ752023) with other cyanobactesi&., Spirulina maxima
(B5W883) Nodularia spumigena(AOZMU7), Microcystis aeruginosa(A8YCB?7),
Acarychloris marina(BOCIU6), Synechocystis sgLLCDSYNY3) and Lyngbya sp.
(AOYJL7). The Histidine rich motifs are representsl HBI, HBII, HBIIl and HBIV.
The symbol at the bottom of the alignment dendtesdegree of conservation observed in
each column: "*" means that the amino acid residongbat column are identical in all
sequences in the alignment; ":" means that condesubstitutions have been observed

and "." means that semi-conserved substitutionslaserved.
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Table 25. Percentage sequence identity of delta-@shturase among the cyanobacteria

Cyanobacteria SZ S, . N. M. A Synechocystis Lyngbya
maxima| platensis| spumigeng aeruginosa marina

S. maxima 100 98 60 59 54 51 35
S. platensis 100 60 59 54 50 35
N. spumigena 100 61 56 52 36
M. aeruginosa 100 56 52 39
A. marina 100 49 34
Synechocystis 100 36
Lyngbya 100

— S, maxima

S.platensis

N. spumigena

- —_— M. aeruginosa

A. marina

Synechocysits sp

Lyngbya sp

Figure 21. Phylogenetic relationship between delté- desaturase of Spirulina
platensis (FJ752023) with other cyanobactenaz., Spirulina maxima (B5W883)
Nodularia spumigenalAOZMU7), Microcystis aeruginosg A8YCB?7), Acarychloris
marina(BOCIUG6), Synechocystis s.LLCDSYNY3), andLyngbya sp(AQOYJL7).
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3.10.3.2. Sequence comparison of delta-6 desaturagéh other organisms

The multiple sequence alignment of the deducedaracid sequence of delta-6
desaturase (D6d) gene with delta-6 desaturase frthrar organisms revealed three
conserved histidine rich motifs at amino acid poeg 89-93, 124-129 and 302-306, and
hydrophobic regions known to all membrane boundauleases (Figure 19 & 22).
Alignment and analysis of those homologous sequemaicated that the homology
occurs mainly in the three conserved histidine nobtif areas. The cloned delta-6 fatty
acid desaturase showed 50% amino acid sequencatyden delta-6 desaturases of
Synechocystigollowed by the fungal and plant delta-6 fatty adesaturases (Table 26).
Phylogenetic analysis also revealed the homologyden delta-6 fatty acid desaturase of
S. platensisvith other organisms (Figure 23). The cloredplatensisielta-6 fatty acid
desaturase was closely related with the cyanobaktelelta-6 desaturase from
SynechocystisSimilarly the plant and fungal D6d are clusteredether along with
Caenorhabditis elegansThe cyanobacterial D6d showed almost equal ifeofi 14%
with the plant and fungal delta-6 desaturases @&bl). The human and cyanobacterial
D6d are distantly related compared with the plamd &ungal D6d. All these features
mentioned under section 3.10.3 suggests that tmedlgene encodes for a putative delta-6

desaturase that is involved in the synthesis of GL8. platensis.

92



Results & Discussion

Bor ago

Echi um

Mucor

Rhi zopus
Mortierella
Pyt hi um
Synechocysti s
S.platensis
C. el egans

H. sapi ens

Bor ago

Echi um

Mucor

Rhi zopus
Mortierella
Pyt hi um
Synechocysti s
S.platensis
C. el egans

H. sapi ens

Bor ago

Echi um

Mucor

Rhi zopus
Mortierella
Pyt hi um
Synechocysti s
S.platensis
C. el egans

H. sapi ens

Bor ago

Echi um

Mucor

Rhi zopus
Mortierella
Pyt hi um
Synechocysti s
S.platensis
C. el egans

H. sapi ens

Bor ago

Echi um

Mucor

Rhi zopus
Mortierella
Pyt hi um
Synechocysti s
S.platensis
C. el egans

H. sapi ens

- - - - MAAQ KKYI TSDELK- - - ----- NHDKPGDLW SI QGKAYDVSDW/KDHPGGSFPL
- - - - MANAI KKYI TAEELK- - - ----- KHDKAGDLW SI QGKI YDVSDW. KDHPGGNFPL
MSSDVGATVPHFYTRAELADI HQDVL - DKKPEARKLI VWENKVYDI TDFVFDHPGGERVL
MBTSDRQSV- - - FTLKELELI NQKHR- DGCDKSAMKFI | | DRKVYDVTEFLEDHPGGAQVL
MAAAPSVRT- - - FTRAEVLNAEAL NEGKKDAEAPFLM | DNKVYDVREFVPDHPGGS- VI

- WWDLKPGVKRLVSWKEI R- - - - - - - - EHATPATAW VI HHKVYDI SKWDS- HPGGS- VM

- - MWWDKNASGL RVKVDGKWL YL SEEL VKKHPGGAVI EQYRNSDATHI FHAFHEGSSQAY
MEKGGNQGEGAAEREVSVPTFSVEEI QKHNLRTDRW.VI DRKVYNI TKWSI QHPGGQRVI

KSLAGQEVTDAFVAFHPASTVK- - NLDKFFTGYYL------------------ KDYSVSE
LSLAGQEVTDAFVAFHSGT TVK- - LLEKFFTGYYL------------------ KDYSVSE
L TQEGRDATDVFHEMHPPSAYE- - LLANCYVGEDCEPK- - - - - - - - LPI DSTDKKALNSAA
LTHVGKDASDVFHAMHPESAYE- - | LNNYFVGDVK- - - - - = - === - - - - DAHVKETPSAQ
LTHVGKDGTDVFDTFHPEAAVE- - TLANFYVGDI D--------------- ESDRDI KNDD
LTQAGEDATDAFAVFHPSSAL K- - LLEQFYVCGDVDETSKAEI EGEPASDEERARRERI NE
-------------------- M- - TAERI KFTQKR- - - ---------n-cuneeea---G
------------------- MIS- - TTSKVTFGKSI - - ----------------------G
KQLDLLKKHCGEHDEFLEKQLEK- - RLDKVDI NVSAYD- - - - - - - - - - - - - - - VSVAQEKK
GHYAGEDATDAFRAFHPDLEFVGKFLKPLLI GELAPE- - - - - - - - - - - - EPSQDHGKNSK

VSKDYRKLVFEFSKMGLYD- - KKGHI MFATLCFI AMLFAMSVYGVLFCEGVLVHLFSGCL
VSKDYRKLVFEFNKMGLFD- - KKGHI VLVTVLFI AMLFGVEBVYGVLFCEGVLVHLLAGGL
FAQEl RDLRDKLEKQGYFDASTGFY! YKVSTTLLVCI VGLAI LKAWGRESTLAVFI AASL
FASEVMRQL RDQLKKEGYFHSSKAYYVYKVLSTLALCAAGLTLLYAYGHTSTLAVVASAI |

FAAEVRKLRTLFQSLGYYDSSKAYYAFKVSFNLClI WELSTVI VAKWGQTSTLANVL SAAL
FI ASYRRLRVKVKGVIGL YDASAL YYAVKLVSTFG AVLSVAI CFFFEN- - SFAMYWAGVI

FRRVLNQRVDAYFAEHGL TQRDNPSMYLKTLI | VLW.FSAWAFVLFAPVI FPVRLL GCW
FRKELNRRVNAYLEAENI SPRDNPAMYLKTAI I LAW/VSAWT FVWFGRDVLWWKLLGCI V
MVESFEKL RQKLHDDGLM<ANETYFLFKAI STLSI VAF- - - - - - AFYLQYLGWYI TSACL
| TEDFRALRKTAEDIVNLFKTNHVFFLLLLAHI | ALESI AWFTVFYFG- NGW PTLI TAFV

MGFLW QSGW | GHDAGHYMVVSDSRLNKFMSE FAANCLSG SI GANKVWAHN- AHHI ACN
MGFVW QSGW | GHDAGHY! VIVPDARLNKLMGE VAANCLSG SI GWAKVWAHN- AHHI ACN
VGLFVWQQCGW LAHDYAHYQVI KDPNVNNL FLVTFGNL VQGFSL SWAKNKHN- THHASTN
VG FWRQCGW L AHDF GHHQCFEDRSWNDVL VWFL GNFCQGFSL SWAKNKHN- THHASTN
L GLFVWQQCGW L AHDFL HHQVF QDRFWEDL FGAFL GGVCQGFSSSWAKDKHN- THHAAPN
MELFYQQSGW LAHDFL HNQVCENRTL GNLI GCL VENAWQGFSVOWAKNKHN- LHHAVPN
LAl ALAAFSFNVGHDANHNAYSSNPHI NRVLGMTYD- - FVGLSSFLWRYRHNYLHHTYTN
LGFGVSAVGFNI SHDGNHGGY SKYQW/NYLSGELTHD- - Al GVSSYLVWKFRHNVLHHTYTN
LALAVQOFGW L THEFCHQQPTKNRPLNDTI SLFFGNFL QGFSRDWAKDKHN- THHAATN
LATSQAQAGW LQHDYCGHL SVYRKPKWAHL VHKFVI GHL KGASANWANHRHF- QHHAKPN
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Figure 22. Comparison of the deduced amino acid segnce of delta-6 desaturase
from Spirulina platensis (FJ752023) with other organismd&z, Borago officinalis
(BOU79010) Echium plantagenum(AY952780) Mucor circillinoides (AB052086)
Rhizopus sp.(NK030037) Mortierella isabellina (AF306634), Pythium irregulare
(AF419296) Synechocystis sfl.11421) Caenorhabditis elegan®F031477)and Homo
sapiengAF084559). The signature motifs common to fattig alesaturases are highlighted
and are represented as HBI, HBIl and HBIII. The lsghat the bottom of the alignment
denotes the degree of conservatioh” (* identical in all sequences;"" - conserved
substitutions and.” semi-conserved substitutions of amino acid ressjlwbserved in each

column.
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Table 26. Percentage sequence identity of delta-@ghturase with other organisms

Organism S. Synechocystis Borage Echium C.| Mortierella | Mucor | Pythium H. Rhizhopus
Platensis elegans sapiens
S. Platensis 100 50 15 13 15 17 12 15 16 13
Synechocystig 100 13 16 17 13 13 16 13 15
Borage 100 85 24 28 25 28 24 26
Echium 100 23 28 25 27 24 26
C. elegans 100 30 29 29 22 30
Mortierella 100 45 38 22 47
Mucor 100 34 22 57
Pythium 100 26 35
H. sapiens 100 23
Rhizhopus 100

— S.platensis

C. elegans

Mortierella alpina
Mucor circinelloides
Rhizopus sp.

Pythium irregulare

Homo sapiens

— Synechocystis sp.

— Borago officinalis

— F'chitum plantagenium

Figure 23. Phylogenetic relationship between delté- desaturase of Spirulina
platensis (FJ752023) with other organismg., Borago officinalis(BOU79010) Echium
plantagenum(AY952780) Mucor circillinoides (AB052086) Rhizopus sp(NK030037)
Mortierella isabellina (AF306634), Pythium irregulare (AF419296) Synechocystis sp.
(L11421) Caenorhabditis elegar{&F031477)andHomo sapienfAF084559)
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3.10.4. Functional analysis of pPCAMBIADGd in trans@nic soybean

The D6d expression cassette from the recombiniant expression vector pRT
100 was sub-cloned into the binary vector pPCAMBIA%2 using the restriction enzyme
Hind Ill. The resultant recombinant binary vector pCAMBIADS&ds mobilized into the
Agrobacteriumtumefaciensstrain EHA105 which was used for soybean transébion.
In order to produce GLA from linoleic acid in sowme it is necessary to express the
delta-6 desaturase gene (Figure 3, under secti®d.1). To determine whether the
Spirulina D6d gene could catalyze the synthesis of delte€atirated fatty acids in
transgenic plants, the gene was expressed in soybaats under the control of a strong
constitutive CaMV35S promoter and polytérminator (Figure 24). Both linoleic acid
and a-linolenic acid act as a substrate for the del@de6aturase gene and results in the
formation of GLA and OTA respectively.

T-Border {left) 4—1200bp —»; T-Botder {tight)
358 / Canw 355 — 3 a a
potya | ot } s H polya | SPirufirasd o AES { GUSPs | NOS
\ |
{ ! !
: Xiro Xbai !
Hiad Hind it

Figure 24. Recombinant pCAMBIADGd vector showing tle region between the T-

border and D6d gene insert

3.10.4.1 Agrobacterium mediated transformation of soybean
Agrobacteriummediated soybean transformation was carried oypragiously

described under section 2.6.8 using embryonic exiants and hygromycin for selection
of transformants. The embryonic tips turned grésereased in size and grew normally in
the co-cultivation medium for 5 days. The explamken transferred to selection medium
showed the appearance of multiple shootlets wi8@im5 days. Transfer of individual
shootlets to rooting medium resulted in the foromatf roots within 4 weeks. A total of
100 explants were infected in 4 individual expemtse(each experiment with a total of
25 explants). A total of 4 putative transgenic sifgransformation efficiency of 4.0%)
were obtained for the hormonal combinations usethis study. Histochemical GUS
assay of the leaves from transformed lines showedappearance of characteristic blue

colour after incubation in X-gluc solution whileaes of untransformed plants showed
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no such coloration (Figure 25) indicating GUS répogene activity in the transformants.
Fully grown rooted plantlets were then transfet@g@ots in transgenic green house after
proper hardening for 10 days. No phenotypic diffiees were evident among the
different transgenic lines. These plants grew aradured at a normal rate, were fully

fertile and were morphologically similar to the tah plants.

Figure 25. Agrobacterium mediated transformation of soybean cv. JS 335 ugin
pCAMBIADG6d plasmid construct; (a) Co-cultivation of embryonic axis explants mc
cultivation media; (b) Regeneration of multiple stiets from embryonic axis explants in
selection media; (c) histochemical GUS assay dof fiean transformed plant; and (d)

potted plant of transformed soybean.
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3.10.4.2. Genotyping and analysis of gene integrati in transformed plants

GUS positive transformed lines were characterifmdits genotype by PCR
amplification of total genomic DNA usinigptll gene and. platensiD6d gene specific
primers (as indicated in Table 18 under section921%. Only the hygromycin resistant
GUS positive lines showed a single amplificatiomdarct of expected size (~1.2 kb),
whereas no such amplified product was obtainedh& untransformed control lines

(Figure 26) indicating the presenceSfplatensi6d gene into the host plant genome.

M1 Al A2 A3 A4 A5 A6

M2 Bl B2 B3 B4 BS5

Figure 26. Genotypic analysis of transformed soybea lines through PCR
amplification of hptll and D6d gene specific primersAl to A6 — PCR amplicon (480
bp) of hptll gene specific primershftll F & hptll R); Al- positive control
(pCAMBIADGd), A2 - control plant, A3 to A6 - transfmed plants, M1 — 10 kb DNA
ladder; B1 to B5 — PCR amplicon (1200 kb) of D6dheespecific full length primers
(D6dF; & D6dRs); B1 to B4 - transformed plants, B5 - control glam2 — 3 kb DNA
ladder.

3.10.4.3. Southern blot analysis

Introgression of the D6d gene in thgg@eneration of the transformed plants were
confirmed by Southern blot analysis whbptll gene as probe (Figure 27). For this, total
genomic DNA was digested witkba | and Cfr 421.1t is expected that, the restriction
enzymeXba | would cut once through the multiple cloning sitelahe enzym&fr421
would cut outside the T-DNA area. The separatednfients were hybridized with the
hptll gene specific probe generating a hybridizable kh6fragment as confirmed by
similarly digested pCAMBIAD6d plasmid DNA. Two ttiree bands of different sizes
were obtained (Figure 27) when genomic DNA of tfamsed plants were digested and
probed as above. Hybridization wikiptll gene as probe confirmed the introgression of

the D6d gene in the plant genome.
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Figure 27. Southern blot showing the introgressiomf S. platensis D6D gene in the
genome of transformed soybean plantst.ane 1 - positive control DNA of plasmid
pCAMBIA1305.2; Lane 2 - plasmid DNA of pCAMBIAD6@&Nd lane 3 to 5 - genomic
DNA of transformed soybean plants. The DNA was dewligested withXba | and Cfr
421 hybridized with hpt gene probe.

3.10.4.4. Fatty acid analysis

Fatty acid methyl esters (FAMES) were preparech dobm transformed and
untransformed soybean seeds and are analyzed byiggas chromatography (GC).
Representative GC profiles are shown in Figure ZBME chromatogram of soybean
transformants showed two prominent peaks in addittoALA (Figure 28c) which are
not present in the control plants (Figure 28b).sEhpeaks had retention times identical to
the FAME standards of GLA (Figure 28a) and OTA. @S- analysis of the FAMEs
further confirmed the identity of these peaks. Tiaess peakn/z= 292 and 290 indicated
the molecular mass of the methyl derivative of Gadd OTA respectively (Figure 29).
The fragmentation pattern was also identical to ¢tfighe standards.

The proportions of C18 fatty acids from the tdigaid fractions prepared from the
seeds of control and transformed soybean plantgiaes in Table 27. Both the delta-6
desaturated productsiz.,, GLA and OTA) are absent in the control plantbereas they
account for about 3.8% and 6.2% of the total CI#d4 in the transformed plants
respectively. The presence of both GLA and OTAgaths that the delta-6 desaturase
used both linoleic and-linolenic acid as substrates and this may be respte for the
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decreased contents of linoleic andinolenic acids observed in the transgenic plants.
These results suggest that the recombinant ve@&MBIAD6d encoding the enzyme
delta-6 fatty acid desaturase is functionally egpeel in the transgenic soybean plants by
catalyzing the formation of GLA and OTA, from lima¢ and a-linolenic acids
respectively.

Table 27. C18 Fatty acid composition of transformedand control

seeds of soybean cv. JS 335*

C18 Fatty acid composition (%)
Fatty acids
Control Transformants
Stearic acid (C18:0) 58+1.2 52+1.6
Oleic acid (C18:1) 225+3.1 20.6 £ 2.6
Linoleic acid (C18:2) 55.2+4.1 53.1+£3.7
a-linolenic acid (C18:3) 14.8+2.8 9.6+2.1
y-linolenic acid (C18:3) 0.00 3.8+1.8
OTA (C18:4) 0.00 6.2+24

*Values are mean + SD

The fatty acid composition of transgenic seedshewn in Table 27. It is clear
that the production of delta-6 desaturated fatiglsaoccurs at the cost of two major fatty
acids, linoleic andi-linolenic acid. Proportions of oleic and steargida in transgenics
are slightly, but not significantly, reduced congmarwith those of the control. The
content of a-linolenic acid in the transgenics was dramaticatgduced. In the
untransformed plants.-linolenic acid accounts for more than 15% of tblt C18 fatty
acids, whereas in transgenics, the level was redtwed.7%. As compared with the
reduction ofa-linolenic acid in transgenics, the decrease ioléiit acid in transgenics is
less dramatic but still significant. In the untriommed control plants, linoleic acid
accounts for more than 56% of the total C18 fatigsin seeds, whereas in transgenics,
the level was reduced to less than 54%. The reatdtexpected due to the fact that these
two fatty acids form the substrate for the deltalésaturase enzyme. However, the
expression of GLA and OTA is a value addition gnsiicance from the point of view of

enhancement of nutritional quality of oil.
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Figure 28. Gas chromatographic analysis of fatty ad methyl ester (FAME)

derivatives from mature seeds of soybean cv. JS 33&) FAME derivative of GLA

standard; (b) untransformed control plant; andr@msformed plant showing the presence

of GLA and OTA.
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Figure 29. Mass spectrum obtained from the GC-MS alysis of the methyl ester
derivatives of the fatty acids extracted from tran$ormed soybean seeds(a)
fragmentation pattern of GLA; and (b) Fragmentapattern of ALA as analyzed by GC-
MS.
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3.10.4.5. Isoflavone analysis
A typical HPLC chromatogram of all the 12 isofla® compounds present in

soybean seeds is shown in Figure 30. Genisteidzda and glycitein as well as th@ir

glucosides (genistin, daidzin, glycitin), acefyglucosides (acetylgenistin, acetyldaidzin,
acetylglycitin)  and  malonyg-glucosides  (malonylgenistin,  malonyldaidzin,
malonylglycitin) were successfully separated andnidied using the applied HPLC
conditions. Isoflavone contents of the transfornaed control plants of the soybean

cultivar JS 335 as analyzed by HPLC are shown Iyieras.
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Figure 30. Chromatogram of all 12 isoflavone compads in

soybean seeds of cv. JS 335
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Table 28. Isoflavone concentration of control andtransformed
soybean seeds of cv. JS 335 (dry weight basis)
Isoflavones Control Transformants
(Mg g% (Mg g%
Daidzin 38.6 +1.82 50.0 +5.59
Malonyl daidzin 212.8 +8.78 198.9+9.54
Acetyl daidzin 3.9+1.06 6.1 £0.82
Daidzein 15.0 £ 3.02 18.0+0.41
Glycitin 15.7+1.20 242 +1.50
Malonyl glycitin 23.3+1.95 26.1 £1.99
Acetyl glycitin 0.5+0.25 2.6 £0.26
Glycitein nd nd
Genistin 51.2 +2.88 60.7 £2.71
Malonyl genistin 382.0£9.70 448.3 £ 5.27
Acetyl genistin 1.1+0.33 5.4+1.47
Genistein 9.3+0.50 7.3+0.51
Total Isoflavones 753.4 £ 3.65 847.4+5.19

/alues are mean + SD: nd-not detected

The total isoflavone content of transformed andramsformed soybean plants
were 753.4 and 847 4g g* respectively. Among the total isoflavones, genisthd its
glucosides accounts for a major share of 59 and, @@%owed by daidzein and its
glucosides (36 and 32%), and glycitein and its gbides (5 and 6%) in case of
untransformed and transformed plants respectivieiyong the glucosides the malonyl
glucosides accounts for around 80%, followed byptatucosides (15%), aglycones (3%)
and acetyl glucosides (1%) of the total isoflavomesoth the control and transformed
plants. Thus there was no significant variation agthe isoflavone compounds between
the control and transformed soybean plants. Althahg total isoflavone contents varied
between the control and transformed plants with l#ter recording higher isoflavone
content of 12% compared to the control, the inaeaas not statistically significant as

analyzed by student t- test at 5% probability level
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3.11. Discussion

Many attempts have been made in the cloning, ctemaation and manipulation
of fatty acid desaturases from various sources theelast few years. Interest in this field
can be explained by the ability of fatty acid dasases to produce a wide range of PUFA
of nutritional and pharmaceutical importance (Damwhd Kinney, 2008). Here we
provide evidence for the identification of the D§dne product as functional delta-6
desaturases. First, a high similarity of their phnotsequences was found with other
previously characterized D6d, mainly @&pirulina maximaand Synechocystis sp.
belonging to cyanobacteria. However, as it has hmmnted out (Napier et al., 1999),
sequence similarity among desaturases should ksdsvad cautiously before assigning a
particular function to an unknown protein. For exden a sunflower desaturase, showing
a high homology to th&orago D6d (BOD6DES), was identified as &f-desaturase
active on sphingolipids rather than on glycerolip{&perling et al., 1998). This is further
supported by directed mutagenesis experiments ichwiew amino acid changes in a
desaturase resulted in drastic alterations in tistsate specificity regarding acyl chain
length and desaturation position (Cahoon et ab7L9Nevertheless, clustering analysis
of desaturases from other sources separates \itfhaeliability the group integrated by
Spirulinadesaturase from that of the other fatty acid Weases, thus indicating that the
clonedSpirulina products are likely to be delta-6 desaturase.

The alignment of delta-6 desaturases revealede thmstidine rich motifs
conserved among all the fatty acid desaturasesthieg with two histidine residues
adjacent to the third motif, which are conservedoagnthe acyl-lipid desaturases of
cyanobacteria. Hongsthong et al., (2004) by mutastudies found that the conserved
amino acids among cyanobacterial D6d, H313, H315, G136 and E140 are critical for
desaturase activity and are thus likely to be kdtatn the cytoplasmic phase of the
membrane. They also proposed that these residagsagbart in forming the active site,
while the three histidine motifs possibly playso&erin providing the iron catalytic center.
Diaz et al., (2002) reported that the hydropathytplof several acyl lipid desaturases
show the presence of a hydrophobic segment lodag¢dgeen the first two histidine
clusters. Thus they proposed that this hydropha@gment might be involved in
substrate recognition.
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The fatty acid profile in soybean is approximat&Bfo palmitic, 4% stearic, 18%
oleic, 55% linoleic and 10%-linolenic acids. This is suggestive that a siguifit
substrate pool for the delta-6 desaturase actigitgresent, making this crop an ideal
target for the production of these two novel fa#iyids. The results presented here
demonstrate that using a cyanobacterial delta-6tdesse gene, transgenic soybean lines
can be obtained that can produce significant lesElhese novel fatty acids (Table 27).
Nutritional benefits have been attributed to dsipplemented with GLA. The total lipid
content of the transformed seeds of the soybead$V335 was 22%, in which GLA
accounts for ~ 3.4% of the total fatty acids. Hbmo(1992) suggested a range of daily
intake of 25-50 mg of GLA for nutritional purposd€)0-150 mg for therapeutic use and
500-2000 mg of GLA to provide pharmacological effelso the per capita intake of
edible oil was estimated to be 20 g per day (WH@92. Thus the GLA content of the
obtained transgenic plants is sufficient enoughnteet the daily requirement for
nutritional purposes. In addition, OTA the precursmendogenous EPA and DHA acid
may also act as an effective omega-3 fatty acioh fnaitritional point of view

Modulating seed metabolism in a major oil crophsas soybean can serve as a
cost effective route for the production of highualmolecules such as GLA and OTA.
This in turn provides the consumer an additionaioopto acquire the health benefits
from these nutraceuticals without altering theetdry consumption (Knutzon and Knauf,
1998). In the present study however, the level bAGs not as high as the reported
expression in planta of the eukaryotic D6d eithena or in combination with delta-12
desaturase (Palombo et al., 2000; Liu et al., 26{iihg et al., 2002). Tobacco and flax
transformed with borage D6d under the control dAR85S promoter showed high level
of GLA accumulation in vegetative tissues but iedsethe level was low (Sayanova et
al., 1999; Qiu et al., 2002). Moderate productidiGbA (3—9%) in the seed drassica
junceawas obtained by Qiu et al., (2002) when borage gtk was expressed under the
control of napin promoter. Expression of a D6d glavith Mortierella alpina delta-9
desaturase under the control of napin promoter sbolwgh level of GLA production
(43%) in seeds oBrassica napugLiu et al., 2001; Palombo et al., 2000). Upto 4686
GLA accumulation in the seeds Bfassica junceavas obtained by Hong et al., (2002)
upon transformation witRythium irregulareD6d. It has been proposed that the presence
of a consensus heme-binding motif, called cytocterd’d like domain, at N-terminus of
D6d protein, exhibits an essential role in trangfigr electrons during desaturation

process (Napier et al., 1999; Sayanova et al., ;1889anova and Napier, 2004). Such
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domain is absent in th8pirulina platensisD6d protein, unlike other eukaryotic D6d
(Laoten et al., 2000). This may contribute towattus low level of cyanobacterial D6d
activity than that of the eukaryotic desaturasplanta. Nonetheless, in the present study,
we obtained significant level of GLA production esmpared to th&ynecocysti©6d
expression, previously reported in tobacco by Reatdy Thomas (1996).

In the earlier reports, the target crops werestiamed with eukaryotic D6d. This
is the first report on transformation of soybeathva prokaryotic D6d for the production
of GLA that can be considered as an avenue footipeokaryotic desaturase gene(s) to
alter seed oil composition of crop plant. Presesfoeonsiderably higher amount of OTA
in seeds of transformed lines (6.2%, Table 27) witdpect to GLA (3.8%) under the
present conditions, indicate that ALA serves astieb substrate for the cyanobacterial
D6d rather than linoleic acid. Synthesis of higla@nount of OTA in the seeds of
transgenic plants, as compared to those reportdigéreampened up the possibilities of
these transgenic lines to be considered as valdedadrop with industrial utilization.
Further manipulation of these D6d expressing saybees with acyl-transferase gene
for accumulation of GLA in seeds to a greater etxtemay make them nutritionally a
more acceptable oilseed crop.

Intake of soy isoflavones and polyunsaturated; fatids compliment each other
in reducing menopausal disorders, breast cancEm@arosis and age related disorders in
humans and animals (Bruce et al., 2005; Lucas ,e2@09). Hence isoflavones levels and
fatty acid composition of soybean were analyzetha control and transformed plants.
The results indicated that while the fatty acidfieas altered by the formation of GLA
and octadecatetraenoic acid, there is no signfficdifference in the isoflavone
composition of transformed and untransformed plafitese results suggest that there is
no negative effect of delta-6 desaturase on th#aisme content and composition of
soybean seeds between the control and transforaypéan seeds. The marginal increase
in the total isoflavones content of transformedb&an seeds compared with that of the
control may be attributed to the stress factor {{da&lu et al., 2008) that the transgenic

plants is possibly exposed to due to the integnaticdforeign gene(s).
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3.12. Summary

The 1.2 kb coding region of the delta-6 desatuggsee fromSpirulina platensis
was isolated by polymerase chain reaction using ggrecific primers and inserted in
between theXho | and Xba | site of the plant expression vector pRT 100 bgational
cloning. The recombinant plasmid was verified bgtrietion digestion, PCR and gene
sequencing. Computational analysis of the deduceithcaacids from the cloned gene
sequence showed 98% similarity with the targetedepm sequence. Multiple sequence
alignment revealed three conserved Histidine motifeong the compared delta-6
desaturase enzymes of cyanobacteria, fungus aheérhgjants. The expression cassette
(delta-6 desaturase gene along with CaMV35S pranaoté 35S poly A terminator) was
further sub-cloned into thélind Il restriction site of the binary vector pCAMBIA
1305.2, to obtain the recombinant binary plasmidARIBIAD6d. The resultant
recombinant plasmid was subsequently used to temsfsoybean cv. JS 335 hy
Agrobacteriummediated transformation technique. The transforpladts showed the
production of GLA (3.8%) and OTA (6.2%) in contragki their absence in the
untransformed control plants adding evidence fog thtrogression and functional
expression of the cyanobacterial D6d gene in saylddareover there was no deleterious
or unintended effect of this genetic transformat{mnth D6d gene) in the transgenic
plants, as noticed for the isoflavones levels, Whis important for this crop from
bioefficacy point of view. The level of expressiohGLA obtained in this study is likely

to be sufficient to meet the daily requirementsrfnoutrition point of view.
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Summary and conclusion

SUMMARY OF RESULTS

Research work undertaken for this study was airteecestablish a genetic
transformation protocol for soybean and to exptbssdelta-6 desaturase gene for the
production of gamma linolenic acid in soybean. Thajor findings and the future

prospects of this entire research work can be suinethas follows,

1. Soybean genotypes (Hardee and JS 335) when subjedte vitro regeneration
with different plant hormones viz., TDZ, BAP and &Against the explants
hypocotyl andcotyledonary node recorded a maximum frequesicghoot bud
tissues for cotyledonary nodes in the media coimgif.2 mg t Thidiazuron.
Elongation of these shoot buds was best achiev€dbimg ' GAs, compared to
other combinations. Among the explants cotyledonaoglal explants gave a
maximum of 8 shoots/ explant. The shoot buds sholetter elongation with
maximum shoot length of 5.7 cm on medium contairng mg I* GAs. The
regenerated shoots were rooted on MS basal mediiim s mg 1* Indole
butyric acid (IBA).

2. Triacontanol at low concentration ofy§ I significantlyincreased the frequency
of shoot buds for both cotyledonary node and skipagxplants compared to the
control. A maximum of 14 shoots/ explant was olgdirfirom the cotyledonary
nodal explants on media containing @ I GAs; and 5ug I* TRIA with an
average shoot length of 10 cm. TRIA also increatisel number of roots
proportionately upto 10 pg*] enhanced root length with a reduced length of
internodes and stimulated branching alone and ialscombination with other
hormones. It was concluded that triacontanol casuseessfully used as a growth
regulator in both the multiplication and rooting age of soybean micro
propagation.

3. The Agrobacterium tumefaciens mediated transformation efficiency of soybean as
analyzed by transient GUS expression showed 33a1%ermbryonic axis and
17.9% for cotyledonary node explants. Addition géteine during co cultivation
enhanced the T-DNA delivery into the cells withaable decrease in enzymatic
browning of the explants. Also a resting period7aoflays was found to improve
the selection of transgenics by eliminating setectpressure in the early shoot

induction phase. It was found that the embryonis #ansformation system has
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Summary and conclusion

advantages in terms of easy handling and lessdonsuming as compared with
cotyledonary nodal transformation system and heacebe effectively used for

genetic improvement of soybean.

The full length gene sequence (1239 kb) of delteegaturase gene was amplified
from Spirulina platensis by polymerase chain reaction and cloned into thark

vector pCAMBIA1305.2 at thedind Il site, under the control of CaMV35S
constitutive promoter and 35S poly A terminatorgenerate the recombinant
binary vector pCAMBIAD6d. The cloned delta-6 desate gene sequence
exhibited 98% similarity with the target proteingeence and showed three

histidine rich motifs, which may act as an actiite #r the enzyme activity.

Agrobacterium mediated transformation of embryonic axis explasftsoybean
cv. JS 335 with the recombinant plasmid (pCAMBIADGesulted in a
transformation efficiency of 4%. The fatty acid file of putative transformed
plants showed the formation of GLA (3.8%) and oetadetraenoic acid (6.2%) in
contrast to their absence in the control plantsradevidence for the introgression
and functional expression of the cyanobacterialtad@l desaturase gene in
soybean. The isoflavone profiles of transformed emaitrol plants did not show
any significant difference. The results indicatledttwhile the fatty acid profile is
altered by the formation of GLA and octadecatetoaz=racid, there is no
unintended effects of the cloned gene, especiallysoflavones levels, which is

an important phytochemical constituent of soybeseds.

In recent years engineering of fatty acid pathwayhigher plants for

enhancing their seed oil content and compositiagaising importance. The results from
the present study suggest that cyanobacterial wfesat gene(s) is useful for producing
GLA in oilseed crops. The level of expression ofAGhbtained in this study is likely to
be sufficient to meet the daily requirements of Gitdm nutrition point of view. Further
selection and manipulation of these delta-6 deas#urexpressing soybean lines for
stability and enhanced accumulation of GLA in seedd result in a nutritionally

superior vegetable oil crop.

*kkkkkk
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List of appendices

Appendix A:

Luria and Bertaini (LB) media composition:

Component Amount (g 1™
Tryptone 10
Yeast extract S
NaCl 5

Dissolve in dd HO and adjust the volume to one litre. Adjust tHeg7 with 2N
NaOH and autoclave. For solid media, add 1% agar and autoclave.

Appendix B:
Preparation of 50 TAE buffer:

Dissolve 242 g of Tris-base in 800 ml sterileHi®. Add 57.1 ml glacial
acetic acid and 100 ml of 0. EDTA of pH 8.0 [Dissolve 93.06 g
NaEDTA.2H,0 in 300 ml of dd HO. Adjust the pH to 8.0 with Rl NaOH and
the final volume to 500 ml with ddJ@]. Adjust the volume to one litre and store

at room temperature.
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Appendix C:

Zarrouk’s media composition:

The following chemicals are weighed separately mixed in the
distilled water.

Chemical compound Formula gl?
Solution A
Sodium hydrogen carbonate NaHCQOs 16.0
Solution B
Dipottasium hydrogen phosphate KoHPO, 0.5
Sodium nitrate NaNO; 2.5
Potassium sulphate K2SOy 1.0
Sodium chloride NaCl 1.0
Magnesium sulphate MgSO, 0.2
Calcium chloride CaCb 0.04
Ferrous sulphate FeSQ 0.01
Ethylenediamino tetrachloro acetic acid EDTA 0.08
Trace elements (ASolution)* 1mlr?

* As Solution Preparation

Chemical compound gl?
Manganese chloride 1.81
Molybdic acid 0.017
Zinc sulphate 0.222
Copper sulphate 0.079
Boric acid 2.86

Autoclave solutions A and B separately in conitasis. After autoclaving
and cooling, they should be mixed well before Usw®. preparation of slants add

agar (2.0%) in solution B, before autoclaving.
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Appendix D:

Vector map of pRT 100

The plasmid pRT100 (3340 bp) carrying the 35S mtem(CaMV 35S)
and the polyadenylation (poly A) signal of CaMV astr Cabb B-D were
constructed in modified polylinkers of pUC18/192.

Appendix E:

Preparation of chemically competent cells: Chemically competent cells of

theE. coli strain DHm can be prepared as follows,

1. Streak out a loop of the E. coli strain from thezin glycerol stock stored at

-70 °C onto the surface of an LB plate using alstptatinum wire loop.

2. Invert the plate and incubate at 37 °C for 12 tohl®acterial colonies will
become visible.

3. Loop out a single colony from the plate and inotuia 10 ml of LB media.
Incubate at 37 °C overnight with shaking at 200.rpm

4. Add 200ul of the bacterial culture to 50 ml of fresh LB neednd incubate at
37 °C for 12 to 16 h, until the Qk reaches 0.45 to 0.55.

143



Appendix

Transfer the cells in 1.5 ml eppendorf tubes arepkbem in ice for 10 mins.
Recover the cells by centrifuging at 4000 g fomii at 4 °C

Drain off the supernatant and resuspend the cells ml of ice-cold 0.1M
CaCbhand incubate them in ice for 45 mins.

Recover the cells by centrifuging at 4000 g forrihs at 4 °C and gently
resuspend them in 2Q0 of ice cold 0.1M CaGilsolution.

Store the cells in 20% glycerol at -70 °C until.use

Appendix F:

Transformation protocol for chemically competent cells of E. coli strain

DH5a with recombinant plasmids:

1.

Thaw the frozen competent cells and distribute tletm 4 eppendorf tubes
with 50 ul each.

Add the recombinant plasmid (ligated material)u 4 ul etc., into the
eppendorf tubes and incubate on ice for 30 mins.

3. Heat shock at 42 °C for 2 min and place on icelfarin.
4. Add 800ul of LB liquid media and vigorously shake at 200nrjat 37 °C for

30 mins.

Recover the cells by centrifuging at 4000 g for lisnand plate 5Ql of
culture per LB plate containing 5@ mi* ampicillin. Quickly spread the cells
over the entire surface using a flame sterile lg&ads rod.

Invert the plates and incubate them in a 37 °Cbhatar for 12 to 16 h until the

colonies are visible.
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Appendix G:

Transformation of Agrobacterium tumefaciens with binary plasmid
(Freeze-thawing method):

1. Prepare the competent cells Afrobacterium tumefaciens strain EHA 105 as
mentioned in Appendix E.

2. Thaw the competent glycerol stocks Adrobacterium tumefaciens strain EHA
105 strain (10@l) on ice for 5 min.

3. Add (lug pl™) of the recombinant plasmid to the competent cafld mix by
gentle tapping.

4. Freeze the mixture in liquid Nor 5 min, followed by thawing at 37 °C for 5 min
and transfer to ice for 2 min.

5. Add 900ul of LB media and vigorously shake for 200 rpm fdn at 28 °C.

6. Pellet the content and plate f0of the suspension in LB plates with 1 my |
rifampicin and 50 mg{ kanamycin along with X-gal and IPTG for blue white
colony screening.

7. Incubate them at 28 °C for 24 h until blue-whitéocdes are visible.

*kkkkkkk
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