Increasing erucic acid content in the seed oil ofapeseedBrassica napusL.)

by combining selection for natural variation and transgenic approaches

Dissertation
to obtain the Ph. D. degree
in the Faculty of Agricultural Sciences,

Georg-August-University Gottingen, Germany

Presented by
Ujjal Kumar Nath

Born in Barisal, Bangladesh

Gottingen, January 2008



D7
Referee: Prof. Dr. kelC. Becker

Co-referee: Prof. Dr. ERawelzik

Date of dissertation: 31 January 2008



1.
2.

5.
6.

Table of Contents

Introduction

Literature Review

2.1 Importance of rapeseed and erucic acid

2.2 Occurrence of Very Long Chain Fatty Acids (VLCFAsYapeseed
2.3 Biosynthesis of erucic acid in rapeseed

2.4 Inheritance of erucic acid in rapeseed

2.5 Development of rapeseeds with high erucic acid

Materials and Methods

Results and Discussion

4.1 In vitro selection of microspore derived embryo in rapeseed

4.2 Early selection of segregating DH angldgeneration for erucic acid conten
the rapeseed breeding programme

4.3 Effect of polyunsaturated fatty acid on erucic amatent

4.4 Effect of the Ld-LPAAT gene on the fatty acid composition at the2
triacylglycerol position

4.5 Additional transgenic approaches to increase eamt
Summary

References

The following manuscripts are part of this Disstota

10

12
15
15

17
20

21
23

25
28

Early, non-destructive selection of microspoegided embryo genotypes in oilseed r:

(BrassicanapusL.) by molecular markers and oil quality analystsiblished inViol Breec

(2007) 19, 285-289.

doubled haploid population.

. Inheritance and variation of erucic acid contena transgenic rapesedBrgssica napus.)

Increasing erucic acid content in high erucic a@geseed Rrassica napud..) througt

combination with mutant genes for low polyunsatedatatty acids content and wittd-

LPAAT-Bn-fael transgenes.



1. Introduction 1

1. Introduction

Oilseed rape is an important source of vegetalblenal regarding world oilseed production
it is now the second largest oilseed crop aftebsay (FAO 2007). Rapeseed has gained
acceptance worldwide largely because of major imgmeents in the seed oil and meal
quality. World vegetable oil markets are highly qmatitive requiring a steady improvement
in oil quality to increase market prospects. The¢edtve of modifying oil quality is to
develop oils with enhanced nutritional and funcaélbproperties and which require if
possible no further processing for specific end+usekets. The market for rapeseed oil is
primarily for human consumption, but also for agarof industrial applications (Craig and
Millam 1995). Presently, different types of rapeteewith a modified fatty acid

composition are available for different purpose®ibts 2004).

In traditional Brassica oilseeds, the occurrence of erucic acid is comsdleas anti-
nutritional factor for human consumption. Therefoitewas minimized by breeding and
finally developed Canola- of00’-quality (Lihs and Friedt 1994, Przybylski andady/l
2002). High Erucic Acid Rapeseed (HEAR) cultivare aegaining interest for industrial
purposes. Erucic aciatié-13-docosenoic acid, 22:1) a very long chain fattid having 22
carbon atoms with one double bond at the cis-13tipnsof the carbon chain. Genetic
studies show that in rapeseed, which arose fropoataneous cross betweBnrapa (A-
genome) and. oleracea(C-genome), 22:1 content is controlled by the twoeloci,E1
(Bnfael.l) and E2 (Bnfael.2), which have additive effects (Harvey and Doywi®64,
Stefansson 1983, Lihs et al. 1999). Studiedrabidopsis thalianamutants deficient in
very long chain fatty acids (VLCFAs) showed thae tfatty acid elongaséael) gene
product is required in the seeds for the elongatiom 18:1 to 22:1 (Kunst et al. 1992,
James et al. 1995). The development of seed oddrgea high percentage of erucic acid
for industrial applications is a subject of resbaf€aylor et al. 1995, Kott et al. 1996)
because it is a very excellent renewable raw neadtesed in plastic film manufacture, in the
synthesis of nylon and in the lubricant and emnotlimdustries (Leonard 1994, Sonntag
1995, Murphy 1996). A rapeseed line containing hpgbportions of erucic acid would

significantly reduce the processing costs.
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Attempts are being made by conventional breedingdeease the erucic acid content. This
has so far resulted in breeding lines with up t&6Gfrucic and eicosenoic acid. These fatty
acids are found in then1 and thesn-3 position of the triacylglycerols but are excldde
from thesn2 position. Thissn-2 exclusion limits the erucic acid content to tatof 66%
and prevents the synthesis of trierucin (Cao 1390, Frentzen 1993, Katavic et al. 2001).
The gene of an erucoyl-CoA preferriag2 acyltransferase frommnanthes douglas{iLd-
LPAAT) has been successfully cloned and over expressempeseed (Brown et al. 1995,
Hanke et al. 1995, Lassner et al. 1995, Brough 41986, Friedt and Lihs 1998). However,
the overall proportions of 22:1 in the seed oil diot increase. In a next step, interest
focussed on the fatty acid elongation mechanism foteic acid to eicosenoic acid and then
to erucic acid. This elongation is the result ob teycles of a four-step mechanism, in which
18:1-CoA and 20:1-CoA are used as substrates. ifbestep, the initial condensation
reaction of these fatty acids with malonyl-CoA &atysed by the 3-ketoacyl-CoA synthase
(KCS). It is believed that this initial reactiontlse rate-limiting step (Cassagne et al. 1994).
The fael gene encoding the KCS, has been cloned from gerahplant species and has
been over expressed under control of a seed spgeidimoter in HEAR. However, only
very minor increases in 22:1 content were repofkatavic et al. 2001, Han et al. 2001).
Even in combination with thed-LPAATno substantial increase in 22:1 content has been
found (Han et al. 2001).

It seems that there are other bottlenecks in thbwags/, such as the pool of oleic acid
available for elongation to eicosenoic and erucid.aTo study the question if availability
of 18:1-CoA is limiting for 22:1 synthesis, Sasoaghknd Mollers (2005) crossed HEAR
(cv. Maplus) to high oleic acid rapeseed (HOAR, i&dtolt et al. 2001) to recombine the
genes for high 22:1 with those for high 18:1 (il®v content of polyunsaturated fatty
acids). However, the recombinant line HELP (Highidte and Low Polyunsaturated fatty
acid) did not show a significant change of 22:damntent, indicating that in this material

the 3-ketoacyl-CoA synthase (KCS) activity mayibeting.

To test this hypothesis, two separate approaches felowed involving two transgenic
lines over expressing tlfael gene in combination with thied-LPAAT gene. Those lines
were crossed to the line 6575-1 HELP. Segregatiogulations were studied for the

inheritance of erucic acid content and other tragt®utlined in Figure 1.
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Transgenic line: x Non-transgenic line:

High erucic acid rapeseed lines High Erucic and Low Polyunsaturated fatty a«

TNKAT: 1 copyLd-LPAAT-Bn-fag (HELP) line 6575-1

361.2B: 2 copietd-LPAAT-Bn-fag (with 1 majorand 2-3 minor genes for low PUFA content)
v

F,-plants (4-5 genes with one or two transgene copies)

Microspore culture with

in vitro colchicine treatment Selfing

220 E-plants grown in Sgreen house

90 DH-lines \Selfing

41 Fy-lines

Figure 1 Schematic diagram of the cross between transgemcnan-transgenic parents
with probable number of genes segregating in thead#i K/Fs-generations developed and

used in the experiment.

The doubled haploid (DH) population was developesnf the cross TNKAT x 6575-1
HELP and segregating,fand K-populations were developed from the cross 361.2B x
6575-1 HELP. The DH population and selected higitieracid k-lines were tested in a

replicated green house experiment (Figure 1).

The main objective of the present experiments wadetvelop rapeseed lines with erucic
acid content beyond that so far reported in tleediure. Besides that, other objectives were:

- to optimize a suitable protocol for vitro selection of microspore derived embryos

- to study the inheritance of erucic acid content atfieér seed quality traits

- to develop locus and allele specific PCR primerfliow the segregation of the erucic
acid alleles at the endogenofeel.1l (Brassica rapal.) and thefael.2 (Brassica

oleraceal.) loci
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- to determine the effect of a low polyunsaturatetyfacids (PUFA) content on erucic
acid content in transgenic oilseed rape

- to increase 22:1 content through combination aledl of endogenous erucic acid and
low polyunsaturated fatty acid loci (HELP) wiphketoacyl-CoA synthase (KCS) over
expressing and lysophosphatidic acid acyltranséerdsPAAT) from Limnanthes
douglasiiexpressing rapeseed genotypes.
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2. Literature Review

2.1 Importance of rapeseed and erucic acid

The oleiferousBrassicarepresented by rapeseed and mustard play an ampaxile for
vegetable oil production of the world. Oil plays iamportant role in our daily diet. From
nutritional point of view, fats and oils in our falife are mostly needed for calories and fat
soluble vitamins absorbent. At present, rapese#tkisecond most important oilseed in the
world, after soybean and is used for both nutrdloend industrial purposes (FAO 2007).
The past forty years have seen significant growthrapeseed production due to the
introduction of food rapeseed (canola), low in @wcid (22:1cis-13 docosenoic acid) and
glucosinolates (Liuhs and Friedt 1994, Przybylski &rag 2002).

In traditional Brassica oilseeds, the occurrence of 22:1 distinguishesn fiather major
oilseeds (Luhs and Friedt 1994). This componentadssidered as anti-nutritional for
human. However, 22:1 and its derivatives are ingrartenewable raw materials used in
plastic film manufacture, in the synthesis of nyl#) 13 and in the lubricant and emollient
industries (Leonard 1994, Sonntag 1995). A rape$eedcontaining high proportions of
22:1 would significantly reduce processing costd eould meet the demand for high 22:1
oil as a renewable environmentally friendly indistfeedstock (Sonntag 1991, Murphy
1996). The term‘industrial rapeseed’ traditionally referred to amgpeseed variety
producing oil with 22:1 content higher than abob®#(high erucic acid rapeseed, HEAR,;
Piazza and Foglia 2001). Erucic acid is in turnjectied to a number of simple chemical
transformations to produce useful materials. Catalyydrogenation gives behenic acid;
esterification with methanol or higher alcohols egverucate esters (Piazza and Foglia
2001). The probable market prospects of 22:1, hehaaid and their derivatives are

presented in Table 1.
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Table 1 Estimated world erucic and behenic acid markets(®g 1995; cited in Piazza
and Foglia 2001).

Application Erucic acid Behenic acid
Units
Surfactants 1.38 0.94
Detergents 0.75 2.38
Plastic additives 7.96 3.15
Recording materials - 0.34
Food additives 0.77 0.03
Cosmetics 1.76 1.56
Pharmaceuticals 0.59 0.36
Personal care products 0.84 1.70
Ink additives 0.30 0.57
Textiles 0.94 1.02
Lubricants 0.50 0.09
Fuel additives 0.24 0.11

" Equivalent x 1®metric tons of 90% erucic acid and®*1fetric tons 85% behenic acid.

2.2 Occurrence of Very Long Chain Fatty Acids (VLCFAS) in rapeseed

Very-long-chain fatty acids with more than 18 carb@are widely distributed in nature. In
plants, they are mainly found as components orypsecs of epicuticular waxes and in the
seed oil of certain plant species (Harwood 198Gt-Beittenmiller 1996). But erucic acid
(22:1) is found only in the seed oil and not in nbeame lipids. Erucic acid accounts for 45-

60% of the total fatty acid mixture in traditioril napuscultivars (Frentzen 1993).

Genetic (Kunst et al. 1992) and biochemical (Cassag al. 1994, Domergue et al. 1998)
studies have suggested the existence of severabade activities irBrassica In the
presence of labeled malonyl-CoA, VLCFAs could betkgsized from acyl-CoAs (acyl-
CoA elongation) of the microsomal lipids; therears absolute requirement for ATP (ATP-
dependent elongation; Domergue et al. 1999). Ircése of acyl-CoA elongation, Lessire et
al. (1985) demonstrated that successive additiérid2ounits to stearoyl-CoA (18:0-CoA)
were responsible for the sequential synthesis athadonoyl-CoA (20:0-CoA), behenoyl-
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CoA (22:0-CoA) and lignoceroyl-CoA (24:0-CoA). Ihe case of developing rapeseed, the
situation appears to be more complex.

Several studies suggested that two biochemicas stepcritical for improvement of erucic
acid production in rapeseed: membrane bound faity-@longation and lysophosphatidic
acid acyltransferase (LPAAT) activity leading te thiosynthesis of trierucin. The gene of
an erucoyl-CoA preferring acyltransferasel-{ PAAT) has been successfully cloned from
meadowfoaml(imnanthes douglasli.) and over expressed in rapeseed (Brown eto85,1
Hanke et al. 1995, Lassner et al. 1995, Brough |etl@96). However, the overall
proportions of 22:1 in the seed oil did not inceeadou et al. (1997) have confirmed that
the yeast$accharomyces cerevis)a®LC1l-1gene encodesn-2-acyltransferase capable of
acylatingsn-1-oleoyl-lysophosphatidic acid using a range ofl-&xyA thioesters, including
22:1-CoA. However, neither the meadowfoam nor teas PAAT transgene approach
were successful in achieving high trierucin confariEAR B. napusseed oil. Weier et al.
(1997) suggested that the lewad trierucin depends not only on the activity ofeth
introducedsn2-acyltransferase but also on other biosynthesimaprporationsteps. It is
possible that the levels of erucoyl-CoAthe seed acyl-CoA pool may be too low to allow
high levelsof trierucin biosynthesis. If this is the case,nthever expressionf genes
regulating VLCFAs biosynthesis may be required twdivery long-chain acyl-CoA

availability for incorporation intseed triacylglycerols (TAGS).

2.3 Biosynthesis of erucic acid in rapeseed

The seed reserve materials which consists maiplgdiand protein are produced during
seed development. They play an important role inmgetion and early phases of
development. During seed development, seeds mayradate fatty acids with different

amount of carbon chain lengths as well as degrsatafation (Slabas et al. 2001).

The first product of fatty acid synthethase in el is palmitic acid (16:0), elongated by
palmitoyl-ACP elongase to stearoyl-ACP (18:0, Feg@). Due toA9 stearoyl-ACP fatty

acid desaturase enzyme, 18:0 is then desaturat&8:10 Palmitic, stearic and oleic acid
may also be released by an acyl-ACP thioesteraderaesterified on the chloroplast
envelop to Coenzyme-A (16:0-CoA, 18:0-CoA and 18dA; Downey 1987). In rapeseed

18:1 is further desaturated hyl2-desaturase to form linoleic acid (18:2) and he t
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presence oAl5-desaturase 18:2 is desaturated to linolenic @8dB; Arondel et al. 1992,
Okuley et al. 1994).

(Prokaryotic Pathway)

Complex lipid
CoASH
Thioesterase \
————— ) 18:1-FFA p 18:1-COA 4——
AcylCoA Synthetase
18:1-ACP
18:1-PtCt¢—
A9-desaturase A12-desaturase
18:0-ACP
18:2-PtC €—
A15-desaturase
18:3-PtC
\ \A 2 4
IAcylCoA Pool
Malonyl CoA 18:1 CoA
18:2 CoA
ACCase 22:1 < 20:1 <= 18:3 CoA
Elongation Elongation
Acetyl CoA o °

Figure 2 Biosynthesis of fatty acids iB. napusutilising ACP substrates in the plastid and
subsequent reactions on CoA substrates occuritigeicytoplasm (adapted from Slabas et
al. 2001). ACCase = Acetyl-CoA carboxylase; ACP eylACarrier Protein; FAS = Fatty
acid synthetase; FFA = Free fatty acid; PtC = Phasgyl choline and CoASH = Activated
CoA.

In rapeseedyery long chain fatty acids (VLCFAs) elongation ¢gkplace in the cytosol
(Downey 1987, Barret et al. 1998). The initial dute for elongation is oleic acid,
synthesised in the plastidsrucic acid is synthesized from oleoyl-CoA and mgleCoA

by a membrane-bound enzyme complex called acyl-EloAgase (Cassagne et al. 1994).
From the identification of the intermediates of th&ngation processFéhling and
Mukherjee 1991] assner et al. 1995, Puyaubert et al. 2005), itdeen shown thdatty
acid elongation is achieved by the sequential addibf 2 carbon moieties donated by
malonyl-CoA to a long chain acyl-CoA primer. Eaatumd of elongation involves four
enzymatic reactions catalyzed by the fatty acichg@dse (FAE) complex, a protein complex
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localized in the microsomal fractior): malonyl-CoA and oleoyl-CoA are condensed by 3-
ketoacyl-CoA synthase or condensing enzyme; illteg 3-ketoacyl-CoA is then reduced
by the action of 3-ketoacyl-CoA reductase, resgltin the synthesis of 3-hydroxyacyl-
CoA, iii) the latter is transformed in the thirceptinto enoyl-CoA by 3-hydroxyacyl-CoA
dehydratase and iv) a second reduction catalyzed,®noyl-CoA reductase yields the

acyl-CoA elongated by two carbons (Figure 3).

(0]
ACy"COA_SJJ\ (n carbons)
o O R
‘SJ\)L OH=™Y
Malonyl-CoA 3-ketoacyl-CoA synthase

CoA -SH + COZ‘—J
o O
3-ketoacyl-CoA _SJ\)K R

NAD(P)H 3-ketoacyl-CoA reductase
NAD(P)
O OH
3-Hydroxyacyl-CoA —SMKR
HZO/ 3-Hydroxyacyl-CoA dehydratase
O
2,3-enoyl-CoA —SJK//\R
NAD(P)H 2,3-enoyl-CoA reductase
NAD(P)

o
\ +2 carb .
Acyl-CoA SJ\/\R (n +2 carbons) Acyl-CoA elongation

Figure 3 Different steps and intermediate enzymatic reasticnvolved in acyl-CoA

elongation, adapted from Puyaubert et al. (2005).

The structure and functioning of the acyl-CoA elasg complex is poorly understood
because of the difficulty in purifying functionalembrane proteins to homogeneity. The
acyl-CoA elongase complex has been partially pedifrom developing rapeseed embryos
and has resulted in the enrichment of four proteetsveen 54 and 67 kDa in size (Créach
and Lessire 1993). Thgketoacyl-CoA synthase (KCS) was purified from fzgoembryos
by Lassner et al. (1996). The corresponding cDNdmblogous to the Arabidopsfatty
acid elongatiod (fael) gene (James et al. 1995), was used to transfapeseed plants.
Subsequent KCS activity in developing embryos oWLBrucic Acid Rapeseed (LEAR)
plants resulted in an enrichment (up to 33.5% byght¢ of the seed oil with VLCFAS,
thereby demonstrating that KCS activity had bestored.
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2.4 Inheritance of erucic acid in rapeseed

The erucic acid content of seeds of the amphidipspecieBrassica napug2n=38) has
been shown to be governed by two genes which aahiadditive fashion (Downey and
Craig 1964, Harvey and Downey 1964, Siebel andsPH289). Digenic inheritance of 22:1
was confirmed irB. juncea(Kirk and Hurlstone 1983) and iB. carinata(Getinet et al.
1997). Jobnsson (1977), Pourdad and Sachan (2@@8)ted that in rapeseeB.(napu$
22:1 content is controlled by alleles at one, onén@ and two loci leading to 5-10%, 10-
35% and more than 35% 22:1, respectively. The tongation steps from oleoyl-CoA to
22:1 are each controlled by alleles at two locir(ie¢st and Downey 1964, Stefansson 1983).
Ecke et al. (1995), Jourdren et al. (1996) mappedwo loci determining erucic content in
rapeseed population using random fragment lengtinmophism (RFLP) and random
amplified polymorphic DNA (RAPD) markers, respeeli. Assignment of the two loci to
independent linkage groups was confirmed via a Gjaéine trait locus (QTL) approach by
Thormann et al. (1996). However, two loci do nottcibute equally to erucic acid content.
It has also been determined that multiple allelEsipat each locus (Stefansson and Hougen
1964, Jonsson 1977). At least five alleles govemdrucic acid iBrassica,including; e,

E2 E°, E° and E. Therefore, levels of erucic acid can be fixea d&rge number of values

ranging from < 1% to >60% (JOonsson 1977).

2.5 Development of rapeseeds with high erucic acid

The qualitative manipulation of seed oils involvie modification of its fatty acid
composition.In order to make rapeseed oil more competitive anous segments of the
food and industrial oil markets, modification ofetliatty acid composition has been an
important objective of plant breeding (Friedt anght 1998).A maximum content of the
desired fatty acid will not only decrease the antoohwaste, but can also result in
considerable savings in downstream processing.déatsic acid for example is subjected
to number of simple chemical transformations todpae useful materials for many

industrial applications.

Beside the standard breeding aims for ‘00’ quatityeseed (Becker et al. 1999), there are
additional specific breeding aims for the developtn&f HEAR. These specific breeding
aims depend on whether the high erucic acid oilsed either as an oil for lubrication

purposes or to isolate erucic acid for further clsainmodifications. If the oil is used for
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lubrication, a major improvement can be achievedough the reduction of the
polyunsaturated and saturated fatty acids (Metal.e2001, Sasongko and Mdllers 2005),
because these fatty acids negatively affect theilsyaand properties of the oil at low
ambient temperatures, respectively. If the higltieracid oil is used for the extraction of
erucic acid, the major breeding aim is to increaseic acid content and to reduce 20:1
because this fatty acid can not be easily sepafadad22:1 by distillation as it is currently
applied (Mdllers 2004).

High erucic acid rapeseed (HEAR) oil with a greatean 80% 22:1 level is desired to
reduce the cost of producing this fatty acid asddgrivatives as a renewable, environment
friendly industrial feedstock (Leonard 1994, Tayédral. 2001, Mietkiewska et al. 2004).
Existing high erucic acid rapeseed (HEAR) cultivheve less than 1% 22:1 incorporated
into the central positiors(2) of the glycerol backbone because of the poanigffof the
rapeseed LPAAT activity for very long chain fattgids, including 22:1 (Brough et al.
1996, Frentzen and Wolter 1998, Liuhs et al. 1998js restricts the level of 22:1 in the
existing HEAR seed oil to the theoretical limit @% while the maximum expression is
closer to 50% in commercially produced winter HEARItivars (McVetty and Scarth
2002). Even the total 22:1 level in seed oil did marease by over expressibd-LPAAT
gene together witBn-fael gene in rapeseed (Katavic et al. 2001, Han &04l1, Taylor et
al. 2001, Mietkiewska et al. 2004).

The failure to significantly increase the 22:1 lelg engineerind_d-LPAAT could be due
to a limitation in the acyl-CoA pool in the cytosathich is required to support high levels
of trierucin synthesis (Luhs et al. 1999, Sasonghkd Moéllers 2005). This hypothesis was
supported by the increase to 22:1 levels betweeatB53% in transgenic Hero plants
expressing the yeaftel compared with the wild-type control lines averafet3% 22:1
(Katavic et al. 2000). Similar results were obtdinath the expression drabidopsisand

B. napudael in rapeseed (Katavic et al. 2001, Han et al. 20@imer et al. 2003). On the
basis of these studies, the proportion of 22:1apeseed oil is limited by both 22:1
synthesis and its subsequent incorporation into TR&avic et al. 2000). HEAR oil could

eventually be produced by combining these and aeeetic modifications.
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3. Materials and Methods

3.1 Materials

Two different experiments were performed in theotalory and safety 1 (S1) green house
during December 2004 to July 2007 in the Departnoér€rop Sciences, Division Plant
Breeding, Georg-August University, Gottingen. Fiesperiment had two parts, in part |,
microspore derived embryos (MDE) were produced gisthe Fk-plants following
microspore culture technique (Igbal et al. 1994tdHer et al. 1998). TheJplants derived
from the cross between transgenic resynthesisdd2idl rapeseed line TNKAT (chimeric
one transgene copyd-LPAAT-Bn-fag; Han et al. 2001) and non-transgenic High Erucic
acid and Low Polyunsaturated fatty acid (HELP) &%5-1 (Sasongko and Méllers 2005),
in the following called 6575-1 HELP. Six weeks afteicrospore culture, embryos were
well developed and a single cotyledon was dissectér dissected cotyledon was used for
fatty acid and DNA extraction and rest of the MDEmwsingle cotyledon was transferred to

solid medium for plantlet regeneration, for detag® manuscript I.

In part Il of the first experiment, ninety doublkdploid (DH) lines derived from the cross
(TNKAT x 6575-1 HELP) along with their parents wegeown in randomized complete
block design (RCBD) in the green house with thegdicates. Selfed seeds were harvested
from the main raceme only and used for analyzirg pwbtein, trierucin and fatty acids

content, for details see manuscript Il.

For the second experiment-plants were produced from the cross between teamsg
361.2B (two chimeric transgene copied-LPAAT-Bn-fag; Wilmer et al. 2003) and non-
transgenic line 6575-1 HELP (see aboveygéneration (kseeds) was produced from
randomly selected 220 selfed-plants. k-seeds from selected 4%-plants having high
erucic acid content along with their parents werewq following RCBD with five
replicates. Seeds obtained after selfing the plamé&se used for analyzing oil, protein,

trierucin and fatty acids content, for details semnuscript III.
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3.2 Methods

Microspore culture to obtain doubled haploid line

Fi-plants were obtained after crossing TNKAT x 657BHLP. They were used as donors
for microspore culture, which was performed acawydo a protocol described by (Igbal et

al. 1994, Fletcher et al. 1998), for details seaumsaript I.

DNA isolation and PCR amplification of the transgere Ld-LPAAT
DNA was isolated from the dissected cotyledon of B&fter lipid extraction and was used
for PCR amplification. Multiplex-PCR for thad2 and theLd-LPAATgene was performed

as described in Nath et al. (2007), for detailsrsaauscript I.

Oil and protein analysis by NIRS

Seed oil and protein content, expressed on seethdtter basis were determined by using
Near-Infrared-Reflectance Spectroscopy (NIRS) hih calibration equation raps2001.eqa
(Tillmann 2007). Values obtained using a 14 mm PAdapter were adjusted to standard

ring values using regression equations, for desaiéssmanuscript Il and 111

Trierucoylglycerol (Trierucin) analysis by HT-GLC

Trierucin (G, EEE) content of the seed samples was determipdddgh temperature gas
liquid chromatography (HT-GLC) analysis of fattyichesters according to the method
described by Mdllers et al. (1997). Silicon capiflaolumn RTX-65TG (Restek no. 17005)
15 m x 0.25 mm i.d. (0.fum film thickness) was used for HT-GLC. Trierucineispressed
as % of the sum of all triglycerides, for detad® snanuscript Il and IIl.

Fatty acid analysis by GLC (Gas liquid chromatograhy)

Lipids were isolated from dried cotyledons of MDdéhd fatty acids were trans-esterified
with sodium methylate and used for gas chromatdgcagnalysis described by Albrecht et
al. (1995). Fatty acids composition of half-seed huolk-seed samples was analysed by gas
liquid chromatography according to Thies (1971)¢clk&i and Robbelen (1996). Individual
fatty acids, such as palmitic (16:0), stearic (},8dleic (18:1), linoleic (18:2), linolenic
(18:3), eicosenoic (20:1), erucic acid (22:1) ardvonic acid (24:1) were determined by
GLC and expressed as % of total fatty acids, feaitbesee manuscript 1l and 111
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Fatty acid analysis at central $n-2) position of triacylglycerol by GLC

The identification of fatty acids esterified in the2 position of the triacylglycerols (TAGS)
was conducted by taking 15 mg seed samples. Sketitbe samples were emulsified and
digested with 25 pl (250 units) lipase frdthizopus arrhizugSIGMA-ALDRICH in 500 pl
buffer (50 mM KHPQOs- pH 7.2 with 0.5% Triton X-100). After incubatiat 30°C for 1 hr,
lipids were extractedsn2 monoacylglycerol was separated by thin layeoetatography
(TLC; F 1500/LS 254, 20 x 20 cm) in the eluent loydtther/petroleumether (3:1). The fatty
acids were converted into FAMEs by transmethylatsrdescribed in the previous section

and analysed by GLC, for details see manuscript Il
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4. Results and Discussion

4.11n vitro selection of microspore derived embryo in rapeseg@lanuscript I)

It is necessary that the microspore-derived emiWDE) have a relatively large size to
isolate lipid and DNA in sufficient quantities frosingle detached MDE cotyledon. This
was achieved in the present study by sub-cultutnegMDE after 3 to 4 weeks of culture
initiation in fresh culture medium at a reduced gign Germination of the embryos during
this period was prevented by maintaining a high afrpotential of the culture medium
with 13% sucrose. About six weeks after culturdiation, large embryos which have
accumulated sufficient amounts of storage lipidgewebtained (Albrecht et al. 1995).
Figure 4 shows the development of MDE from week B ffter culture initiation and their
relative size in comparison to a single rapeseedekeThe large size of the MDE allows

easy dissection of a single cotyledon under aseptiditions.

The dry weight of the detached MDE cotyledons campdavorably to the 1 to 3 mg dry
weight of single dissected cotyledons of germinatedeseeds of segregating-deed
populations, which are routinely analysed for ttiaity acid composition when breeding for
oil quality traits. In the present study, 4 to 16 of a MDE cotyledon was enough to extract
a sufficient amount of oil for a reliable and regucible fatty acid analysis with good peak
resolution using a gas chromatograph equipped avitlauto sampler (see in manuscript |
Table 1). The storage lipids isolated from the lsatgns of the MDE showed clear
differences in the content of erucic acid and podaturated fatty acids.

X7
™ o
&

Single seed

ot

Figure 4 Development of microspore derived embryos fromkn2éo week 6 after culture
initiation and relative size in comparison to adsetoilseed rapeBrassica napus.).



4. Results and Discussion 16

Figure 5a-b shows that among the segregating M@Eethre some MDE which have a
higher 22:1 and an equal 18:1, but a reduced PUbfteat compared to the transgenic
parental MDE (TNKAT). This indicates that the retiac in PUFA content may have led to
an increased 22:1 content.
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Figure 5a-b Fatty acid compositions of MDE derived from a ardsetween transgenic
(TNKAT) and non-transgenic (6575-1 HELP) high ecuacid rapeseed lines along with the
mean of MDE from TNKAT parent (bar showing standatdviation). = indicates
significance at P= 0.01 probability.

DNA was isolated from the single dissected MDE Isatgn after oil extraction and
subsequent PCR amplification. DNA extraction wasufficient for PCR amplification
when 6M Nal buffer was used. By reducing the mofaaf Nal to 4M and 2M in the
extraction buffer, the consistency of DNA ampliica was improved with 2M Nal giving
consistent results. However, DNA isolation was swtcessful in all cases (19 out of 20
MDE; = 95%), indicating the necessity of an intéroantrol system. This was realized in
the present study by performing multiplex PCR (Rayase Chain Reaction), including
PCR primers for the resident, single cdpg locus (oleic acid desaturase) of Brassica
A-genome. This allowed the identification of sangpMhich did not contain DNA in
sufficient quantity or quality for successful PCRidification. To follow the segregation
pattern of transgenked-LPAAT for the DH- (doubled haploid) lines used in expemt 2
(manuscript 1), a higher number of segregating M@dnhotypes were investigated. In the
segregating MDE population the transgene was aieglidnly in 50% of the genotypes,
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confirming upon chi-square test the expected lgtegmtion of a single copy transgene in a
doubled haploid MDE population (Table 2). If twotbree genes are segregating, then only
25% and 12.5% of the MDE are expected to carry ghbsitive alleles, respectively.
Considering the polygenic inheritance of many agmitc and seed quality traits, the early
detection of those MDE genotypes having positideled by marker assisted selection

enables their early identification and preferentegeneration to plantlets.

Table 2 Segregation of th&d-LPAAT gene in single detached MDE cotyledons in two
different R-plants (represented by number in bracket) deriveoh the cross TNKAT x
6575-1 HELP.

o Total Ld-LPAAT Ld-LPAAT
Cross Combination N _ x~-Value Remark
MDE (positive)  (negative)
TNKAT x HELP (10) 107 57 50 0.46
TNKAT x HELP (13) 31 20 11 2.60 fitin 1:1 ratio
Total 138 77 61 1.85

4.2 Early selection of segregating DH and Jgeneration for erucic acid content in the
rapeseed breeding programme (Manuscript 1, 111)

There are different methods to select desirabletypes with specific fatty acid content.
Some methods require a relatively long time, otlaeesquicker. The jFplants used in the
present experiments were derived from a cross leetw@nsgenic and non-transgenic high
22:1 rapeseed lines. They differed in two to thregor genes that segregate in succeeding
generations (f, Fs- and so on). Therefore, it was necessary to ilgegst a larger number
of individuals to select a homozygous line from slegregating generation. An overview on
number of individuals necessary to investigatedenmtify a specific homozygous genotype
in F, in comparison to DH is presented in Table 3. la®rious and requires large space in
the green house to maintain and propagate the gagrg transgenic lines. To overcome
these limitations, DH-population had been produddde to restrictions in time and
availability of material DH-lines were produced pflom F-plants of the cross TNKAT x
6575-1 HELP, although the line 361.2B contained tvramsgene copies. DH technology is
presently used in breeding of a number of cropispedhis method enables breeders to
develop completely homozygous genotypes from heygaus parents in one single
generation, although it is costly.
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Table 3 Minimum population size of Jand DH for the selection of a specific homozygous

genotype for a trait in the case of unlinked leci@.95; adapted from Jansen 1992).

2.Gene F,-ratio F-plants DH-ratio DH-plants
1 1.3 11 11 5

2 1:15 63 1:3 11

3 1:63 191 1:7 23

4 1:255 766 1:15 47

5 1:1023 3067 1:31 95

DH lines in oilseed rape are commonly produced fienplants by microspore culture
(Chen and Beversdorf 1990). Presently, efficientegie investigations can be carried out
on specific characters from segregating generatimnsaving time as DH-methods. The

routine methods that could be used for early sele@re presented in Figure 6.

Rapid and non-destructive analyses for qualitytdréike oil, protein and fatty acids in
samples are prerequisite for quality breeding p@og. Near-infrared-reflectance
spectroscopy (NIRS) has been reported as an emteatlel for analyzing such traits in
comparison with gas liquid chromatography (GLChiyh pressure liquid chromatography
(HPLC). It is faster and reliable, even in smalbagtity of samples. Velasco and Becker
(1998) noted similar results (RSQ) by using small@ount of samples (300 mg seeds and
60 mg seeds), to that of 3 g samples. NIRS teclentguld be used for estimating fatty acid
composition in single seed of rapeseed (Sato e198, Niewitetzki et al. 2007). This
allows of selection for high erucic acid content segregating #seed population as
indicated in Figure 6

Gas liquid chromatography (GLC) could also be usecearly selection of genotypes using
half-seed (Thies 1971) and half-MDE cotyledon teghe (Nath et al. 2007). GLC

technique helps to know the absolute value of attyfacids of the sample, but it is
laborious and costly. NIRS works only with the midjtty acids and requires precise and
reliable equations, but it is much faster and nestdictive. However, NIRS cannot be

applied to segregating MDE populations.
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Transgenic high erucic acid x Non-transgenic high erucic acid
rapeseed line rapeseed line

F, plants
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Figure 6 Possible methods of early selection for high erwgid genotypes in rapeseed
breeding programme. Thin lines indicate the possdntalytical methods (adapted from
Schierholt 2000).

Applying the half-cotyledon technique to the segtewy MDE population derived from the
cross TNKAT x 6575-1 HELP in the present study nad allow an effective selection for
high erucic acid MDE genotypes. No significant etation was found between the erucic
acid content of MDE cotyledons and of the seedsionbtl from regenerated DH-lines
(Figure 7a). The scatter plots for 22:3-Half seeds vs. Fpopulation (E-seeds) showed
significant positive correlation{= 0.57"; Figure 7b) revealed effective selection of high

22:1 plants based on half seed analysis.
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Figure 7a-b Correlation for erucic acid content between MDEl &H-seeds (mean of
three plants) and.Fhalf seeds and.Fpopulation (B-seeds). indicates significance at P=
0.01 probability and bar showing standard deviation

4.3 Effect of polyunsaturated fatty acid on eruci@acid content (Manuscript Il, 11I)
Spearman’s rank correlation coefficient analysiowsd strong significant negative
correlation between erucic acid (22:1) and polyturséed fatty acid content for both, the
segregating DH {r= -0.40") and the Epopulation (¢ = -0.50 ; Figure 8a-b). The
regression equations shown in Figure 8 indicate dha@duction of 10% PUFA lead to an
increase of 4.2% 22:1 content in the segregatingpDpllation, whereas a 6.5% increase in
22:1 content was found for the segregatingpépulation. The larger effect in the-F
population may be due to higher activities of tHéKand LPAAT enzyme of the transgene.
The K-line 11I-G-7 with the highest erucic acid contenit 72.3% had a by 9.6% lower
PUFA content, which is 9.1% more erucic acid coragao 361.2B (Table 4). However,
according to the regression equation (Figure 8l® would have expected only a 6.3%

increase in erucic acid content, suggesting thegmee of other genetic factors in this line.
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Figure 8a-b Relationship between erucic acid and PUFA contef4) the segregating DH-

population (n = 90) and (b) the segregatingp&pulation (n = 220) derived from the cross
between transgenic and non-transgenic high erewicrapeseed lines.

4.4 Effect of the Ld-LPAAT gene on the fatty acid composition at thesn-2
triacylglycerol position (Manuscript 11, 111)

To determine the effect of tHad-LPAAT gene the fatty acid composition of the gre2
position of the triacylglycerols (TAGs) of select&H- and k- (Fs-seeds) lines were
analysed along with their parents. Seed oil waslgfred and digested by lipase enzyme
from Rhizopus arrhizysthereby lipids were extracted asd2 monoacylglycerol (MAG)
was separated by thin layer chromatography (TLE;aeexample in Figure 9). Fatty acids
were extracted from MAG and analysed by GLC aft@ngmethylation.

Seed oil from non-transgenic parent (6575-1 HEL®@Ypminantly (73.3%) contained oleic
acid at thesn-2 position, while very long chain fatty acid (2P\tas detectable in trace
amount only. On the other hand, the oil from tlasgenic parents (TNKAT and 361.2B)
and the selected best DH- angtiRes (F-seeds) contained higher amount of 22:1 and
correspondingly lower proportion of 18:1 (Table Zhe highest amount 22:1 at2
position was found in Hine (I11-G-7), followed by DH (1V-10-F-6) with th values 65.3%
and 40.3%, respectively. These2 compositions of the transgenic seed oils caedlavith

the 22:1-CoA specificity of the expressionLaFLPAAT gene fromL. douglasii.This result

is an agreement with the observation of Weier e{1897), Han et al. (2001). Hence, lipid

analyses revealed that the introduded-LPAAT gene effectively competes with the
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endogenous rapeseed enzyme and preferentiallypo@ies 22:1 into then2 position of
the glycerol backbone. However, considerable ansahbleic acid were also detected at
the sn2 position, indicating that endogeno®n-LPAAT activity may be limiting for
achieving higher erucic acid content at gre2 of Ld-LPAAT over expressing rapeseed

lines.

Eluert

TAG End point
[}

1.2 and 23 DAG

1.2 DAG

MAG

Starting
poi it

Figure 9 Thin layer chromatography (TL@Jate with different components of triacylglycetl
after treatment with (Lanes 3-5) and without (L&)dipase enzyme fromRhizopus arrhizus
(Lane 1 is standard monoacylglycerol; MAG). DAGadylglycerol, TAG: triacylglycerol.

Table 4 Fatty acid composition of seed triacylglycerolsl at thesn-2 position of one DH
line derived from the cross TNKAT x 6575-1 HELP awidone E-line (Fs-seeds) derived
from the cross 361.2B x 6575-1 HELP along with ttipairents.

Genotype Fatty acid composition (%) at+2 Fatty acid composition (%) in seed olil

SFA 18:1 PUFA 20:1 22:1 MUFA|SFA 18:1 PUFA 20:1 22:1 MUFA

TNKAT 3.1 459 268 1.1 20.8 67.8| 4.1 159 20.8 10.0 46.1 72.0
361.2B 21 342283 00 316 658 29 83 153 43 632 758
HELP 47 733198 00 05 738 33 265 56 11.2 496 87.3

DH (IV-10-F-6) 2.4 343 176 28 403 774 | 26 175 9.1 7.8 59.1 844

Fs (I1-G-7) 12 253 65 00 653 906| 19 121 57 50 723 894
SFA =16:0 + 18:0; PUFA = 18:2 + 18:3; MUFA = 18:20:1 + 22:1
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4.5 Additional transgenic approaches to increase ecic acid

i. ATP-citrate lyase (ACL):

During oilseed development, significant amountsadar provided by photosynthesis are
converted to storage triacylglycerols by the depielg seed in rapeseed. In oilseed plants,
at which the pathway commits the fixed carbon padlibiosynthesis is the conversion of
acetyl-CoA (Ratledge et al. 1997). The acetyl-CoAbt used in fatty acid biosynthesis
must be synthesized in the subcellular compartmentvhich it is to be used, since
subcellular membranes are impermeable to acetyl-Eafland et al. 2005). Recent studies
indicate that the acetyl-CoA pool required for dea fatty acid biosynthesis is primarily
generated by the plastidic isoform of the pyruvdghydrogenase complex (Ke et al. 2000).
The fatty acid elongation is cytosolic processex] aytosolic ATP-citrate lyase (ACL)
generates the required acetyl-CoA precursor. Timpdoeal distribution of ATP-citrate lyase
(ACL) activity in developing seeds of rapeseed elpgaralleled both that of acetyl-CoA
carboxylase (ACCase) in the cytosol and the oveatd of lipid biosynthesis (Fatland et al.
2002). In the cytosol, acetyl-CoA can be carboxedaby ACCase to form malonyl-CoA
and hence is converted to long chain fatty acidgu{Ee 10). Therefore, over expression of
ATP-citrate lyase (ACL) gene will help to producena acetyl-CoA in the cytosol from
mitochondria, which might have possibility to pregunecessary malonyl-CoA for long

chain fatty acid biosynthesis.

ii. Cytosolic acetyl-CoA carboxylase (ACCase):

In cytosol, plant fatty acids are synthesized udtiety from the conversion of acetyl-CoA to
malonyl-CoA by the action of acetyl-CoA carboxylgge€CCase). Cytosolic acetyl-CoA is
metabolized via one of three mechanisms: carbarylatondensation, or acetylation. In
the cytosol, acetyl-CoA can be carboxylated byyd€@bA carboxylase to form malonyl-
CoA (Figure 10; Fatland et al. 2002). Cytosolic omgl-CoA is required for the
biosynthesis of long chain fatty acids like eruatd (22:1). Therefore, over expression of
cytoplasmic acetyl-CoA carboxylase (ACCase) and Aiffate lyase in transgenic High
Erucic and Low Polyunsaturated fatty acid (HELPpeseed line could help to further

increase erucic acid content in the seed oil oésapd.
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Figure 10 Scheme of putative fatty acids and different melitds (isoprenoids, malonate,

flavonoids, etc.) biosynthetic pathways in plardapted from Fatland et al. 2002). ACL is
depicted together with a postulated citrate cydlat twould provide citrate from the
mitochondria. In the cytosol, acetyl-CoA can bebcawylated by ACCase to form malonyl-
CoA and hence converted to long chain fatty ack®s1). FAS: Fatty acid synthase; TCA:
tricarboxylic acid cycle; leu: Leucine; ACL: ATPtate lyase; ACC: acetyl-CoA

carboxylase.

iii. Brassica napu$ysophosphatidic acid acyltransferaBa{LPAAT) antisense:

In the course of the glycerolipid synthesis threstinct acyltransferases are responsible for
the sequential transfer of acyl groups from aciddhters to the glycerol backbone forming
triacylglycerol (TAG; Ohlrogge and Browse 1995). Ang them lysophosphatidic acid
acyltransferase (LPAAT) catalyzes the second aoylakaction so that the central position
(sn2) in the biosynthesis of the various glycerolfids formed. Therefore, LPAAT
substrate specificities are decisive for estabiighihe fatty acid pattern of TAG. In
conventional rapeseed the microsomal LPAAT hasoaqunced specificity for 18:1 over
other fatty acids. Therefore, the microsomal pathwasults in the formation of
glycerolipids in which thesn2 position is specifically esterified with oleicid (Frentzen
1998). The enzyme activity of the endogenous raguedd’AAT Bn-LPAAT) competes
with the activity of the erucoyl-CoA specifidd-LPAAT from Limnanthesdouglasii Down
regulation of endogenon-LPAATgene by antisense technique or mutation could toelp

increase 22:1 content sxt-2 position as well as in the seed oil.
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5. Summary

Erucic acid (22:1) obtained from the seed oil afhherucic acid rapeseed (HEAR) is of
interest for the oleochemical industry. It is usedhe plastic film, nylon, lubricant and
emollient industries. Currently available convendbHEAR cultivars contain about 50%
22:1 in the seed oil. A substantial increase of 2Bel content of the rapeseed oil would
significantly reduce processing costs and couldease market prospects. Crossing of
conventional HEAR to rapeseed with reduced contehtmoleic acid (18:2) and linolenic
acid (18:3) did result in recombinant high erucdw Ipolyunsaturated fatty acid (HELP}-F
plants which, however, did not show an increased 2antent compared to the parental
HEAR genotype. This indicated that tlfieketoacyl-CoA synthase (KCSael gene)
activity, the enzyme responsible for the fatty aeldngation from oleic acid (18:1) to
eicosenoic acid (20:1) and to erucic acid, mayirnéihg. Furthermore, the rapeseed native
lysophosphatidic acid acyltransferaBe-{PAAT) does not accept erucic acid as a substrate
for insertion into the centran-2 position of the triacylglycerol backbone. Hettee LPAAT
enzyme fromLimnanthesdouglasii (Ld-LPAAT) has been found to preferentially insert

erucic acid into then-2 position.

The main objective of the present study was toease 22:1 content in the seed oil of
rapeseed through the genetic combination of alléles a HELP rapeseed form with
transgenic rapeseed over expressingBidael and expressing tHed-LPAATgene and to

study trait inheritance in segregating populations.

To this end, two separate experiments were condugteng HELP line and two different
sources of transgenic rapeseed. The two transgenites were: TNKAT, a resynthesised
high 22:1 rapeseed line carrying one transgene obhy-LPAAT-Bn-fagé, and 361.2B, a
winter rapeseed line carrying two transgene copielsoth cases thied-LPAATand theBn-
fael gene were under control of the seed specificrnpmymoter. In the first experiment,
Fi1-plants derived from the cross between TNKAT and%% HELP were used to produce
microspore derived embryos (MDE). Six weeks afteraspore culture initiation, a single
cotyledon was dissected from each MDE and usedfdtiy acid analysis and DNA
extraction. The remaining parts of the embryos wegenerated to plantlets. Those were

transferred to the green house. Seeds were obtaiftexd colchicine treatment and self-
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pollination of the plants. A green house experimeats performed with ninety doubled
haploid (DH) lines and the parental genotypes aomplete randomized block design with
three replicates. At onset of flowering, plants &vbagged to secure self-pollination. Seeds
harvested from individual plants were analysed &y liquid chromatography for fatty acid
composition and trierucoylglycerol (trierucin) andby Near-Infrared-Reflectance
Spectroscopy (NIRS) for oil and protein contente Tatty acid elongasdagl) genes were
amplified by PCR and sequenced from a diverse cadie of Brassica rapa(fael.l; A-
genome) and oBrassicaoleracea(fael.2; C-genome) to develop locus specific primers.
Those were then used to separately amplify andeseguthdael.l andfael.2 alleles from
TNKAT and 6575-1 HELP. Detected single nucleotiddymorphisms among the two
fael.l alleles were used to develig@l.1 allele specific primers. Those primers wereduse

to follow the segregation of tHael.1 alleles in the DH population.

In the second experimeni-plants derived from the cross between transge®icZB and
6575-1 HELP were used to produceséeds. 220 randomly chosepdeeds were sown in
the green house and-Beeds were harvested from the selfeeplnts. kB-seeds were
analyzed for quality traits as described abovesdeds from 41 Fplants with the highest
erucic acid content in the seed oil along with plaeental lines were tested in a green house
experiment in a randomized complete block desigih #we replicates. f-seeds obtained

after selfing were analyzed for seed quality tragslescribed above.

The results of the first experiment showed thainfreingle detached cotyledons from six
weeks old MDE, fatty acids and DNA can be extradtedyas liquid chromatographic and
PCR analyses, respectively. This allows for thdyeatentification of valuable MDE
genotypes in segregating populations at an eaatyestf development in the Petri-dish and
their preferential regeneration to plants. PCR ym&sd using specific primers for thel-
LPAAT-Bn-fael transgene confirmed the presence of a singlesgeare copy by its 1: 1
segregation in the MDE population. However, resintim fatty acid analysis did not reveal
a pronounced effect of the transgene on the eaaat content of the MDE and were not
correlated with the erucic acid contents of thedsesbtained from the corresponding DH-
plants in the green house. Testing of the ninetybtex haploid plants showed surprisingly
that the presence of the transgene had a negdfiact en erucic acid content. The 54 DH-

lines with the transgene had a by 2.3% lower meacieacid content than the 36 DH-lines
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lacking the transgene. A strong negative corratati@as found between erucic acid and
polyunsaturated fatty acid content (18:2 + 18;3=r-0.40 ). A separation of the DH-
population into half according to their PUFA (Pahgaturated fatty acid) content revealed
that the DH-lines with a lower PUFA content (meahl=4%) had a by 3.7% higher erucic
acid content than the DH-lines with a high PUFAteoih (mean = 19.5%). The best DH-
line had 59% erucic acid in the seed oil. This @& more than the higher erucic acid
parent 6575-1 HELP. The development of locus arasexguently allele specific PCR
primers for the two endogenolst+fael genes allowed distinguishing tii@el.1 alleles
(BrassicaA-genome) of TNKAT and 6575-1 HELP in the DH-pogiidn. However, no
significant difference of théael.l alleles from the two parents on erucic acidt@onwas
found.

In the second experiment the results from the fatig analysis of theFplants (kB-seeds)
showed a large variation in erucic content rangirgn 44 to 72%. The frequency
distribution of the Bpopulation showed a normal distribution withouty aseparable
classes. Results from PCR and trierucin analysifirtned the presence and segregation of
two transgene copies in the-population. A strong significant negative correlatbetween
erucic acid (22:1) and PUFA content & -0.50 ) was found. Elines (R-seeds) were
identified which contained up to 72% erucic acideém) in the seed oil. This compares
favourably with the 63.2% of the transgenic pa&6i.2B and 49.6% of the non-transgenic
6575-1 HELP parents. The besflihes had a PUFA content of only 5 to 6%, which is
about 10% lower than the PUFA content of parentZB1Results from regression analysis
of the R-population indicated that reduction in PUFA contéy 10% led to a 6.3%
increase in erucic acid content. The 72% erucid aontent achieved in the present study
mark a major breakthrough in breeding high erucid aapeseed. This material is valuable
for future approaches to increase erucic acid comterapeseed beyond the levels currently
obtained. Additional promising transgenic approacireclude over expression of ATP-
citrate lyase (ACL) and cytosolic acetyl-CoA carblase (ACCase) as well as antisense

expression oBrassica napusysophosphatidic acid acyltransferaBa{LPAAT).
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Abstract

In oilseed rapeBrassica napud..) breeding, microspore culture is frequently lagp for

the immediate regeneration of homozygous doublgdoithplants. From the regenerated
microspore derived embryos (MDE) usually only a kenasubset of around 200 are used
for plantlet regeneration and cultivation in theem house until seed harvest, without there
being any knowledge their quality traits and agraimoperformance. The random selection
of MDE implies that valuable rare recombinant ggpes may be discarded at an early
stage ofin vitro culture. We report here on the development ofrnapk protocol for
simultaneously extracting lipids (for oil qualitynaysis) and the isolation of DNA (for
marker assisted selection) from single cotyledoissedted from MDE under aseptic
conditions, thus keeping the rest of the embnyaitro for plantlet regeneration. Neither the
fatty acid extraction nor the transmethylation wibdium methylate at high pH did
interfere with subsequent DNA isolation. The fedijbof the protocol was tested using
MDE from a cross segregating for two linked tramsggefael and plsC, affecting the fatty
acid composition. Multiplex-PCR was performed waiecific PCR-primers for thplsC-
gene and with locus specific primers for a resid@mgle copyfad2 gene. The amplification
of the fad2 gene provided a control for the presence of DNAsufficient quantity and
quality, whereas the amplification of tpsC gene showed a 1:1 segregation expected for a
single copy transgene in a segregating doubledlthpbpulation. The early identification
of the 50% MDE genotypes carrying the desired ganss along with a high expression of

the trait allows their early selection for plantlegeneration.
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Since the development of the isolated microspoiu@itechnique for the production of
homozygous doubled haploid (DH) lines in oilseeger@rassica napud..) by Lichter in
1982, this method has gained considerable impatamcapeseed breeding programmes.
The method has been optimised variously (Zaki amkiBson 1991, Igbal et al. 1994,
Chen et al. 1994, Mdllers et al. 1994). Presertiyndreds to thousands of microspore
derived embryos (MDE) can be obtained from a singlerospore preparation. Usually
only small fractions of 200-300 of these MDE are sulitged in vitro to regenerate
plantlets which are then transferred to the greeusé for seed production. However,
regeneration ofn vitro plantlets, their transfer to soil and cultivationthe green house
until seed harvest is quite laborious, time consgnaind requires much of the often limited

green house space.

The subset of MDE genotypes used for plantlet regdion represents a random sample of
the total number of regenerated MDE, without thbetng any knowledge about their
quality traits and agronomic performance. Thus, ynandesired genotypes go through
plantlet regeneration and the costly green houseegs It also implies that valuable rare
recombinant genotypes may be discarded at an st@de ofin vitro culture. Any method
that could be applied to determine useful agronamniseed quality traits at an early stage
of in vitro culture would definitely increase the frequencyaluable genotypes among the
total number of regenerated MDE. Hence, markeistesiselection (MAS) at the vitro

stage would screen a larger population of MDE a&udice green house costs.

Selectionin vitro for seed oil quality traits is possible in segtegapopulations of MDE
(Albrecht et al. 1995). Fatty acid composition waetermined by gas liquid
chromatography (GLC) from single cotyledons, digsg¢édrom MDE. The rest of the MDE
were maintainedh vitro and regenerated to plantlets. Unequivocal seledtipabsence of,
intermediate and high erucic acid (Albrecht etl&95) and oleic acid (Mdllers et al. 2000)
was possible in segregating MDE populations. Howetree application of this earlyn
vitro selection system is limited to those traits thah de rapidly and cost effectively
analysed and for which a close correlation betwden MDE and the seeds from the
regenerated plants has been shown. Furthermoreppipéc results may be confounded by
MDE genotype x environment interactions, ire.vitro culture conditions may differently
affect the fatty acid composition of storage lipigsindividual MDE genotypes. Such

shortcomings are overcome if MAS is applied concdantly.
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We report here on the simultaneous isolation ofag@ lipids and DNA from a single
dissected MDE cotyledon of oilseed rape, suitalde fatty acid analysis and PCR
amplification and regeneration of the rest embajtgwing selection in segregating MDE

populations.

To this end, the homozygous transgenic resynthesiigh erucic acid rapeseed line RS306,
carrying a single T-DNA with two chimeric genes (Het al. 2001) was crossed to the high
erucic acid winter rapeseed line 6575-1 (Sasongid Mollers 2005). In the transgenic
RS306, the first chimeric gene was Befael.1 gene (accession number AF274759) and
the second was thasC gene fromLimnanthes douglasi{X83266), both under control of
the seed specific napin promotor. F1-plants frommahove-mentioned cross were used for
microspore culture as described in Igbal et al9g)9Three weeks after microspore culture,
MDE were transferred to fresh medium at a dendity0- 15 embryos in petri dishes (9
cm) with 17 ml of NLN medium containing 13% sucrose allow storage lipid
accumulation and to prevent germination. Three wesdker transfer, embryos were well
developed and a single cotyledon was dissectedruasiptic conditions. The remaining
embryo was cultured for plantlet regeneration. @ssected cotyledon was dried overnight
at 40° C in 1.5 ml Eppendorf tubes. Lipids werdated from dried cotyledons or part, fatty
acids were transesterified with sodium methylai@ @sed for gas chromatographic analysis
(Albrecht et al. 1995). DNA was isolated from theextracted residue of the cotyledons by
homogenising extraction buffer containing Nal (2¥M or 6M) and 0.5% sodium N-
lauroyl sarcosine (Ishizawa et al. 1991). RAPD wsasad multiplex PCR for the two
chimeric genes were performed on DNA from the €ngDE cotyledons. PCR primers for
the plsGgene [d-LPAAT) from Limnanthes douglasii were LPAAT-F:
5-CCGCAACAGGAGACAACTAAA-3  (Genbank:  X83266) and LPAAT-R
5-TATTGGGAGATGTGACTGAAG-3 (www.lag-
gentechnik.de/dokumente/ok_laurical_raps.pdf; $ast visited 08.05.2006). To have a
positive control for the presence of DNA in the P@k, a locus specific primer pair for
the fad2 gene of theBrassica napusA-genome B. rapg was used (Spiekermann 2003).
Primer sequences were FAD2A-FATGGGTGCAGGTGGAAGAATG-3and FAD2A-R
5-CAGTTTCTTCTTTGCTTCATAAC-3.
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Results and Discussion

High osmotic potential culture medium preventedcpotous MDE germination and
allowed the development of large embryos. Thes¢agwed sufficient amounts of DNA and
lipids in a single cotyledon of 20 - 30 mgf, which however only 4 - 18 mg were used for
lipid and DNA extraction. In gas liquid chromatoghy the total peak area values for the
sum of fatty acids ranged between 27 and 231 (Thblallowing good peak resolution and

accurate determination of the fatty acid compositio

Table 1 Effect of the seed specific expression of ple€ gene and thiael gene on the
erucic acid content of single detached MDE cotyfeddof the cross RS306 x 6575-1

Total fatty acid area 22:1 (%)
MDE Genotype N
Range Mean Range Mean

plsC+ael

N 73 27-228 80 14.1-42.7 25.3a
positive
plsC+fael

) 65 29-231 88 14.7 - 30.0 23.5b

negative

a,b — means are significantly different (t-test)

The dried pellet obtained after oil extraction amahsesterification was used for DNA
extraction and subsequent PCR amplification. AdeguzENA quantity and quality were
demonstrated by amplification using the RAPD pri@&AK-14. The rapid DNA isolation
method of Edwards et al. (1991) developed for n@rarmnounts of tissue did not provide
consistent results with tissues of MDE. Howevee, thethod described by Ishizawa et al.
(1991) proved to be as simple and gave good reflltsving some minor modifications.
Ishizawa et al. (1991) used a high concentratioNaif(6M) in the extraction buffer. Using
the dried and oil extracted pellet from the MDEybedons, the DNA extraction with 6M
Nal buffer was insufficient and PCR amplificatioasvinconsistent (Table 2).

By reducing the molarity of Nal to 4M and 2M in tbeetraction buffer, the consistency of
DNA amplification was improved with 2M Nal givingpasistent results. The high molarity
of the original Ishizawa et al. (1991) protocol yested pelleting of cell debris even
following extended centrifugation. However, singtetyledons from germinated seeds

(mean dw 1 - 1.5 mg), produced good and consi&t€R amplification with 6M Nal buffer
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(results not shown), indicating that the high drgittar of the MDE (ca. 10mg) may have
affected DNA extraction. Sakamoto et al. (2000) ikirty reported successful DNA
amplification with single seeds (3 - 5 mg) and ygpleaves (5 - 10 mg) @rassicawith the
method of Ishizawa et al. (1991). The method is atsich simpler than the one developed
for DNA extraction from MDE by Horn and Rafalski9@2). In the present study, it was
shown that neither the fatty acid extraction na ttansmethylation with sodium methylate
at high pH did interfere with the subsequent DNAlason. PCR amplification of DNA
isolated from the cotyledons with and without fattgid extraction did not show any
differences. The DNA isolation from MDE cotyleddmgthis method does not require fresh

or liguid nitrogen frozen material: oven dryingd&’ C for 24 hours proved sufficient.

Table 2 Consisteny of PCR amplification of DNA by diffetesxtraction methods using

single dissected cotyledons of microspore derivetrgos ofB. napus

Cotyledons from MDE

Extraction buffer Mean dw Range  Consistency of amplification

(mg) (mg)
6 M 9.9 6-15 6/18
4 M 6.8 4-10 10/18
2M 9.5 5-18 19/20
Edwards buffer 9.5 4-18 4/23

Application of rapid DNA extraction protocols to muiite amounts of tissue are necessary
for efficient handling of large number of samplewever, as shown in Table 2 this may
lead in some cases to inconsistent results, wha lme due to lack of template DNA in the
PCR or due to impurities affecting the polymerastvay. It is therefore recommended to
perform two amplifications, in addition includingimers for a gene naturally present in the
genome (‘Multiplex PCR’). For obvious reasons timternal control should preferentially
be a single copy gene (Mannerl6f and Tenning 1987)he present study we have used
PCR primers for théad2 gene, which specifically amplify the single cdjpgl?2 alleles of
the A-genome of the amphidiploid oilseed rape. 8si the applicability of the ‘Multiplex
PCR’ we used a MDE population derived from a FInple a cross between a homozygous
singly copy transgenic and a non-transgdsriassica napusine. Following fatty acid and

subsequent DNA extraction according to the abowsefileed method, thtad2 gene was
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amplified in all samples except sample 4, indiaatine reliability of the DNA-extraction
method (Fig. 1). ThelsC gene was amplified in only 50% of the genotygesfirming the
expected 1:1 segregation for a single copy traresgea doubled haploid MDE population.

8§ 9 10 11 12 13 14 15 16 17 18 19 20

Fig. 1 Multiplex PCR of a 603bp fragment of th&sC gene together with internal control
amplification of the 1.2klfad2 gene sequence using DNA extracted from 20 MDEBéka
1-20) segregating for thasC gene

The expression of thelsC+ael genes under control of the napin promotor hasiqusly
been shown to cause only a small increase in th@ceacid content (22:1) of the seed oil of
transgenic rapeseed plants (Han et al. 2001).drptesent study this has been confirmed
using the MDE system. A relatively small, but sfgraint 22:1 increase was observed for
the group of MDE carrying thelsC+ael genes (Table 1). However, in tigsC+ael
positive MDE group, the range of 22:1 content wasimlarger. TheplsC+ael positive
MDE genotypes and especially those with a very Hghl content are preferentially
regenerated to plantlets and transferred to thengh®euse so that trait expression in seeds
derived from those plants can be studied. The tete®f the 50% MDE genotypes
carrying the desired transgenes in combination witigh expression of the trait enables
their early selection for plantlet regenerationne® much labour and green house space
are saved during plantlet transfer to soil andrtbitivation in the green house.
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Inheritance and variation of erucic acid content ina transgenic rapeseed

(Brassica napus L.) doubled haploid population

ABSTRACT

Erucic acid (22:1) is a valuable renewable resouhet has several applications in the
oleochemical industry. High erucic acid rapeseeBAR) contains around 50% 22:1. For
its technical use it is desirable to increase thd Zontent and to decrease the eicosenoic
acid (20:1), the polyunsaturated fatty acids canfB/FA, 18:2 + 18:3), and saturated fatty
acids (16:0 + 18:0) content. In the present sttitly transgenic resynthesised rapeseed line
TNKAT, over expressing the fatty acid elongasael) gene in combination with.d-
LPAAT gene fromLimnanthes douglasiiwas crossed with the high erucic acid winter
rapeseed line 6575-1 HELP (High Erucic and Low Bo$aturated fatty acid) having low
content of polyunsaturated fatty acids (50% 22% FPUFA). The hypothesis was that
combination of the involved genes should lead teduced oleic acid (18:1) desaturation
and to an increased availability of oleoyl-CoA, ahishould result in enhanced 22:1
synthesis. Microspores from-plants were cultured and doubled haploid (DH) damere
obtained. The inheritance and variation of 22:%eed oil were studied in DH-lines with 3
replicates in the green house. Erucic acid contaned from 35-59% in the segregating
DH-lines, 46-48% in TNKAT and 49-52% in 6575-1 HEldarental lines. Segregation
pattern suggested that inheritance of erucic agident was controlled by one major locus
following 1:1. Transgené.d-LPAAT-Bn-fag.1 showed a 1:1 segregation confirming the
presence of a single transgene copy. Transgeniclii®d- produced up to 8%
trierucolyglycerol (trierucin), however significanegative effect on the 22:1 content was
found in the DH-population. This result indicatésittthe ectopidael.1 gene may not be
functional. Dividing the DH-population into half @arding to their PUFA content showed
that an 8.1% reduction in PUFA content resulted B1.7% increase in erucic acid content.
Locus specific PCR primers were developed for the tesidentfael.1 (A-genome) and
fael.2 genes (C-genome) Bfassica napusSequencing of thiael.2 gene of TNKAT and
of 6575-1 HELP revealed no polymorphisms. Howevéno single nucleotide
polymorphisms were found for tiael.1 gene. Allele specifitael.1 PCR primers allowed
following the segregation of the TNKAT and the 68/HELP fael.1 allele in the DH-
population. However, presence of neithel.1 allele from TNKAT nor 6575-1 HELP did

leave to a difference in erucic acid content. ThettDH-line had with 59% erucic acid
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content a more than 9% higher value than parenb-@5HELP. Together, the results
indicate that over expression of a functional chiimBn-fael.1 gene could further enhance

erucic acid content in seed oil of this DH-line.

1. INTRODUCTION

Modifying the fatty acid composition drassicaseed oil to increase its value as nutritional
or as industrial oil has been a major objectivdBrassicabreeding programs worldwide.
The conventional approach to fatty acid modificativas explored natural variations or
induced mutations occurring in the same plant gsear close relatives within tiBrassica
genus (Scarth and Tang 2006). There is interesdameloping germplasm in the
Brassicaceae to provide a source of high erucid eapeseed oil for use as an industrial
feedstock. Several types Bfrassicaoil with altered levels of the long chain fattyidic
erucic acid (22:1) have been developed (McVettsle1999, Sasongko and Mdllers 2005).
However, inB. napusand most members of the Brassicaceae, the cortenticc acid in
the seed oil is limited by the fact that erucoylieties are typically excluded from tlse-2
position of the triacylglycerol molecule. At legstrt of this limitation has been attributed to
the specificity of thesn-2 acyltransferase LPAAT (Lysophosphatidic acidltapsferase)
in B. napus which is incapable of utilizing erucoyl-CoA as aanyl donor (Taylor et al.
1992). Thissn-2 exclusion limits erucic acid and eicosenoic d@idk1) content to a total of

66% and prevents the synthesis of trierucin (FEMi093, Katavic et al. 2001).

To overcome this limit, combined efforts in planeéding and genetic engineering have
been undertaken. The gene of an erucoyl-CoA pieteen2 acyltransferaseéd-LPAAT
from meadowfoamLimnanthes douglagihas been successfully cloned and over expressed
in rapeseed (Brown et al. 1995, Hanke et al. 188Ssner et al. 1995, Brough et al. 1996,
Friedt and Luhs 1998). However, this achievemerd m@ accompanied by an increase in
erucic acid content in the seed oil. It is believldt the initial reaction of the four steps
elongation process is rate-limiting in the bioswdis of erucic acid (Cassagne et al. 1994).
B-ketoacyl-CoA synthase (KCS) has been proposedamdidate gene for explaining the
erucic acid level in rapeseed. Studief\cdbidopsis thaliananutants deficient in very long
chain fatty acid (VLCFA) showed that the fatty a@bbngase(fa€l) gene product was
required in the seeds for the elongations from 18:22:1 (Kunst et al. 1992, James et al.

1995). The two geneBn-fael.l and Bnfael.2 mapped in theéB. napusrepresenting the
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parental specieB. rapa (A-genome)andB. oleracea(C-genomeJatty acid elongas@ael)
gene, respectively, showed polymorphism (Fourmdral. 4998). Thdael gene encoding
the KCS (3-ketoacyl-CoA synthase) has been clored & range of plant species and has
been ectopically expressed in high erucic acidsepeé (HEAR), which, however, showed
only a minor increase in 22:1 content (Katavic et2801, Han et al. 2001). Even in
combination with the expression of the-LPAAT no substantial increase in the 22:1

content has been found (Han et al. 2001).

There is some evidence that the cytosolic poolwaiilable oleoyl-CoA or malonyl-CoA
may limit the elongation (Bao et al. 1998, Domergteal. 1999). Sasongko and Mdllers
(2005) combined the genes for high erucic acid emnfcv. Maplus) with those for high
oleic acid/low polyunsaturated fatty acid contedtl{ierholt et al. 2001) in order to increase
the pool of oleoyl-CoA available for fatty acid atgation. However, no significant change
in the erucic acid content was observed. Basedheset results, it was assumed that the

KCS activity may be limiting the erucic acid syndisein those rapeseed forms.

To test this hypothesis a resynthesised transdagit 22:1 rapeseed line, expressing a
single copy of theBrassica napuda€el gene Bn-fael) in combination with a 22:1-CoA
specific lysophosphatidic acid acyltransferase ftomnanthesdouglasii(Ld-LPAAT) gene
both under control of the strong seed specific mapomoter (Han et al. 2001), was crossed
with a non-transgenic High Erucic acid and Low Rolyaturated fatty acid (HELP) line
6575-1 (Sasongko and Mdllers 2005). Thereby, the dontent of polyunsaturated fatty
acids is inherited by one major and probably twdhieee minor genes (Schierholt et al.
2001, Sasongko und Mdllers 2005). This indicates éhlarge number of,fplants need to
be cultivated in the green house to identify a ggebomozygous genotype with a high
probability. As an alternative way to overcome thpsoblems, doubled haploid (DH) lines
could be produced through microspore culture (lachi©82, Fletcher et al. 1998).

In the present study,fplants of the above mentioned cross was usedoupe DH-lines.
Those were then grown along with parental lines ireplicated experiment in the green
house to study the inheritance of erucic acid cur@ed other seed quality traits. Another
objective was to develop locus and allele spe€H2R primers to follow the segregation of
the erucic acid alleles at the endogeniaet.1 Brassica rapa..) and thefael.2 Brassica

oleraceal.) loci.
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2. MATERIALS AND METHODS

2.1 Plant materials

TNKAT: A resynthesised transgenic winter rapeseed lirfe3(8) was derived from an
interspecific cross between Yellow SarsdBrassica rapa and cauliflower Brassica
oleraceasp. capitatg cv. Super Regama as outlined by Lihs and Fri2l4). RS306 was
used forAgrobacteriummediated transformation to produce TNKAT line garg a single
transgene copy (chimeri@n-fael.1 withLd-LPAAT, both control under seed specific napin
promoter; see Han et al. 2001). TNKAT seeds wemwiged by Dr. Margrit Frentzen,

University of Aachen, Germany.

6575-1 HELP (Hgh Erucic and low Polyunsaturated fatty acid)This line was kseed

generation of winter rapeseed with 27% 18:1, 7%2488:3 and 50% 22:1 content
(Sasongko and Modllers 2005) obtained from a crossvden the winter rapeseed cv.
Maplus and the high oleic acid doubled haploid @intapeseed line DH XXII D9 (for

details see Sasongko and Médllers 2005).

Doubled haploid plant populatiorf;-plants were obtained after crossing TNKAT x 6575-1
HELP. They were used as donors for microspore myjlinhich was performed according to
a protocol described by Fletcher et al. (1998)stFgeneration DH-lines were produced
during the period December 2004 to June 2005.

2.2 Methods

2.2.1 Growing of the plants for green house expenim

A green house experiment was performed during #reog August 2006 to April 2007
(from sowing to harvest). Ninety doubled haploidH)Dlines derived from the above
mentioned cross along with their parents were sowmultipot trays containing T-soil
(Fruhstorfer Erde; pH 5.9) with each five replicats, and allowed to grow for 3 weeks. For
vernalisation, seedlings were then transferred?@témperature with 8 hours (hrs) light for
8 weeks.

2.2.2 Conducting the green house experiment
Following vernalisation plantlets were transferted® cm diameter pots containing normal
compost soil. Green house experiment was conduolemving a randomized complete

block design with 3 replications using 3 plantliis each DH-line and parents. Each steel



Manuscript Il /5

bench (table) inside the green house representedngplete block consisting of all
genotypes (DH and parents). Plantlets were allotwegiow in the green house providing
16 hrs day-light by using additional 400 Watt Sodlisteam lamp. Temperature during the
day was varied from 20°C to 25°C and night was ft@3C to 15°C, respectively. Hakaphos
fertilizer containing N:P:K 15:11:15 + 0.2% tracénerals was added at fortnight on the top
soil (100 mg) of each pot until maturation of tHarps. Insecticide was applied when aphid
and thrips attack was recognized. Sulfur vapoumplugvas constant during the whole
experiment to avoid fungal diseases. Self-fertilicsawas imposed to the plants by covering
the flowers of the main raceme with crisp-plasttg® Selfed-seeds were harvested from

main raceme only, when they were mature.

2.2.3 Data collection
i. Seed filling period
Begin of flowering (first open flower) and maturifgnost of siliques turned to brown) was

scored and from these data seed filling period waleulated for each individual plant.

ii. Trierucin and fatty acids analysis and detemation of oil and protein content

Bulked seed samples (150 mg) were analysed fautiie (G, EEE) content of the DH
seed samples by high temperature gas liquid chagregghy (HT-GLC) analysis of fatty
acid esters according to the method described biekddet al. (1997). The analysis was
done using silicon capillary column RTX-65TG (Réste. 17005) 15 m x 0.25 mm i.d.
(0.1 um film thickness). Remaining part of the samplerafaking for trierucin analysis was
transferred to a new tube and left on a hot platd7a6’C over night to evaporate. Fatty
acids composition was analysed using the samplembyiquid chromatography according
to Rucker and Robbelen (1996). Trierucin and fatigls are expressed as % of the sum of
all triglycerides and fatty acids, respectively.eTtollowing fatty acids were determined:
palmitic acid (16:0), stearic acid (18:0), oleigda(l8:1), linoleic acid (18:2), linolenic acid
(18:3), eicosenoic acid (20:1) erucic acid (22:4y amervonic acid (24:1). Saturated fatty
acid content (SFA) was calculated from the suméo® & 18:0, polyunsaturated fatty acids
content (PUFA) was calculated from the sum of 1883 and monounsaturated fatty acid
content (MUFA) was calculated from the sum of 1Q#+22:1+24:1. Seed oil and
protein content was determined by Near-InfrareddRé&ince Spectroscopy (NIRS) using
the equation raps2001.ega Tillmann (2007). Valuesevadjusted for 14 mm PVC adapter

using regression equations and expressed on sgadatter basis.
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iii. DNA isolation and PCR amplification of the tregend.d-LPAAT

100 mg fresh leaf sample was quickly frozen by oligpn liquid nitrogen (-96°C) and
homogenised with the plastic pestle in 300 ul dfaction buffer. The extraction buffer
consisted of 2M Nal, 13 mM EDTA, 0.5% sodium N-lalyt sarcosine, 26 mM Tris-HCI,
pH 8.0 (modified; Ishizawa et al. 1991). To hayaoaitive control for the presence of DNA
in the PCR mix, a locus-specific primer pair wagdisor thefad2 gene of theBrassica
napusA-genome B. rapg (Spiekermann 2003). Multiplex-PCR for tfeed2 and thel.d-
LPAAT gene was performed as described in Nath et aD7)20To the PCR reaction
products, 5 ul of loading buffer was added and sorma 1.5% agarose gel containing TE
buffer. After electrophoresis at 90V for 5 hours thel was stained with ethidium bromide
for 20 min and subsequently washed in a water fmatR0 min and photographed on UV
trans-illuminator to detect DNA bands.

iv. Development ofa€l locus and allele specific PCR markers

Previously published sequences of thel.1 promoter (AF275254.1) and coding sequence
(AF274750.1) of the winter rapeseed cultivar AskBrinapus Han et al. 2001) were used
to develop locus and allele specific PCR Prime@@RRrimers were picked using Primer3
software at http://frodo.wi.mit.edu/cgi-bin/primé&p8mer3_www.cgi (Rozen and Skaletsky
2000). Thefael specific PCR primers (Primers No. 19 and 20; &ab) were used to
amplify part of thefael 3 promoter region and’=xoding sequence from a genetically
diverse collection ofB. rapa and B. oleraceagenotypes (Table 2). Amplicons were
sequenced on a capillary electrophoresis ABI 31lioWwing a standard protocol. Multiple
sequences were aligned using the Clustalw 1.8 anogr at
http://searchlauncher.bcm.tmc.edu/multi-align/malign.html. Sequencing of the PCR
products from -91 to 690 bp revealed few differeneenong theB. rapa and theB.
oleraceagenotypes (data not shown). Consistent differebetseen th@®. oleraceaandB.
rapa sequences were only found at 63 bp and 72 bp €T3blThese differences were used
to design locus specific forward and correspondegrse primers (Primers No. 24/25 and
No. 26/27; Table 1). Using tH&rassicacollection shown in Table 2, the primers proved to
be species specific (data not shown). The locusifsp@rimers were used to amplify and
sequence thiael.l and thdael.2 alleles from th®. napusgenotypes TNKAT and 6575-1
HELP. Downstream sequencing did not reveal diffeesrbetween the TNKAT and 6575-1
HELP sequences (data not shown). Hence, sequeffiesedces at 63 bp (from ATG) and
72 bp were used to design locus specific reverseeps which were used in combination
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with a forward primer located in tHiael promoter region (Primers No. 43/44 fagl.1 and
No. 43/45 forfael.2). Fael.2 sequences of TNKAT and 6575-1 HELP did not slaowy
differences (data not shown). Howevéel.1 sequences of TNKAT and 6575-1 HELP
showed at two positions single nucleotide polymamis (Table 3). The first
polymorphism (G for 6575-1 HELP, C for TNKAT) wasad to design primer No. 46
which in combination with primer 44 proved to spieailly amplify the 6575-1 HELP
fael.l allele. No amplification occurred with DNA frooauliflower cv. Super Regama (C-
genome donor of TNKAT; seeds were obtained fromegeank Gatersleben, Accession
number BRA 1381) nor with TNKAT. Multiplex-PCR waerformed with DNA extracted
from the 90 DH-lines including primers No. 46/44ddad2 specific primers as described
above and in Nath et al. (2007) using annealingptature at 61° C for 60 sec.
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Table 1 Locus and allele speciffael PCR primers.

No. | Forward Primer 5>3' No. | Reverse Primer's3' T °C | Size | Description (Forward / reverse)

19 | GGCACCTTTCATCGGACTAC 20 | CGTTCGAACCGTGTGAACTA 60.0 | 1070 fael promotor fael coding sequence

24 | TCAACCTTTGCTTCTTTCCG 25 | GAGAAACATCGTAGCCATCAMAS.0 | 1537| fael.l locus specificfael coding sequence
26 | TCAACCTTTGTTTCTTTCCA 27 | AGAACACCATTGCATTCTTT| 50.0 | 1572| fael.2 locus specificfael coding sequence

43 | TGTTTCATATATTTAGCCCTGTTCA| 44 | ATCGCCGTTAACGGAAAGAAGHE.5 | 529 | fael promotor fael.l locus specific
43 | TGTTTCATATATTTAGCCCTGTTCA| 45 | TCGCCGTTAATGGAAAGAAA 56.5 | 528 | fael promotor fael.2 locus specific
46 | GAGACAGAAATCTAGACTCTTTATTHE | ATCGCCGTTAACGGAAAGAAGBL.0 | 432 | fael.l 6575-1 HELP specificfael.1 locus specifig
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Table 2 Consistent differences betwekagl sequences of differeBt rapaandB. oleraceagenotypes and tHfael.1 sequence d@. napuscy.
Askari (AF AF274750.1).

1 ..46 61 76 90
Brl Opava (winter turnip; '++") ATG ... AACCTTTTCAACCTT TGCTTCTTTCCGTTA ACGGCGATCGCC
Br2 Yellow Sarson China Fu * ATG ... AACCTTTTCAACCTT TGCTTCTTTCCGTTA ACGGCGATCGTCGCC
Br3 Chinese cabbage cv. Storkin* ATG ... AACCTTTTC AACCTT TGCTTCTTTCCGTTA ACGGCGATCGTCGCC
Br4 ssp.  pekinensis ChinaFu * ATG ... AACCTTTTCAACCTT TGCTTCTTTCCGTTA ACGGCGATGTCGCC
Br5 Arktus (winter turnip; '++") ATG ... AACCTTTTCAACCTT TGCTTCTTTCCGTTA ACGGCGATCGTCGCC
Br6 Yellow Sarson CR2232, IPKG ATG ... AACCTTTTCAA CCTT TGCTTCTTTCCGTTA ACGGCGATCGTCGCC
Br7 Perko (winter turnip, tetraploid;'++") ATG ... AACCTTTTCAACCTT TGCTTCTTTCCGTTA ACGGCGATCGTCGCC
Br8 Yellow Sarson S1 cv. Sampad 8 ATG ... AACCTTTTCAACCTT TGCTTCTTTCCGTTAACGG CGATCGTCGCC
Br9 Brown Sarson CR2347-99a, IPKG ATG ... AACCTTTT CAACCTT TGCTTCTTTCCGTTA ACGGCGATCGTCGCC
Bnl Askari  fael.l (AF274750.1) ATG ... AACCTTTTCAAC CTT TGCTTCTTTCCGTTA ACGGCGATCGTCGCC
Bol Green cabbage cv. Rustico* ATG ... AACCTTTTCA ACCTT TGTTTCTTTCCATTA ACGGCEBBGTCGCC
Bo2 Brussels sprouts cv. Roger* ATG ... AAC CTTTTCAACCTT TGTTTCTTTCCATTA ACGGCGATCGTCGCC
Bo3 Cauliflower cv. Alverda* ATG ... AACCTTT TCAACCTT TGTTTCTTTCCATTA ACGGCGATCGTCGCC
Bo4 Savoy cabbage cv. Salarite* ATG ... AAC CTTTTCAACCTT TGTTTCTTTCCATTA ACGGCGATCGTCGCC
Bo5 Broccoli cv. Montop* ATG ... AACCTTTT CAACCTT TGTTTCTTTCCATTA ACGGCGATCGTCGCC
Bo6 White cabbage cv. Stardon* ATG ... AAN CTTTTCAACCTT TGTTTCTTTCCATTA ACGGCGATCGTCGCC
Bo7 Stem cabbage cv. Express Forcer* ATG ... AACCT TTTCAACCTT TGTTTCTTTCCATTA ACGGCGATCGTCGCC

Br = Brassica rapaBn =Brassica napusBo =Brassica oleracea

IPKG = accessions obtained from the genebank IPt€Glaben

* Seeds were obtained from Syngenta Seeds, Klemem@y;" seeds were obtained from Prof. Fu, Huazhong Aljual University, Wuhan, Chinaseeds
were obtained from Dr. Rahman, Danisco, DK.

Template forfael.1 locus specific reverse PCR primeTTCTTTCCGTTAACGGCGAT(Primer No. 44; Table 1)
Template forfael.2 locus specific reverse PCR priniEFTCTTTCCATTAACGGCGA(Primer No. 45; Table 1)

Brl, Br5, Br7:B. rapasubspoleifera, Br2, Br6, Br8:B.rapavar.trilocularis, Br3: B. rapavar.pekinensisBr9: B. rapasubspsarson
Bol:Brassica oleraceaubspacephalaBo2: Brassica oleraceaubspcapitatavar gemmiferaBo3: B. oleraceasubspbotrytis Bo4:B. oleraceavar.sabaudaBo5:B.
oleraceasubspbotrytisvar.cymosaBo6:B. oleraceasubspcapitata Bo7: B. oleraceasubspgongyloides
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Table 3 Sequences and sequence difference betvaetrl (A-genome) of 6575-1 HELP
and TNKAT.

6575-1 HELP Prinmer 43/44
CGCATTTTTATTTAAAATTTGTAAACTTTTTTGGTCAAAGAACATTIATAGSAGACAGAAATCTAGACTCT

-323
TTATTTGSAATAATAATAATAAAGAAGATATTTTGGGCAATGAATTTATGATGITITRNTATAGTTTATTTC
ATTTTAAATTGAAAAGCATTATTTTTATCGAAATGAATCTAGTATAOMTAGTTTTTTTCATCAGATACT
TTCCTATTTTTTGGCACCTTTCATCGGACTACTGATTTATTTCAATEEGCAAGCATGAGCATGAGTATACA
CATGTCTTTAAAAATGCATGTAAAGTGTAACGGACCACAAAAGAGINIAFZN ACATCTCATCGCTTCCA

1

TTACTATTCTCCGACACACACACTGAMCGACGTCCGTTAACGTAAAGCTCCTTTACCATTACGTCATAACCA
ACCTTTTCAACCTTTGCTTCTTTCCGTTAACGGCGAT

TNKAT Priner 43/44
CTTTTTATTTAAAATTTGTAAACTTTTTTGGTCAAAGAACATTTTGTABAGACAGAAATCTAGACTCTTTA

-323
TTTCGAATAATAATAATAAAGAAGATATTTTGGGCAATGAATTTATGATGITTATATAGTTTATTTCATT
TTAAATTGAAAAGCATTATTTTTATCGAAATGAATCTAGTATACAAPATCAT TTTTTCATCAGATACTTTC
CTATTTTTTGGCACCTTTCATCGGACTACTGATTTATTTCAATGTGARGGATGAGCATGAGTATACACAT
GTCTTTAAAAATGCATGTAAAGTGTAACGGACCACAAAAGAGGATIIONRACATCTCATCGCTTCCACTA

1

CTATTCTCCGACACACACACTGAEIGACGTCCGTTAACGTAAAGCTCCTTTACCATTACGTCATAACCAACC
TTTTCAACCTTTGCTTCTTTCCGTTAACGGCGAT

Position of Forward Primer 46: GAGACAGAAATCTAGACTCT TTATTTG
Position of Reverse Primer 44: TCTTTCCGTTAACGGCGAT

2.2.4 Statistical analysis
Analysis of variance was performed using the Pl&needing Statistical Program
(PLABSTAT, Version 2N, Utz 2007) with the followingodel:

Yy =0, tr; +&
where:Yjj was observation of genotypén replicatej; g andrjwere the effects of genotype
i and replicatg, respectively and; was the residual error of genotypim replicatej. The
replicates were considered as random variable.ipelmean comparisons were made with
Fisher's least significant difference (LSD) proaedusing StatGraphics Plus for Windows
3.0 (Statistical Graphics Corp., Rockville, USA).

The heritability was calculated from the varianoenponents using following formula:

h2 — OZG
72 22

0 G+OE/r

where, i = heritability;6%c = genetic variances’ = error variance and r = number of

replicates.
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The number of transgene copy segregated amongthknBs was calculated using test

for a fixed ratio hypothesis described by Gomez @onchez (1976) following the formula:

2
2= Z(observed/alue— expected/alué with (p-1) degree of freedom

P
i1 expectedialue

Where p is the total number of observed classes.

The effect of transgene and non-transgene, lowhagid PUFA andael.1l genes of 6575-1
HELP on different traits was analysed by LSD (lesighificant difference) by comparing
two pair of treatment means considering differamhber of observations of the treatments

following the formula proposed by Gomez and Goni&76):

LSD=t(g05) X SZ(%i +/an

Where, LSD is the least significant differencelod two treatments pair at 0.05 probability
of significance t.os) is the tabular value dfat 0.05 probability of significance and with
error degree of freedorg’ is the error mean square from the analysis ofanag ri andrj

are the number of observations-o andj-th treatments, respectively.

Spearman’s rank correlation coefficients were dated using PLABSTAT software
version 2N (Utz 2007). Direct and indirect path fiogents of the path coefficient analysis

were calculated as described in Lynch and WalsBg)t9
k
ri =F, +Zii’R/i' for i1

where: ry; is the correlation coefficient between théh causal variableX{) and effect
variable ¢), riy is the correlation coefficient between thth andi’-th causal variable;

is the path coefficient (direct effect) of tineh causal variableX), ri Py is the indirect
effect of thei-th causal variable via theth causal variable. To determine the direct effect
square matrices of the correlation coefficientsMeen independent traits in all possible
pairs were inverted and multiplied by the correlatcoefficients between the independent
and dependent traits. Path coefficient analysis pexrformed for erucic acid content as
affect variables and SFA, 18:1, PUFA, 20:1 anduda content were considered as causal

variables.
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3. RESULTS

3.1 Phenotypic variation among DH-lines

The DH-population showed highly significant varats for all traits; seed filling period,
oil, protein and different fatty acids content &ed oil (Table 4). Erucic acid was the most
prominent fatty acid, accounting for 47.1% of tb&at fatty acid content, followed by oleic
acid (19.7%), PUFA (15.9%), eicosenoic acid (9.2%) SFA (4%). Nervonic acid (24:1)
content was only 1.2% in the DH-population. A coesable quantitative variation was
found for 22:1, 18:1, PUFA and 20:1 content (TadjeLarge variations were also found
for seed filling period, oil and protein contentarge and highly significant variance
component of the genotypes were found for allgrafiariance components for the effect of
replication were small. However, variance comporerérror was comparatively large for
seed filling period, oil, protein, oleic and erucecid content. Nevertheless, high
heritabilities were found for all traits rangingfn 0.79 to 0.96. The parental line 6575-1
HELP had a higher erucic acid and oleic acid andvwer PUFA content compared to
TNKAT (Table 4). The frequency distribution of efti@cid content appeared to involve
two phenotypic classes (Figure 1); however, thesga were not distinct. Chi square test
(xz(o,os) = 1.6 NS) showed that the segregation pattern eeasistent with 1:1 model,

indicating that this trait was controlled by allelgt one locus.
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Table 4 Means, ranges, variance components and heritebilitf) of seed filling period,
oil, protein and different fatty acids content (%) 90 DH-lines derived from the cross
between TNKAT x 6575-1 HELP, along with parentaks.

Item Seed filling Oil  Protein Fatty acid content (%)

period contentcontent SFA 18:1 PUFA 20:1 22:1 24:1 MUFA
Mean 67 40.5 29.6 40 19.7 159 9.9 47.1 1.2 76.7
Minimum 50 28.3 20.6 24 9.1 5.6 3.9 34.6 0.2 62.0
Maximum 96 50.7 37.5 59 365 279 189 591 2.3 88.1
TNKAT 75.0 40.8 30.9 41 159208 10.0 46.1 11 731
HELP 62.0 46.4 25.1 3.8 26884 7.9 50.4 0.8 85.9
o’s 382" 125 59 04 179 228 59 1977 0.05 27.8
0%r 2.7 0.12 0.1 0.0 0.1 0.2 0.0 0.1 0.0 0.1
0% 16.4 1.7 3.7 0.23 49 2.2 1.9 7.5 0.04 3.2
h* 0.87 082 082 083 091 09 090 088 0.79 0.96

" significant at p=0.01, F-Test in analysis of vada
SFA =16:0 + 18:0; PUFA =18:2 + 18:3; MUFA = 1&P20:1 + 22:1 + 24:1
0%c genetic varianceg’r variance for replicationy?e error variance and’theritability
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Figure 1 Distribution of erucic acid content in the DH-pdgion derived from a cross
between transgenic high erucic acid (TNKAT) and-tr@msgenic (6575-1 HELP) rapeseed

lines in comparison to parents. Parental valuesherenean + standard deviation.
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3.2 Effect of theLd-LPAAT gene on erucic acid content and other traits

All the DH-lines of the population were groupedoirttvo categories on the basis of the
presence and absencelaFLPAATtransgene confirmed by PCR amplification (Natlalet
2007) and by estimating trierucind§CEEE) content in case at-LPAAT positive. Among
the DH-lines, Ld-LPAAT positive and Ld-LPAAT negative were 54 and 36 lines,
respectively (Table 5). The segregation patternddf PAATgene was investigated by chi-
square f?) test for 1:1 segregation, the calculated valuehdsquare was 3.6, which is non-
significant, indicating that the DH-population segated for one copyd-LPAATtransgene.
The effect of transgene was investigated by compgatfie mean between two groups of
DH-lines using least significant difference (LS@st The mean difference indicated that
the transgene had significant negative effect d%2on erucic acid content. On the other
hand,Ld-LPAAT positive plants had a 3% and 3.4% higher PUFA tamducin content,
respectively (Table 5). Frequency distribution glevith the mean values of the two groups
of DH-lines for 22:1 content have been presentedragxample to see the effect Lal-
LPAATgene, the DH-lines were randomly distributed ithbaf the groups (Figure 2). The
values of mean difference of two groups indicateat transgene had significant negative
effect on seed filling period, oil, oleic acid amMUFA content. Significant positive
differences were observed fod-LPAAT positive plants in case of PUFA and 20:1 content.

There were no statistical differences for prot&RA and 24:1 content (Table 5).

Table 5 Comparison between two groups of DH-lines for défe traits with segregation
pattern of transgene in the DH-population derivednfthe cross TNKAT x 6575-1 HELP.

Mean value of the traits
Seed Oil Protein SFA 18:1PUFA 20:1 22:1 24:1 MUFA Trierucin

Line o
filling contentcontent
period
Ld-LPAAT
N 54 67 39.8 29.7 4.1 18.27.1 11.046.2 1.2 76.6 3.4
positive
Ld-LPAAT
_ 36 416 294 39 21941 83 48512 799 0.0
negative
Mean * * * * * *
_ -2 -1.8 03 02 -3730 28 -23 00 -33 34
difference

LSD (0.05) 1.7 1.2 0.8 02 0906 06 12 01 o0.8 1.8
" significant at p=0.05
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16 TNKAT =46.1+1.3 6575-1 HELP =504+ 1.2

14 -
B LPAAT positive (X1)

O LPAAT negative (X2)
12 A

10 A

Frequency (n)
(o]

: BB
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Erucic acid (%)

Figure 2 Frequency distribution of erucic acid content wbtgroups of DH-lines L(d-
LPAAT positive andLd-LPAAT negative) in the DH-population derived from a sros
between TNKAT x 6575-1 HELP along with parental meaParental values are the mean

+ standard deviation.

3.3 Effect of PUFA content on erucic acid contentral other traits

Since, thd.d-LPAATtransgene did not show any considerable effe@ranic acid content,
the question arose how individual doubled haplamg lachieved up to 59% erucic acid
content, although both parental lines had much toxatues (Table 4). Therefore, the effect
of PUFA content on erucic acid as well as on otrats was investigated. DH-population
was grouped into two classes based on the medne #fWFA content (Table 6). Among the
DH-lines, 41 lines were low (below averag€;5.9%) and 49 were high (above average;
>15.9%) in PUFA content, respectively. The low PUE&lAss had 3.7% higher erucic acid
content compared to the high PUFA class (TableT6e mean difference of two groups
indicated that low PUFA genes also had positiveaffon oil (+2.2%) and oleic acid
(+5.6%) content. Significant negative differencer@vobserved for low PUFA class in case
of protein (-1.6%), SFA (-0.7%) and PUFA (-8.1%)ntent. There were no statistical
differences for seed filling period, 20:1, 24:1 aMdFA content (Table 6).
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Table 6 Comparison between lovwx15.9%) and high (>15.9%) PUFA content of DH-lines
for different traits in the DH-population deriverin the cross between TNKAT x 6575-1
HELP.

Mean value of the traits
Line n Seed filling Oil Protein SFA 18:1 PUFA 20:1 22:1 24:1 MUFA

period content content

DH with

67.4 41.7 287 3.6 228114 9.7 49.21.2 82.9
low PUFA
DH with
) 68.0 39.5 30.3 4.3 17.295 10.1455 1.2 73.9
high PUFA
Mean . * x
_ -0.6 22 -16 -07 56 -81 -04 37 00 9.0
difference
LSD (0.05) 1.7 1.2 0.8 02 09 06 06 11 01 0.8

" significant at p=0.05
SFA =16:0 + 18:0; PUFA =18:2 + 18:3; MUFA = 1&P20:1 + 22:1 + 24:1

3.4 Effect of thefael.l allele from TNKAT and 6575-1 HELP on erucic ad content
and other traits

Since, the cv. Maplus as well as thereof the ddriev PUFA line 6575-1 HELP had
higher erucic acid content than TNKAT, it was pregd that this difference may be due to
effect of the alleles of the endogenous erucic gadesfael.l B. rapg andfael.2 B.
oleraced. Thereforefael.1 andfael.2 locus specific primers were developed (Tabénd
2). It was assumed that there may be allelic difiees of thdael genes from A- and C-
genome in the parental lines TNKAT and 6575-1 HEWRich could segregate in the DH-
population. TNKAT parent was a resynthesised lirgivetd from inter-specific cross
between Yellow SarsorB( rapg for A-genome figel.1) and the cauliflower variety Super
Regama for C-genomdagl.2). On the other hand, 6575-1 HELP parental ¢tioetained
alleles for bothifael genes from the high erucic acid winter rapeseexdv. Maplus, with
unknown A- and C-genome donor. Differences betwbernsequences were only found for
the fael.1 alleles from 6575-1 HELP and TNKAT (Table 3)t mot between théael.2
alleles. The DH-lines were categorized into twoug® on the basis of the presence and
absence of thiael.1 allele from 6575-1 HELP line i.e. Maplus by P@Rplification using
allele specific primers (Table 1 and 3; for resskte example in Figure 3). Among the DH-
lines 54 lines were found havirigel.1 allele from 6575-1 HELP (cv. Maplus) and 36 DH-
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lines hadfael.l allele from Yellow Sarson of parental line TNKAThere was no
significant difference observed in case of the gmee offael.1 allele of 6575-1 HELP for
erucic acid content in DH-population, although dntributed 1% more 22:1 (Table 7)
compared to the allele fdael.1 gene from TNKAT. Significant positive differemavas
observed in case of MUFA (+1.7%) content and sigaift negative difference observed in
case of PUFA (-1.5%) content. All other recordexit$rexhibited non-significant difference

in case of absence or presenc8ofapa(A-genome¥ael.l allele (Table 7).

Table 7 Effect of fatty acid elongaséagl.1) gene from different sources on different rait
in the DH-population derived from the cross betw@BiKAT x 6575-1 HELP.

Mean value of the traits
Line n Seed filling Oil ProteinSFA18:1 PUFA 20:1 22:1 24:1 MUFA
period content content

DH with fael.1

67.6 41.0 29.2 4.20.0 153 9.9 47512 78.6
allele of HELP
DH with fael.1

68.1 39.8 30.0 4.19.2 16.8 10.046.5 1.1 76.9
allele of TNKAT
Mean difference -0.5 1.2 -0.8 -0A8 -15 -06 1.0 0.1 1.7
LSD (0.05) 1.7 1.2 08 0209 06 06 12 01 08

“significant at p=0.05
SFA =16:0 + 18:0; PUFA = 18:2 + 18:3; MUFA = 18:P20:1 + 22:1 + 24:1

Figure 3 Multiplex-PCR of a 432bp fragment of tfeel.1 gene together with internal con
amplification of the 1.lkbfad2 gene sequence using DNA extracted from 8 DH §
segregating for th&ael.1l gene of 6575-1 HELP from A-genomeBfrapa(Lanes 310 DH.
lanes 1 ani2 are TNKAT and 657-1 HELP as control
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3.5 Correlations between traits and path coefficiegnanalysis in the DH-population
Spearman’s rank correlation coefficients analydiewsed strong negative correlations
between erucic acid and SFA%r-0.64"), PUFA (= -0.40") and eicosenoic acid content
(rs= -0.71") (Table 8). Oil content showed significant postisorrelations with oleic acid,
eicosenoic acid and MUFA and negative correlatiath ywrotein, SFA, PUFA and trierucin
content. Protein content also showed positive Bagmit correlations with SFA and PUFA
content and significant negative correlations vitsic, eicosenoic acid and MUFA content.
PUFA showed strong positive correlation with SFAl atrong negative with oleic acid. The
variation in MUFA content is caused by the variatia SFA (&= - 0.75 ), PUFA (&= -
0.99"), oleic acid (&= 0.747) and erucic acid & 0.43") content and not by the variation in
eicosenoic acid and 24:1 content (Table 8). Thétescplot for 22:1 vs. trierucin showed
two distinct groups and no correlation was obserwgth a considerable variation in

trierucin content (Figure 4).

Table 8 Spearman’s rank correlation coefficients) @mong different traits in the DH-
population derived from the cross between TNKAT5¢S-1 HELP (n = 90).
Traits Seed filling Oil Proteir SFA 18:1 PUFA 20:1 22:1 Trierucin® 24:1

period contentontent

Oil -0.07
Protein 0.09 -0.78

SFA 0.04 -0.33 0.36

18:1 -0.11  0.35 -0.28" -0.34

PUFA 0.11 -0.43 0.45 0.69 -0.76

20:1 -0.09 0.27-0.29° 0.26 0.15 0.05

22:1 -0.03  0.04 -0.090.64" -0.11 -0.40" -0.71"

Trierucin®  -0.11  -0.27 0.04 0.03 -0.41 0.15 0.27 0.06

24:1 0.16  -0.20 0.15 -0.27 -0.23 -0.02 -0.52" 0.47° 0.02

MUFA -0.10 0.45 -0.47 -0.75 0.74 -0.99" -0.050.43" -0.14 0.03

", significant at p=0.05 and p=0.01, respectively
SFA =16:0 + 18:0; PUFA =18:2 + 18:3; MUFA = 18:20:1 + 22:1 + 24:1
* correlations are calculated considering complefufation
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Figure 4 Scatter plot of erucic acid and trierucin conteh9® DH-lines compared with
their parents (each point is the mean of 3 platésived from a cross between TNKAT x
6575-1 HELP. NS = Non-significant.

Oleic acid (18:1) is the primary precursor for ecuacid biosynthesis, however only a very
weak negative correlation between the two traiteewabserved {r= - 0.11). The question
arose whether erucic content was directly affedigdbleic acid or other fatty acids, or
indirectly via other fatty acids, which showed sigocorrelations with 18:1 content.
Therefore, a path coefficient analysis was usepattition the correlations into direct and
indirect effects considering those fatty acids whgzem to be primary components for
erucic acid biosynthesis (Table 9). Path coefficemalysis showed a strong direct negative
effects of oleic acid (-0.57), PUFA (-0.65) andasienoic acid (-0.55) on erucic acid
content. There was also negative direct effectFA £0.25) on the content of erucic acid in
the DH-population. Trierucin showed negligible direffect (0.08) on 22:1 content. There
were indirect effects on erucic acid content viaeotfatty acids, especially in case of SFA

and 18:1 via PUFA content and PUFA and trierucenM8:1 content (Table 9).
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Table 9 Direct and indirect effects of different fatty dsiknown as substances on erucic
acid content in the DH-population derived from assbetween TNKAT x 6575-1 HELP.

Trait Indirect effect on erucic acid via Direct effect on erucic acid
SFA 18:1 PUFA 20:1 Trierucin

SFA - 0.20 -0.45 -0.14 0.00 -0.25

18:1 0.08 - 0.49 -0.08 -0.03 -0.57

PUFA -0.17 0.44 - -0.03 0.01 -0.65

20:1 -0.06 -0.09 -0.03 - 0.02 -0.55

Trierucin ~ -0.01 0.24 -0.10 -0.15 - 0.08

Residual effect = 0.34

3.6 Comparisons of mean among parents and selectdst DH-lines in the DH-
population

Comparisons were done among the means of threete@IBH-lines for high 22:1 content
with the means of parents to find out whether test IDH-lines were significantly different
from their parents for different phenological andbty traits. DH-line IV-10-F-6 contained
the highest amount of erucic acid (59.1%), MUFA.886) and trierucin (8%) with lower
amount of SFA, 18:1 and PUFA. The other two DH4in¥l-10-D-6 and IX-10-C-8
contained 57.6% and 56.6% erucic acid respectiwehich were also statistically higher
than both of the parents TNKAT and 6575-1 HELPpeesively (Table 10). DH-line 1X-
10-C-8 showed the highest oil (43.6%) and MUFA 98%) content that were statistically
different from the parent TNKAT and equal to the7s68. HELP parent (Table 10). The
best DH-line, 1V-10-F-6 exhibited mean values feed filling period (84 days), oil (36.6%)
and protein (31%) which content were similar to tteasgenic parent TNKAT (Table 10).
Only the DH-line IV-10-F-6 showed higher amounttoérucin (8%) content compared to
transgenic parent TNKAT and other DH-lines.
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Table 10Mean comparisons among parents and the three id-8elected for high erucic
acid content from DH-population derived from thess TNKAT x 6575-1 HELP for

different traits after multiple range test.

Line Seed Oil protein Fatty acid composition (%)

filling contentcontent
. SFA 18:1 PUFA 20:1 22:1 24:1 MUFA Trierucin

period
TNKAT 75.0b 40.8b 30.9a4.1a159d 20.8a10.0a46.1d1.1bc73.1c 6.1b
HELP 62.0c 46.4a25.1b3.8b268a84cd79b 504c 0.8c 859a -
IV-10-F-6 84.0a 36.6b31.3a26el17.5c 9.1c 78b59.1a 19a86.3a 80a
XI-10-D-6 77.0b 422a27.7b3.4c145d 128b79b57.6abl1l.4b 81.4b 57b
IX-10-C-8 63.0c 43.6a26.8b3.1d235b 7.0d 6.4c56.6b 14b87.9a 39b

LSD(0.05) 6.5 4.4 31 07 35 23 22 44 03 28 1.8

SFA =16:0 + 18:0; PUFA = 18:2 + 18:3; MUFA = 1820:1 + 22:1 + 24:1
Mean values with different letters indicate sigraiint differences at p = 0.05 (Fisher’s LSD)

4. DISCUSSION

The first intention of the present study was talgtthe inheritance of erucic acid content
and other seed quality traits in the segregatingprm#inant DH-population. Another
objective was to develop locus and allele spe€fzR primers to follow the segregation of
the erucic acid alleles at the endogeniagd.1 B. rapal.) and thefael.2 B. oleraceal.)
loci. Ninety microspore derived DH-lines were prodd from the Eplants of the cross
between resynthesised transgenic high erucic apdseed line TNKAT and a high erucic
and low polyunsaturated winter rapeseed line 65FELP. This material was tested with

three replicates along with the parental lines greeen house experiment.

The analysis of variance showed highly significdifference for different phenological and
quality traits (Table 4). Microspore derived doubleploid (DH) lines offer a quick means
of getting homozygous segregating generation ferttaits through chromosome doubling.
Efficient genetic investigations could be carriedt mwn specific trait, based on the
assumption that microspore-derived populationectfa random sampling of segregating
Fi-gametes (Chen and Beversdorf 1990). The amouvaradtion in different phenological
and quality traits of the segregating DH-populatidreross (TNKAT x 6575-1 HELP) was
due to recombination of the alleles of parentadsin

A quantitative variation was found for erucic addntent which ranged from 34.6% to
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59.1%. This variation may be explained by diffelergffective alleles responsible for
erucic acid (Jonsson 1977) and by other factorsifiyind the erucic acid content. The
lower value of the range might be due to the comipn of weak alleles for erucic acid
from both of the parents. Whereas, higher valueth&f range might be due to the
combination of stronger alleles for erucic acidnirdoth of the parents. Multiple alleles
were suggested for erucic acid content (Dorrell Bogvney 1964, Stefansson and Hougen
1964, Jénsson 1977) Brassica,including; e, B E°, E° and E therefore, levels of erucic
acid can be fixed at a large variation ranging frerh% to >60% (Jonsson 1977). Zhao et
al. (2008) identified eight quantitative trait lo@QTL) for erucic acid content in the
segregating doubled haploid (DH) population derifreth a cross between two high erucic
acid rapeseed cultivars. One QTL was one of the dwwic acid genedagl) and other

seven were not related el gene, but contributing in 22:1 content.

Distribution of erucic acid content showed two sk but not distinct, following a 1:1
segregation (Figure 1). Even by shifting the vabfethe classes by 0.5%, a similar
distribution occurred. These result indicated théd trait was controlled by alleles of one
locus. This locus might be either the transgedd.PAAT-Bn-fa& or the low PUFA locus
(fad2 mutant).

The DH-lines were grouped into two classes basedhenpresence and absenceldf
LPAAT transgene confirmed by PCR usibd-LPAAT specific primer (Nath et al. 2007).
Significant negative effect for the traits seetirfg period, oil, oleic acid, MUFA and erucic
acid content in thd.d-LPAAT positive group indicated that the transgdrokLPAAT
adversely affected those traits (Table 5). Howexexntuction of erucic acid content in DH
Ld-LPAAT positive group was unexpected; it was presumetl2Bd could be increased
due to the presence of transgel@LPAAT Weier et al. (1997) also reported non-
significant change of 22:1 content by over expregsinly Ld-LPAAT gene in rapeseed. It
seems that the fatty acid elongagael) gene in the chimeric construct may not be
functional. This result is controversial from thieservation of Han et al. (2001), who have
found 30% increase in 22:1 content in low eruciid atltivar Drakkar but non-significant
increased in 22:1 content in resynthesised lineBBBS due to over expression of the same
transgene construct. Although the best selectedetidH-lines for high 22:1 were

transgenic, it seems that transgefa&l() cannot increase the 22:1 content but interacting
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with other factors like low PUFA genes play a vitale to increase it by reducing PUFA
content (Table 6).

Since, the transgene did not show any effect toease the erucic acid content, it was
presumed that the 59% erucic acid of the best teeleDH-line was achieved by other

factors. The difference of two groups (low PUFA dngh PUFA content) suggested that
PUFA genes had effect to increase 22:1 contenbd (§07% (Table 6). The mean of the low
PUFA group exhibited still more PUFA content thdnselected highest erucic acid lines
suggesting the probability to increase the erucid eontent more than the mean difference
observed. Low PUFA genes could increase erucic emdent by 3.7%, but they do not

explain the 59% erucic acid content in the bestctet line, that was 9% more than the

non-transgenic parent 6575-1 HELP.

It was hypothesised that there are allelic diffee=nof the fatty acid elongadadl) gene in
the DH-population. Therefore, DH-population wasuged into two based on PCR results
usingfael.l allele specific primers (Tables 1 and 3 anduféd3). Comparison between the
fael.l allele from 6575-1 HELP and TNKAT showed on®p increase of 22:1 content, but
non-significant in the DH-population (Table 7). $hesult suggested that tfeel.1 allele

for A-genome of 6575-1 HELP was stronger than tfal NKAT parent for fatty acid
elongation from oleoyl-CoA to erucic acid. Thereraveno differences found between
TNKAT and 6575-1 HELP forfael.2 locus analysing part of the promoter and coding

region in sequencing.

In the DH-population erucic acid showed a high tiegacorrelation with SFA, PUFA and
eicosenoic acids (Table 8). Earlier studies in@idathat eicosenoic acid and erucic acid
content are controlled by the same genes, theealieivolved have an additive effect on
erucic acid, but a dominant effect on eicosenoid g&ondra and Stefansson 1965).
Therefore, the negative correlation between the &gms was expected to be highly
significant (Table 8), which agrees with the resuif Jonsson (1977) and Chen and
Beversdorf (1990). Negative correlation for 22:1thwiSFA and 22:1 with PUFA are
indicating their significant role to increase ti&2content. Such negative correlations have
been reported before by Sasongko and Mdllers (20@%@n combined the high erucic and
high oleic acid genes together. Erucic acid hadhlizigignificant positive correlation with
MUFA, Sasongko and Mdllers (2005) also found sygetof relationship with erucic acid
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and MUFA in their study. Positive correlations foit with 18:1 and with MUFA were
observed. Such a positive correlation was also rtegofor a doubled haploid winter

rapeseed population segregating for oleic acidesur{(iVidllers and Schierholt 2002).

Oleic acid (18:1) showed non-significant negatieerelation with 22:1 ¢= - 0.11). The
guestion arose whether erucic acid content wasttjraffected by oleic acid or other fatty
acids, or indirectly via other fatty acids whiclogled strong correlations with 18:1 content.
Therefore, a path coefficient analysis was usepattition the correlations into direct and
indirect effects considering those fatty acids whseems to components for erucic acid
biosynthesis (Table 9). The path coefficient analghowed strong direct negative effect of
18:1, PUFA and 20:1 content on 22:1 content argye@nt with the negative correlation
between 22:1 with the traits. The residual effdcthe path coefficient analysis indicates
that there are additional traits effecting eru@aontent beyond those considered in path
analysis. Zhao et al. (2008) identified in totajtei quantitative trait loci (QTL) for erucic
acid content, among them seven were not relatddeiiogene in the segregating doubled
haploid (DH) population derived from a cross betwdwo high erucic acid rapeseed

cultivars.

The three DH-lines with higher erucic acid contemre compared with their parents by
multiple comparison test at 95% LSD. The selectedt lDH-lines showed statistically
higher amount of 22:1 content than their paren&bl@ 10). DH-line IV-10-F-6 was the
best among the selected DH-lines. It exhibited E9@¢ic acid content which was about 9%
and 13% more than the content of non-transgeni&-A5HELP and transgenic TNKAT
parental lines, respectively. Other fatty acidstenhwere drastically decreased in the best
line compared to their parents, such as SFA washnawer than both of the parents and
PUFA was equal to the 6575-1 HELP parent. Thesgteeindicate that an ectopic inserted
functionalfael transgene could boost up the erucic acid comteseed oil by utilizing the
oleic acid for elongation if the desaturation aitit®s are blocked by mutation or other ways.
It could help to increase the available oleoyl-CwAthe cytosolic pool for elongation,

which was one of the limiting factors (Bao et #98, Domergue et al. 1999).

Trierucin (EEE; Gg) content helps to know the efficiency of lysophustidic acid
acyltransferase (LPAAT) activity. Only DH-line IVO1F-6 showed significant differences
in trierucin content (8%) compared to transgenidKAY line (Table 10). However, three
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selected DH-lines and TNKAT contained saindLPAAT transgene copy for trierucin
production. Therefore, the variations exhibited agnthem might be due to availability of
22:1 content in acyl-CoA pool. The best DH-line %6 erucic acid content, which had
probability to produce 20% trierucin by randomlytezdied in each position of the
triacylglycerol molecule with 59% 22:1. Howevershowed only 8% of trierucin content
compared to 20% indicating the limited LPAAT adi®s$ in the DH-population. This
limited activity might be due to the presence aiveeBn-LPAATgene from rapeseed, even

in more than one copy.

From the above results it could be concluded tighiést amount of erucic acid might be
achieved through introgression of alleles thatheirtreduce PUFA content in combination
with stronger endogenous or ectopically expredseti alleles with the suppression of

normalLPAATgene of rapeseed either by mutation or by usitigsanse technique.
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Increasing erucic acid content in high erucic acidapeseed Brassica napusL.)
through combination with mutant genes for low polyunsaturated fatty acids
content and with Ld-LPAAT-Bn-fael transgenes

Abstract

High erucic acid rapeseed (HEAR) cultivars are ird@gg interest for industrial purposes
because erucic acid (22:1) and its derivativesmaportant renewable raw materials for the
oleochemical industry. For oleochemical use, itlésirable to increase 22:1 content from
now around 50% to 80% and more. This would sigaiftty reduce processing costs and
would increase market prospects of HEAR oil. Thgecdtive of the present study was to
increase 22:1 content of HEAR through combinatiaith mutant genes for low
polyunsaturated fatty acids content and WithLPAAT-Bn-fael transgenedn the present
experiment, the transgenic winter rapeseed gend@ie2B (63% 22:1, 15% 18:2+18:3)
over expressing th8n-fael gene from rapeseed in combination with caLPAAT gene
from Limnanthes douglasivas crossed with the winter rapeseed line 6578viny High
Erucic acid and Low Polyunsaturated fatty acid (IPEB0% 22:1, 7% 18:2+18:3). 220-F
plants derived from this cross were grown in theegrhouse and bagged at flowering. F
seeds were harvested and analysed for fatty acmdpaesition and trierucoylglycerol
(trierucin) content. The Fplants showed a large variation ranging from 426722:1. The
frequency distribution of Fpopulation showed a normal distribution withouy eparable
classes. The quantitative variation in 22:1 conteete caused by the segregation of two
transgene copies and by segregation of genes r@bpmfor low polyunsaturated fatty acid
content. The results of selecteggtants were also confirmed in the next generabgn
analysing g-seeds harvested from fivg-plants per selected#plant. Fz-lines contained up
to 72% 22:1 and as little as 4% polyunsaturatety fatids content (18:2 + 18:3) in the seed
oil. The 72% erucic acid content of rapeseed diie@aed in the present study represents a

major progress in breeding high erucic acid rapasee
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1. Introduction

World vegetable oil markets are highly competitreguiring a steady improvement in oil
guality to maintain or increase market shares. Genmprovement of oilseeds has the
objective of increasing oil yields with a uniformatty acid composition for nutritional,
pharmaceutical and industrial purposes (Roscoe )2008 from traditional rapeseed
(Brassica napud..) differs significantly from most other vegetalbils by its high content
of erucic acid (22:1) and eicosenoic acid (20:his3on 1977). They are the major very long
chain fatty acids (VLCFAS) in the seed oil, accanmtfor 45-60% of the total fatty acid
mixture. Genetic studies show that in rapeseed2th& content is controlled by the two
genes lociEl andE2, which have additive effects (Harvey and Downeg4,9Stefansson
1983, Luhs et al. 1999). High levels of 22:1 in dwoking and salad oil extracted from
rapeseed have been associated with health prolfBease et al. 1963). A major effort was
made in the 1960s to develop low erucic acid reget$eEAR) varieties. Nowadays, double

zero (‘00" or canola quality type rapeseed isqmadantly being grown in the world.

However, High Erucic Acid Rapeseed (HEAR) typesairetd some importance for
utilization in the oleochemical industry. HEAR du#irs are presently cultivated to a
smaller extent in Europe (up to 40.000 hectare20d66/2007) and USA/Canada as an
identity preserved crop (Moéllers 2004). Erucic a@dd its derivatives are important
renewable raw materials used in plastic film maowfi@, in the synthesis of nylon,
lubricant, cosmetic and emollient industries (Lednd994, Sonntag 1995, Piazza and
Foglia 2001). Currently available HEAR cultivarsntain a maximum of 50% erucic acid
and around 8% eicosenoic acid. A strategic goab igenetically increase the content of
erucic acid in rapeseed, because separation atexaicl from the remaining fatty acids by
distillation is expensive. Theoretically, the highével of erucic acid that can be achieved
through classical breeding is 66%. The reasonhisrlimitation lies in the specificity of the
B. napus sn2 acyltransferase, which excludes erucic acid frem2 position of
triacylglycerols (Cao et al. 1990, Frentzen 1993).overcome this limit, the gene for an
erucoyl-CoA preferringn-2 acyltransferasePAAT (lysophosphatidic acid acyltransferase)
has been cloned fronhimnanthesspp. and used successfully to alter seedsnil
proportions of erucic acid in rapeseed (Lassnat.€1995, Brough et al. 1996, Weier et al.
1997). However, this achievement was not accomgahie an increase in erucic acid

content in the seed oil.
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In a next step, interest focussed on the fatty aelbdgation mechanism. This elongation is
the result of 2 cycles of a four-step mechanismwimch oleoyl (18:1)-CoA is used as
substrate (Puyaubert et al. 2005). The first die@,initial condensation reaction of 18:1-
CoA with malonyl-CoA is catalysed by the KCS (Rdaatyl-CoA synthase). It is believed
that this initial reaction is the rate-limiting pt€Cassagne et al. 1994). The fatty acid
elongasef@el) gene encoding the 3-ketoacyl-CoA synthase hes bned from a range
of plant species and has been over expressed oodéol of a seed specific promoter in
transgenic HEAR. The results of these experimehtsved that there was only a minor
increase in erucic acid content (Katavic et al.122(8an et al. 2001). Even in combination
with the expression of théd-LPAAT gene fromLimnanthesdouglasii no substantial
increase in the erucic acid content has been fouitEAR (Han et al. 2001). On the other
hand Wilmer et al. (2003) reported an increase2l Zontent to 68 mol% in seed oil by
ectopically expressing thHed-LPAAT gene fromLimnanthesdouglasiiin combination with

B. napus fagé.1 Ld-LPAAT-Bnfael.1) gene in rapeseed.

There are some evidences that the cytosolic poalvailable oleoyl-CoA or malonyl-CoA
may limit the elongation (Bao et al. 1998, Domergtieal. 1999). Sasongko and Modllers
(2005) combined the genes for high erucic acid whibse for high oleic acid in order to
increase the pool of oleoyl-CoA available for fadtyid elongation. However, no significant
change in the erucic acid content was observectomparison to the high erucic acid
parental line (Maplus, 50% 22:1), they found redlcentents of polyunsaturated fatty
acids (7% PUFA). Therefore, this material was namsedHgh Erucic acid and_bw
Polyunsaturated fatty acid - HELP - rapeseed lirtee ®bjective of the present study was to
increase 22:1 content through combination of adlelé endogenous erucic acid and low
polyunsaturated fatty acid loci (HELP) wit3-ketoacyl-CoA synthase (KCS) and
lysophosphatidic acid acyltransferase (LPAAT) oepressing rapeseed genotypes.

2. Materials and methods

2.1 Plant Materials

The plant materials used in the present study Werand segregating generations-(H--

and R-seeds) with their parental lines. The Bnd segregating generations were produced
from a cross between a high erucic acid transgeninter rapeseed line 361.2B over
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expressingLd-LPAAT-Bnfael.1 chimeric gene (Wilmer et al. 2003) and non<ggmmic
high erucic acid winter rapeseed line 6575-1 HEBBspngko and Mdllers 2005) having

high erucic and low polyunsaturated fatty acidlaie

361.2B: a high erucic acid transgenic winter rapdséne with 63% 22:1 and 15%
18:2+18:3 produced from BGRV2 (a HEAR line from UKY transformation using the
constructLd-LPAAT-Bn-fael (Wilmer et al. 2003). The seed materials wereviged by the
company Biogemma, UK Ltd.

6575-1 HELP (High Erucic and Low Polyunsaturatettyfacid): This line was fseed
generation of winter rapeseed with 27% 18:1, 7%2488:3 and 50% 22:1 content
(Sasongko and Mdllers 2005) obtained from a crossvden the winter rapeseed cv.
Maplus and the high oleic acid doubled haploid aintapeseed line DH XXII D9 (for

details see Sasongko and Médllers 2005).

2.2 Methods

2.2.1 Crossing of the parental plants and prodoaifd—-seed generation

Crossing was performed in the direction of usiransgenic (361.2B) line as seed parent
and the non-transgenic (6575-1 HELP) line as aepgbarent. TheFseeds were harvested
when the seeds were matured, characterized by etptige siliques colour to brown s+
seeds from the above mentioned cross were analgséatty acids content by half-seed gas
liquid chromatography (GLC; Thies 1971) to confithne R-seed character by the presence
of low polyunsaturated fatty acids content. The gm® having one cotyledon were
transferred in multipot tray containing T-soil (Raiorfer Erde; pH 5.9) and placed in the
green house. Three weeks later, seedlings wersféraad to 4°C temperature with 8 hours
light for 8 weeks. Afterwards, plantlets from mpti tray were transferred to 9 cm
diameter pots containing normal compost soil in $iegreen house. Self-fertilisation was
imposed to the plants by covering the flowers @ thain raceme with crisp-plastic bags.

F,-seeds were harvested at maturity and stored ihrcom.
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2.2.2 Selection of Fseeds for f=population

In August 2005, 220 Fsingle seeds along with seeds from parents wewdoraly selected
for producing B-population. The randomly selected single seeds wealysed by half-seed
GLC (Thies 1971). The embryos having one cotyledene transferred in multipot trays
containing T-soil (Fruhstorfer Erde; pH 5.9) andhgadd in the green house. Growing
conditions and vernalisation were same as descridtExve. Afterwards, plantlets were
transferred to 9 cm diameter pots containing norooahpost soil in the S1 green house.
Plantlets were allowed to grow in the green housesiging 16 hrs day-light by using
additional 400 Watt sodium-steam lamp. Temperawarged during the day from 20°C to
25°C and during the night from 10°C to 15°C. Hakaplertilizer containing N:P:K
15:11:15 + 0.2% trace minerals was added at fdrtrog the top soil (100 mg) of each pot
until maturation of the plants. Fungicides and atisedes were sprayed whenever
necessary. Self-fertilisation was imposed to trenfd by covering the flowers of the main
raceme with crisp-plastic bagss-feeds were harvested from 22@pkants of the
population in February 2006 after complete matuaitygl used for analysis of oil, protein
fatty acids and trierucin content.

2.2.3 Green house experiment with selecteddeds

A green house experiment was performed from Octdb@6 to April 2007 (from sowing to
harvest). Five fseeds from each of the 41 selecteeblants having high erucic acid
content along with their parents as control werersin multipot trays containing T-soil
(Fruhstorfer Erde; pH 5.9) and allowed to grow ®rmweeks. Growing conditions and
vernalisation were same as described for theeledlings. Following vernalisation, plantlets
were transferred to 9 cm diameter pots containiognal compost soil. Green house
experiment was conducted in RCBD (Randomized comtick design). The 5zfplants
from each B-plant were considered as five replicates. Fiveassp tables inside the green
house represented the complete blocks consistiradl @fenotypes (# and parental lines
plants). Growing conditions and plant protectionaswees inside the green house were the
same as described in-population. Self-fertilisation was imposed to fflants by covering
the flowers of the main raceme with crisp-plastagé k-seeds were harvested from main

raceme only, when they were mature.

2.2.4 Trierucin and fatty acids analysis and detestion of oil and protein content

Bulked seed samples (150 mg) were analysed fautiie (Gso; EEE) content of the seed
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samples (k and R-seeds) by high temperature gas liquid chromatdyrgiiT-GLC)
analysis of fatty acid esters according to the webtthescribed by Mdllers et al. (1997). The
analysis was done using silicon capillary columnXRebTG (Restek no. 17005) 15 m x
0.25 mm i.d. (0.um film thickness). Remaining part of the samplerfaking for trierucin
analysis was transferred to a new tube and lefadmot plate at 37°®& over night to
evaporate. Fatty acids composition was analysedigushe samples by gas liquid
chromatography according to Ricker and Robbele@gL9Trierucin and fatty acids are
expressed as % of the sum of all triglycerides fatity acids, respectively. The following
fatty acids were determined: palmitic acid (16:®garic acid (18:0), oleic acid (18:1),
linoleic acid (18:2), linolenic acid (18:3), eicosgc acid (20:1) erucic acid (22:1) and
nervonic acid (24:1). Saturated fatty acids (SFA;0318:0), polyunsaturated fatty acids
(PUFA; 18:2+18:3) and monounsaturated fatty acitlBJEA; 18:1+20:1+22:1) were
calculated from the contents of individual fattyidsc Seed oil and protein content was
determined by Near-Infrared-Reflectance-SpectrogcdPIRS) using the equation
raps2001.ega (Tillmann 2007) and values were asjuktr 14 mm PVC adapter using

regression equations. Values are expressed ordsgeahtter basis.

2.2.5 Fatty acid analysis at centrah{) position of triacylglycerol by GLC

15 mg mixed seed samples from 5 replicateszgidpulation (E-seeds) were taken in a 5
ml plastic tube. 0.5 ml iso-octane : iso-propar®ol) was added for each sample and seeds
were homogenised with a steel rod and evaporatethoctane by using a stream of warm
air. The dried oil residue was mixed with 500 ptfeu(50 mM KH,POy- pH 7.2 with 0.5%
Triton X-100) by supersonic bath for 2 min. The tane was incubated at 30°C for 1 hr by
adding 25 pl (250 units) lipase froRhizopus arrhizugSIGMA-ALDRICH. In each time
200 pl petroleum ether-70 : iso-propanol (3:2) wdded and collected the supernantin a 1
ml glass tube by centrifugation at 150xG (1000 rpon)> min by repeating two times. The
collected supernant was evaporated by using anstoavarm air. 25 pl petroleum ether-70

. iso-propanol (3:2) was added and mixed well bgtesa 20 pl from this mixture was taken
and apply on thin layer chromatography (TLC) pl&el500/LS 254, 20 x 20 cm) by 20 ul
syringe gently. TLC plates were placed in the elubBethylether/petroleumether (3:1) and
allowed to run for 30 minutes. Afterwards dry TLCages were stained with iodine by
placing in iodine vapour. Interesting points of raaylglycerol were marked with pencil

and kept them in light to disappear of the ioditearns Marked area with pencil for each
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sample was scrapped out by scalpel and used fiyr daid extraction in a separate 1 ml
glass tube. The scrap was mixed with 250 pl isargetand incubated for 20 min and
collected the supernant by centrifugation in anothenl glass tube. This procedure was
repeated two times. Iso-octane from the collect@gemant was evaporated by using a
stream of warm air and then the fatty acids weteaeted and analysed using the samples

by gas liquid chromatography according to Riicker Riibbelen (1996).

2.2.6 Segregation pattern of transgenezipdpulation by PCR

DNA extraction and multiplex-PCR for the Ld-LPAATdahe Bn-fad gene:100 mg fresh
leaf sample was taken in the Eppendorf tube andkbuifrozen by dipping in liquid
nitrogen (-96°C). Sample was homogenised with thstig pestle in 300 pul of extraction
buffer. The extraction buffer consisted of 2M N&B mM EDTA, 0.5% sodium N-laurolyl
sarcosine, 26 mM Tris-HCI, pH 8.0 (modified; Ismzaet al. 1991). The homogenate was
incubated in a water-bath at 60°C for 15 min amtrdfeged at 10.000 g for 5 min. From
the supernatant 200 pl was transferred to a newrsaef tube to which an equal volume of
iso-propanol (100%) was added, shaken and leth@nhrtemperature for 15 min. This was
centrifuged at 10.000 g for 5 min to precipitate tbNA. The supernatant was discarded
and 1 ml of 40% iso-propanol added to the pellet aortexed. This was centrifuged at
10.000 g for 5 min and the supernatant discardéé. gellet was dissolved in 100 pl TE
buffer containing RNAase (1pg/ul) and incubate®@fC for 20 min. To this, 100 ml of
ethanol (70%) was added to again precipitate thé @Nd centrifuged at 10.000 g for 5
min. The supernatant was discarded and the pelkd dt room temperature and dissolved
in 10 ul of TE buffer. Suitable PCR primers for tplex-PCR of theLd-LPAAT and the
Bn-fad2 gene, PCR reaction and conditions and gel elglutnesis were as described by
Nath et al. (2007).

2.2.7 Statistical analysis

Analysis of variance was performed using the Pl&8needing Statistical Program
(PLABSTAT, Version 2N, Utz 2007) with the followingodel:

Y=g+ g
where:Yjj was observation of genotypén replicatej; g andrj were the effects of genotype

i and replicatg, respectively and; was the residual error of genotypm replicatej. The
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replicates were considered as random variable.iMelmean comparisons were made with
Fisher's least significant difference (LSD) proaedusing StatGraphics Plus for Windows
3.0 (Statistical Graphics Corp., Rockville, USA).

The heritability was calculated following formulastribed by Hill et al. (1998):

h2 = X
where, R = heritability; R = response to selection; i = theensity of selection for erucic

acid and\V\VVp = phenotypic standard deviation.

The number of transgene copy segregated in thegating kE-population was calculated
usingy? test for a fixed ratio hypothesis described by @prand Gomez (1976) following

the formula:

4= Z (observed/alue— expected/alué2

with (p-1) degree of freedom
expectedialue

p
i=1
Where,p is the total number of observed classes.

Spearman’s rank correlation coefficients were dated using PLABSTAT software
version 2N (Utz 2007). Direct and indirect path féogents of the path coefficient analysis

were calculated as described in Lynch and WalsBgt9

i 'y’

ri =P, +Zk:r..P foriz1

i'=1

i'#i
where, ry; is the correlation coefficient between théh causal variableX) and effect
variable §), rii-is the correlation coefficient between thth andi’-th causal variable®); is
the path coefficient (direct effect) of theh causal variableX), ri; Py is the indirect effect
of thei-th causal variable via théth causal variable. To determine the direct effsgtiare
matrices of the correlation coefficients betweestependent traits in all possible pairs were
inverted and multiplied by the correlation coeficis between the independent and
dependent traits. Path coefficient analysis wa$opmed for erucic acid content as affect
variables and SFA, 18:1, PUFA, 20:1 and trierucomtent were considered as causal

variables.
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3. Results

3.1 Phenotypic variation for different traits in the F-population

Mean values and ranges of oil, protein and diffefatty acids and trierucin content are
shown in Table 1 for #population derived from the cross between thestanic high
erucic acid winter rapeseed line 361.2B and the-tramsgenic high erucic and low
polyunsaturated winter rapeseed line 6575-1 HELURBqlency distribution of erucic acid
(22:1) content varied from 44% to 72 % with a me&B8.8 % in segregatingfpopulation
(Figure 1). The EFpopulation (B-seeds) showed a continuous variation for erucid ac
(22:1) content in the seed oil. There were no sdparclasses as expected for a polygenic
inherited trait. There were a considerable numlbét,glants having a higher 22:1 content
compared to the parental line 361.2B. Oil contearted from 37% to 54% with a mean of
47.7% and protein content ranged from 19% to 33% @i mean of 24.8% forF
population. Polyunsaturated fatty acids (PUFA; 18:28:3) and monounsaturated fatty
acid (MUFA; 18:1 + 20:1 + 22:1) content varied fr@% to 26% and from 64% to 87%,
respectively. Large variations were also obsereedSFA, 18:1, 20:1 and trierucin content
in the R-population compared to both of the transgenic 38Jand non-transgenic 6575-1
HELP parental lines (Table 1).

Table 1 Variation in oil, protein, different fatty acidsné trierucin content (%) in
population (B-seeds) of derived from the cross between 361.8B%6-1 HELP in compare

to parents
Item Oil Protein Fatty acid contents (%)
contentcontent SFA 18:1 PUFA 20:1 22:1 MUFATrierucin
361.2B 499 241 32 83 191 46 625 754 15.2
6575-1 HELP 495 239 49 278 8.1 8.9 494 86.1 0.0

~ Range37-54 19-33 2-9 5-26 6-26 2-10 44-72 64-87 0-24.5
Fo-population
Mean 47.7 248 40 11.0 168 52 588 750 126

SFA =16:0 + 18:0, PUFA = 18:2 + 18:3, MUFA = 18:20:1 + 22:1
* Mean of n = 8 plants
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Figure 1 Frequency distribution of erucic acid content e th-population (B-seeds)
derived from a cross between 361.2B x 6575-1 HEdgeseed lines

3.2 Segregation of transgene inJpopulation

Two methods were applied to investigate the segieygaattern of the transgene in the
segregating fpopulation. One of them was PCR (Polymerase CRaaction) technique
and another was trierucin analysis of the seedrigilyceride. All F-plants which were
positive in PCR for the.d-LPAAT gene contained trierucin, whereas those which were
negative in PCR did not have trierucin. Four outc@frandomly selected,fplants were
negative in the PCR reaction for thé-LPAATtransgene (see an example in Figure 2) upon
chi-square® = 0.06) test, confirming that the transgenic paB81.2B had two transgene
copies which led to a 15:1 segregation pBpulation. This result was also found when
looking at the segregation of the trierucin phepetyin the k-population 9 Eindividuals

out of 220 were free from trierucin production (&g 3). Chi-squareyt = 2.52) test also
confirmed the presence of two transgene copiesansgenic parent which led to 15:1

segregation in the Fpopulation.
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Figure 2 Multiplex-PCR of a 603bp fragment of thel-LPAAT gene together with interr
control amplification of the 1.1kfad2 gene sequence using DNA extracted from 26 F
plants segregating for thed-LPAAT gene (Lanes 3-28,Flanes 1 and 2: 361.2B and 6575-1
HELP as control)

The frequency distribution of trierucin content sleal two distinct groups, one group
without trierucin and the other group with trienucirhe group with no trierucin represented
the group lacking thd.imnanthes douglasilysophosphatidic acid acyltransferaded~(
LPAAT) gene in the individuals of the,4population. The group with trierucin showed a
continuous variation as one would expect for a getyc trait (Figure 3). Erucic acid
content varied from 45% to 57% for the zero trigmyglants and in the trierucin group it

varied from 48% to 72% in the segregatingpbpulation (see Figure 4c).

o 36128 =15.2

45 1 F2 population, n= 220

40 -

35 -
65751 HELP = 0.(
30 -
25 A

20

Frequency (n)

|
|
|
|
|
15 4 |
|

10

0O 1 3 5 7 9 11 13 15 17 19 21 23 25
Trierucin (%)

Figure 3 Frequency distribution of trierucin {6 EEE) content in population (-seeds)
of the cross 361.2B x 6575-1 HELP with mean ofgheents (n = 8)
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3.3 Correlations between traits and path coefficigmanalysis in the k-population
Spearman’s rank correlation coefficient analysistie R-population showed strong
positive correlations between erucic acid contewtail (s = 0.35 ; Figure 4d), trierucin

= 0.54") and MUFA content {r= 0.56 ). Negative correlations were observed between
erucic acid and protein, SFA, oleic acid=£r-0.41"), PUFA (k= -0.50") and eicosenoic
acid (5= -0.45") content (Table 2). The scatter plot in Figureshbwed that among the-F
population there are some-plants (-seeds) that had a higher 22:1 and a reduced PUFA
content compared to the transgenic parent 361.2Bsd& E-plants had an oleic acid (18:1)
content which was about equal to the transgenienté61.2B (Figure 4a), suggesting that
the reduction in PUFA content has led to an ina@dd&2:1 content in the range of 5-10%.
In some of the high erucic acid segregants, theAtlshtent was as low as in the 6575-1
HELP parental line, indicating homozygosity for tjenes causing low PUFA content. The
analysis of trierucin revealed a positive correlatbetween 22:1 and trierucin content and
effect of transgene on 22:1 content (Figure 4cjtHeumore, oil content showed significant
negative correlations with proteins & - 0.86 ) oleic acid and eicosenoic acid and positive
correlation with SFA content. Protein content adbowed significant positive correlations
with oleic acid content and significant negativeretations with SFA content. Oleic acid
content showed significant positive correlationhagicosenoic acid and MUFA content.
Significant negative correlations were observedvben oleic acid and PUFAg( - 0.41")

and trierucin content. PUFA showed negative cotisia with trierucin and MUFA

content. Trierucin content showed positive corretatvith MUFA content (Table 2).

Table 2 Spearman’s rank correlation coefficienty @&mong different seed quality traits (%)
in the segregatingFpopulation derived from the cross 361.2B x 6573ELP (n = 220)

Traits Qil Protein SFA 18:1 PUFA 20:1 Trieruci@2:1
Protein  -0.86

SFA 0.17 -0.21

18:1 023 027 0.07

PUFA -0.11 -0.02 0.16 -0.41"

20:1 -0.16 0.08 0.18 040 -0.12

Trierucin  0.11 -0.05 -0.19 -0.31" -0.21" -0.47

22:1 0.35 -0.21°  -0.39° -041" -050° -0.45 0.54

MUFA  0.08 0.06 -0.33 040" -093 014 017 0.56"

“and~ significant at 0.05 and 0.01 probability, respesli
SFA =16:0 + 18:0, PUFA =18:2 + 18:3, MUFA = 18:20:1 + 22:1
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Figure 4a-d Correlation for fatty acid compositions and trigru content and the
relationship for erucic acid and oil content of-gtants (kB-seeds) compare with their
parents (bar showing standard deviation) derivechfa cross 361.2B x 6575-1 HELP.
indicates significance at P= 0.01 probability

Since, trierucin content was positively correlaveith erucic acid content{= 0.54") the

guestion arose whether erucic acid content wasttliraffected by trierucin content or
other fatty acids which were assumed as primartsates for erucic acid biosynthesis.
Therefore, a path coefficient analysis was usepattition the correlations into direct and
indirect effects (Table 3). The results of the petiefficient analysis showed little direct
effect of trierucin content on erucic acid (0.08)rong negative direct effects of oleic acid
and PUFA content on erucic acid content (-0.58-@nd3) were observed. Other fatty acids

such as SFA and 20:1 also showed little directceffsn erucic acid content. Positive
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indirect effects were observed for oleic acid attFR content via PUFA and oleic acid on

erucic acid content. Eicosenoic acid showed intlinegative effect via oleic acid as much
as direct effect on erucic acid content. Trierumntent also showed larger positive indirect
effect via 18:1, PUFA and 20:1 content on erucid #tan direct effect (Table 3).

Table 3 Direct and indirect effects of other fatty acig&ldrierucin on erucic acid content

in the segregating.Fpopulation derived from a cross 361.2B x 6575-1.AE

_ Direct effect Indirect effect on erucic acid via
frat on erucic acid SFA 18:1 PUFA 20:1 Trierucin
SFA -0.18 - -0.04 -0.12 -0.04 -0.01
18:1 -0.58 -0.01 - 0.30 -0.10 -0.02
PUFA -0.73 -0.03 0.24 - 0.03 -0.01
20:1 -0.25 -0.03 -0.23 0.09 - -0.03
Trierucin 0.06 0.03 0.18 0.15 0.12 -

Residual effect = 0.43

3.4 Performance of the selectedsFpopulation

Five F-seeds from each of the 41 selecteeplants having high erucic acid content were
grown in the green house to produce theépulation. Analysis of variance (ANOVA)
showed large and significant variations among thénies (R-seeds) in the population for
all traits. Large and highly significant varianaangponents of the genotypes were found for
all traits. Variance components for the effect flication were small. However, variance
component of error was also relatively larger fbrtlze traits. Erucic acid content varied
from 50% to 72% with the mean of 64.8% (Table 4)e Thean for 22:1 exhibited in the-F
population (k-seeds) was 6% more compared to the mean-pbpulation, indicating the
response to selection. Medium heritability? ¢h 0.73) was observed for 22:1, calculated
based on the response to selection, phenotypidatameviation of fpopulation (4.7) and
selection intensity (1.76). The scatter plot for122E-individuals (k-seeds) vs. 22:13F
lines (R-seeds) showed significant positive correlation<r0.57 ; Figure 5), proving
effective selection of high 22:1 plants based owlsi F-plant (Fz-seeds) selection forsF

population.
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Table 4 Variability in oil, protein, different fatty acidand trierucin content (%) of 413+
lines (R-seeds) grown in replicated trial derived from ¢thess 361.2B x 6575-1 HELP

Item Oil Protein Fatty acid content (%)

content content SFA 18:1 PUFA 20:1 22:1  MUFATrierucin
Range 49-55 21-29 3-5 7-27 4-17 4-11 50-72.3 76-91 0-24
Mean 51.6 236 26 114 113 5.8 64.8 82.0 11.2
0’ 204" 333 0.3 1168 1043 143 132 1503 147
o%r 0.08 0.04 0.010 0.07 0.07 0.06 0.17 0.06 0.14
o’ 52 333 03 469 565 125 105  8.29 7.81

” significant at p=0.01, F-Test in analysis of vada
SFA = 16:0 + 18:0; PUFA = 18:2 + 18:3; MUFA = 18:20:1 + 22:1
o%c genetic variancei’g variance for replication anofe error variance

75 -
rs = 0.57** .
70 - o o
[ )
%128, i
[ ]
26 Syt
< et
o [ )
S 60 - . ®e
© )
95 6575-1 HELP
/ )
- ¥
45 T T T T T 1
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Erucic acid in selected F2

Figure 5 Scatter plot for erucic acid content (%) of théesed 41 BEindividuals and
derived E-lines (R-seeds; mean of five plants) along with the pardbt showing
standard deviation. indicates significance at P= 0.01 probability

The mean values were the mean of five plants fraoh éz-line. The fatty acid contents as
well as some other traits are shown in Table 5tlier six k-lines with the highest 22:1
content, along with the results of the parentadil361.2B and 6575-1 HELP. Thelkhe
[1I-G-7 contained the highest amount of erucic a@id.3%). The Eklines IV-F-6, VI-D-9,
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IV-D-3 and IlI-G-7 had lower or equal PUFA conteanhging from 3.9 to 5.7% compared
to 6575-1 HELP parental line. Oleic acid contensstll higher in the all selected-knes
compared to transgenic 361.2B line ranging fromt8.24.2%. All of the selectedsfines
exhibited lower content of SFA (1.9 - 2.3%) compglte both of the parents. Eicosenoic
acid content (3.9 - 7.1%) in the selectedlifes was lower than the parental line 6575-1
HELP. MUFA content varied from 83.9 to 91% whichsmMaigher than the parental line
361.2B. The Elines IV-F-6, IV-D-3, VI-D-9 and I1I-G-7 were obseed to have a higher
MUFA content compared to both of the parental liaed there was no statistical difference
among them. All the selected-knhes exhibited higher trierucin content (13.1 3.526)
compared to transgenic parental line 361.2B. TgdinE VI-D-9 contained the highest
amount of trierucin which was statistically idemtito the line IlI-G-7. The Flines VI-D-9,
IV-D-3 and IV-F-6 showed higher oil content tharttbthe parental lines. The-kne II-B-

2 had the highest protein content (28.5%) amonthallines (Table 5).

Table 5 Comparison for the traits oil, protein, fatty acidnd trierucin content (%) of 6
selected high erucic acig-fines (R-seeds) of the cross 361.2B x 6575-1 HELP along wit

their parents. (Values are mean of 5 plants)

0]] Protein Fatty acid content (%)

content content SFA 18:1 PUFA 20:1 22:1  MUFATrTierucin
361.2B 50.2b 244c¢c 29b 83f 153a 43de 63.2/58d 11.4d
HELP 51.1b 21.4de3.3a 265a 56c¢c 1l1.2a 496d 873D -
IV-D-3 542a 219de2.1cd 142b 53c 7.1b 687b 900a 13.1cd
11-B-2 479c 285a 23c 10.7de7.7b 4.4de 705ab856c 14.7c
11-G-8 498bc 244c 22cd 93ef 85b 39e 70.7ab839c 18.7Db
IV-F-6 536a 229cd23c 140b 39d 6.1bc 709aBl.0a 13.1cd
VI-D-9 55.1a 20.7e 2.0cd3.2bc 47cd 53cd 714a 899a 235a
-G-7 49.7bc 26.7b 19d 121cd57c 50cd 723a 894a 222a

Line

SFA =16:0 + 18:0, PUFA =18:2 + 18:3, MUFA = 18:20:1 + 22:1
Mean values with different letters indicate sigraint differences at p=0.05 (Fisher’s LSD)

3.5 Fatty acid composition atn-2 position

From the selected 6:flines with the highest erucic acid content théyfaicid composition
at thesn-2 position of the triacylglycerols was analysetieerucic acid content at tka-2
position varied from 36.8% to 65.3%, which compafagorably to the 31.6% of the
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transgenic parental line 361.2B (Table 6). Thdirkes I1I-G-7 contained the highest amount
of erucic acid at then2 position followed by the line VI-D-9. Erucic acad sn2 position
was only detected in case of the presencédEPAAT transgene. No eicosenoic acid
(20:1) was detected at tlse-2 position except for thesHine VI-D-9, which showed very
little 20:1 (1.1%) at then-2 position.

Table 6 Erucic (22:1) and eicosenoic acid (20:1) conterthentotal andn-2 specific fatty
acid mixtures of seed oils of the parental lined ah6 selected fines (values are mean of

5 plants) having a high erucic acid content harigpthe chimeric transgene

Line Total fatty acid mixture (%) sn2 fatty acid mixture (%)
20:1 22:1 Trierucin ~ 20:1 22:1

361.2B 4.3 63.2 11.4 0.0 31.6

HELP 11.2 49.6 - 0.0 0.5

IV-D-3 7.1 68.7 13.1 0.0 38.5

1-B-2 4.4 70.5 14.7 0.0 36.8

-G-8 3.9 70.7 18.7 0.0 40.3

IV-F-6 6.1 70.9 13.1 0.0 41.3

VI-D-9 5.3 71.4 23.5 11 61.3

-G-7 5.0 72.3 22.2 0.0 65.3

4. Discussion

High erucic acid rapeseed cultivars regain intelbestuse erucic acid and their derivatives
are environmentally friendly and renewable raw male for the oleochemical industry.
Therefore, combined efforts of biotechnology anahpbreeding techniques are imposed to
increase the erucic acid content in the seed oilintrease the 22:1 content a transgenic
high erucic acid winter rapeseed line 361.2B wassed with the non-transgenic high
erucic acid and low polyunsaturated winter rapede®r 6575-1 HELP. The segregation
showed a large variation for erucic acid contengiag from 44 to 72% in #population
(Table 1). The frequency distribution of-population showed a continuous variation and
there were no separable classes as expected fotygepic inherited trait (Figure 1).
Therefore, the variation for 22:1 content may belaxed by different effective alleles

segregating in the Fpopulation.
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In conventional high erucic acid rapeseed the 28ritent is inherited by two genes and in
crosses with low erucic acid genotypes, a 1:4:6=kdregation can be expected ixn F
(Stefansson 1983, Liuhs et al. 1999). However, theribution of the two genes and their
alleles to the total 22:1 content may be differdnt.addition to this, the quantitative
variation in 22:1 content in the present populatisrcaused by the segregation of two
transgene copies and likely by the segregationenfeg responsible for the low PUFA
(18:2+18:3) content. The low PUFA content in parébdZ5-1 HELP is caused by a
mutation in the oleic acid desaturdad? gene which causes a reduction of 18:2 content by
around 15% and by 2 to 3 other unknown genes hawimpr effects (Schierholt et al.
2001). Zhao et al. (2008) found eight quantitatinzet loci (QTL) for erucic acid content,
one QTL probably representing an erucic acid gemkeamother seven, affecting erucic acid
content in a segregating doubled haploid (DH) papoh derived from a cross between two

high erucic acid rapeseed cultivars.

The segregation pattern of transgene dfpépulation suggested a 15:1 segregation which
was confirmed upon chi-squarg)(test using PCR and trierucin analyses data. Botof

57 randomly selected fplants were negative in the PCR reaction for thieLPAAT
transgene (see an example in Figure 2), confirrtiag the transgenic parent 361.2B had
two transgene copies which led to a 15:1 segregatié,. This result was also found when
looking at the segregation of the trierucin phepetyWilmer et al. (2003) also confirmed
the presence of two transgene copies in the santerimlaby southern blotting. The
continuous variation in the trierucin positive gpo(Figure 3) may be explained by the
number of segregating transgene copies (two) aralladity of 22:1 for trierucin
production.

The scatter plot in Figure 4b shows that amongRhgopulation there are some-plants
(Fs-seeds) that have a higher 22:1 and a reduced RIgR#ent compared to the transgenic
parent 361.2B. Theseplants had an oleic acid (18:1) and eicosenoid &0:1) content
which was about equal to the transgenic parent2Bglsuggesting that the reduction in
PUFA content has also led to an increased 22:leabim the range of 5-10%. In some of
the high erucic acid segregants, the PUFA contastas low as in the 6575-1 HELP parent

line, indicating homozygosity for the genes causavg PUFA content.
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Erucic acid content was negatively correlated with contents of polyunsaturated fatty
acids, oleic acid and eicosenoic acid (Table 2308gko and Mdllers (2005) found highly
significant negative correlations among 18:1 andl22nd 20:1+22:1 in Jsegregating
population derived from a cross between high eracid high oleic acid winter rapeseed
lines. Oil content was positively correlated witligc acid content {r= 0.35 ; Figure 4d).
This result is the agreement with the observatwinEcke et al. (1995) who found three
QTL for oil content inB. napusand Cheung and Landry (1998) identified two QTL dd
content inB. juncea In both studies, two of these QTL showed the sgerees for erucic
acid, indicating positive effect of erucic acid oih content. In individual plants up to
25% trierucin was detected in the seed oil (Figice The capability of forming trierucin
depends on the transgenic character of plantseeging the_d-LPAATtransgene. The high
22:1 R-plants with an elevated 18:1 and 20:1 contentddntb have a higher MUFA
content. Therefore, positive correlations betweddPd with oleic acid, 20:1 and 22:1 are
expected. A negative correlation was found betwieki-A and SFA (Table 3). Such a
negative correlation has been reported beforeifgir brucic (Sasongko and Méllers 2005)
and high oleic acid rapeseed (Katavic et al. 2@Qdd et al. 1992). Mdllers and Schierholt
(2002) developed a hypothesis to explain this megabrrelation in case of high oleic acid

rapeseed population.

Path coefficient analysis revealed that trieru@ntent contributed directly only to a small
extent to erucic acid content. On the other hangbidirect effects by oleic acid (-0.58)
and PUFA (-0.73) content are congruent with thehlyigsignificant negative correlation
between erucic acid and these traits. Direct negatifects, but small, of SFA (-0.18) and
20:1 (-0.25) are also due to the negative corggiatifor 22:1 with SFA and 20:1. These
results show that 18:1 and PUFA content are theomegntributors for erucic acid
biosynthesis. The residual effect of the path ¢oefiit analysis indicates that there are

additional traits effecting erucic acid content tweg those considered in path analysis.

The best six Flines (R-seeds) were selected from the population basddgbnerucic acid
content and were compared for different qualititdrevith their parents. The selected best 6
Fs-lines showed significantly higher amount of 22dntent than their parents (Table 5).
The K-line 11I-G-7 was the best among the selected limth 72% erucic acid content
which was about 9% and 23% more than the contentrasfsgenic 361.2B and non-

transgenic 6575-1 HELP parental lines, respectiv€lher fatty acids content were
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drastically decreased in the best line compareti¢o parents, such as SFA (16:0 + 18:0)
was lower than both of the parents, PUFA (18: +3)L8vas less or equal to the 6575-1
HELP parent suggesting the homozygosity loiv PUFA genes for low PUFA content.
Compared to the transgenic parent 361.2B, the &elsicted Ekline had lower PUFA
content which helps also to increase 22:1 confiémg. best E-line contained 5% eicosenoic
acid, which has an advantage to use in oleochernmdaktries, because eicosenoic acid is

more difficult to separate from erucic acid thae tther fatty acids (Méllers 2004).

Trierucin (G EEE) content allows estimating the efficiencytlogé lysophosphatidic acid
acyltransferase (LPAAT) activity leading to the $yathesis of trierucin. Among the six
best k-lines, line VI-D-9 showed the highest trierucinntent (23.5%). It is not clear
whether the selectedsfines contained the twd.d-LPAAT transgene copies in the
homozygous form or not. Therefore, the variatiohileited among the lines might be due to
dosage effect of transgene and availability of eyi#*CoA in the acyl-CoA pool for
trierucin production. The bestsfine had 72% erucic acid content, with the thdoakt
probability to produce 37% trierucin, when all esyicmolecules are randomly esterified to
all three triacylglycerol positions. However, ttilse showed only 23.5% trierucin content,
indicating that Ld-LPAAT activity may be still too weak. Alternatively, evgkenous
rapesee®Bn-LPAAT activity with a strong preference for oleic ackigntzen 1998) may be
too strong.

Thesn2 fatty acid mixture of the seed oils thglires contained up to 65% 22:1. From this
observation it is clear that proportion of erucdidacontent asn-2 position depends on the
total 22:1 content in the seed oil. Those linesasftbhigher amount of 22:1 contentsat2
position and had at the same time higher amount®taf erucic acid in their seed oil.
Furthermore, erucic acid ah-2 position only found in case of the presence L. PAAT
transgene. No, or very limited amounts of erucid 8.5%) atsn-2 position were found in
non-transgenic parental line 6575-1 HELP (TableSanilar results were also reported by
Weieret al. (1997), Han et al (2001) lua-LPAAT expressing transgenic rapeseed lines. On
the other hand, 20:1 was not detectable instt2 fatty acid mixtures although the total
fatty acid mixture contained both 20:1 and 22:lisTihdicates that thed-LPAATgene has
a pronounced preference for 22:1-CoA than 20:1-CdRBese results together with the
observation of Han et al. (2001) provide furtherdewce that thd.d-LPAAT gene of
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Limnanthes douglasinas a pronounced preference for 22:1-CoA in comapario 20:1-
CoA.

From the above results, it can be concluded trataitbund 72% erucic acid achieved in the
present experiments represent a large progresseiading high erucic acid rapeseed.
Further increases in erucic acid content can beeard from progress in reducing the
remaining PUFA content from now 5% to values of?2-3However, this has so far not been
achieved by mutagenesis or transgenic approachéen\Whe intermediate elongation

product 20:1 and very long chain fatty acid nereaatid (24:1) are taken into account the
total amount of very long chain fatty acids (VLCHA®gaches a maximum 79% in the
present material. The material developed in thegrestudy should be of interest for the
oleochemical industry but also for further studs@sied at identifying other physiological

limitations in VLCFAs biosynthesis.
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