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Summary

It is desirable to produce high homogeneity of novel fatty acids in oilseeds through genetic engineering to

meet the increasing demands of the oleo-chemical industry. However, expression of key enzymes for

biosynthesis of industrial fatty acids usually results in low levels of desired fatty acids in transgenic oilseeds.

The abundance of derivatized fatty acids in their natural species suggests that additional genes are needed for

high production in transgenic plants. We used the model oilseed plant Arabidopsis thaliana expressing a castor

fatty acid hydroxylase (FAH12) to identify genes that can boost hydroxy fatty acid accumulation in transgenic

seeds. Here we describe a high-throughput approach that, in principle, can allow testing of the entire

transcriptome of developing castor seed endosperm by shotgun transforming a full-length cDNA library into

an FAH12-expressing Arabidopsis line. The resulting transgenic seeds were screened by high-throughput gas

chromatography. We obtained several lines transformed with castor cDNAs that contained increased amounts

of hydroxy fatty acids in transgenic Arabidopsis. These cDNAs were then isolated by PCR and retransformed

into the FAH12-expressing line, thus confirming their beneficial contributions to hydroxy fatty acid

accumulation in transgenic Arabidopsis seeds. Although we describe an approach that is targeted to oilseed

engineering, the methods we developed can be applied in many areas of plant biotechnology and functional

genomic research.
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Introduction

For several years scientists have sought to identify enzymes

responsible for synthesis of derivatized fatty acids and to

transfer the cognate genes into agronomically amenable

crops. Such derivatized fatty acids have a considerable

range of applications, particularly in the production of surf-

actants, paints, plasticizers and specialty lubricants. The

results of these experiments have typically been

disappointing, in most cases producing plant lines with very

low yields of the desired fatty acids (Broun and Somerville,

1997; Cahoon et al., 1999; Lee et al., 1998; Suh et al., 2002).

For example, ricinoleic acid (12-hydroxyoctadec-cis-9-enoic

acid; 18:1-OH) biosynthesis in castor (Ricinus communis) is

catalyzed by the oleate D12-hydroxylase (FAH12) (van de Loo

et al., 1995). Heterologous expression of FAH12 in the model

oilseed plant Arabidopsis produced only up to 17% hydroxy

fatty acids in seed oils, mainly in the form of ricinoleate,

along with minor constituents including densipolic acid

(18:2-OH), lesquerolic acid (20:1-OH) and auricolic acid (20:2-

OH), which are products of the FAD3 D15-desaturase in

combination with elongation by the FAE1 condensing

enzyme acting on ricinoleate (Broun and Somerville, 1997;

Smith et al., 2003). This level is much lower than that found

in castor oil, where ricinoleate constitutes approximately

90% of total fatty acids. Other efforts to produce unusual
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fatty acids, such as acetylenic, monoenoic, eleostearic and

parinaric acids, have likewise found that accumulation of

unusual fatty acids in transgenic seeds is far below the

proportion found in their respective natural sources (Cahoon

et al., 1999; Lee et al., 1998; Suh et al., 2002). These results

suggest that expressing the single catalytic enzymes re-

quired for unusual fatty acid biosynthesis is insufficient to

create transgenic plants producing large amounts of these

fatty acids in seed storage oil. As the unusual fatty acids

occur in abundance in their natural sources, we believe that

additional necessary components for increased accumula-

tion of unusual fatty acids in transgenic plants can be

obtained from the source species.

The FAH12 enzyme belongs to a large family of fatty acid

modification enzymes that are related to the Arabidopsis

oleate D12-desaturase (FAD2) protein, which is responsible

for the synthesis of polyunsaturated fatty acids (Okuley

et al., 1994). Ricinoleic acid is formed by hydroxylation of

oleic acid (18:1) that is esterified to the sn-2 position of

phosphatidylcholine (PC) in the endoplasmic reticulum

(Bafor et al., 1991). Studies have found that hydroxy fatty

acids are exclusively present in seed storage lipids, mostly in

the form of triacylglycerols (TAG), and are absent from

membrane phospholipids (Millar et al., 2000). Apparently,

plants have efficient mechanisms to remove unusual fatty

acids from sites of synthesis and transfer them to storage as

TAG, therefore it has been suggested (Jaworski and Cahoon,

2003; Singh et al., 2005) that these enzymes are obvious

targets for metabolic engineering, including phospholipase

A2 (Bafor et al., 1991) and various acyl-CoA dependent or

independent acyltransferases of the storage TAG synthesis

pathway (Weselake, 2005).

In parallel with our investigations of genes known to be

involved in lipid metabolism, we also considered approa-

ches that would, in principle, allow testing of all the genes

expressed in developing castor endosperm, without any a

priori assumptions about which gene functions might be

beneficial. These approaches are based on our hypothesis

that some proteins in castor seeds, whether directly or

indirectly involved in TAG synthesis, may have co-evolved

with the hydroxylase to facilitate processing 18:1-OH and

other intermediate metabolites. Here we describe the con-

struction of a suitable cDNA library and development of

transformation vectors that allow shotgun expression of

castor endosperm proteins in Arabidopsis seeds expressing

the castor FAH12. The resulting transgenic seeds were

screened for changes in hydroxy fatty acid composition by

a high-throughput gas-chromatography approach. In our

first trial of this approach, we have obtained several lines

that contained significantly higher amounts of hydroxy fatty

acids, and confirmed the effects of the castor cDNAs isolated

from these lines by retransforming into FAH12-expressing

Arabidopsis plants.

Results

Overview and screening strategy of a high-throughput

approach

To screen castor genes that may boost hydroxy fatty acid

accumulation in transgenic Arabidopsis, we designed a

high-throughput approach (Figure 1). This approach con-

sists of five steps: (i) construction of a full-length cDNA lib-

rary from developing castor seeds; (ii) mass sub-cloning of

the cDNA library faithfully into a binary plant-expression

vector so that the cDNAs are under control of a seed-specific

promoter; (iii) shotgun transformation of the cDNA library

into an FAH12-expressing Arabidopsis line and screening

Figure 1. Outline of the high-throughput screen used to identify castor cDNAs that increase hydroxy fatty acid accumulation in transgenic seeds of Arabidopsis.
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transgenic seeds using a fluorescent DsRed marker; (iv)

analyzing fatty acid composition of T2 transgenic seeds

employing high-throughput gas chromatography (GC) to

identify transgenic lines with increased hydroxy fatty acid

content; and (v) isolation of castor cDNAs from these lines

and confirmation of their beneficial effects by retrans-

formation into the FAH-expressing Arabidopsis plants. The

development of these steps is described in detail in the

following sections.

Synthesis and selection of full-length cDNAs from

developing castor endosperm

In order to efficiently test the function of individual genes

from developing castor seeds directly in transgenic plants, it

is highly desirable to use a cDNA library that is enriched in

full-length clones. Reliance on a standard cDNA library,

where perhaps 30% of the inserts are full length, would

mean that fewer than 1/3 of the plants screened would

contain a functional transgene. Castor bean stores oils in the

seed endosperm. We therefore used developing endosperm

as the starting material, and purified messenger RNA from

endosperm 20 days after pollination at developmental stage

IV, when the endosperm undergoes rapid dimensional

growth and gain in weight (Greenwood and Bewley, 1982).

A critical step in making a full-length cDNA library lies in

the synthesis of full-length first-strand cDNAs, but our first

reverse transcription experiments produced first-strand

cDNAs dominated by short, approximately 1.0-kb, partial-

length cDNA fragments (data not shown). Several protocols

that reportedly benefit long cDNA synthesis (Carninci et al.,

1998; Spiess and Ivell, 2002), including using trehalose or

other ingredients in reverse transcription reactions, pro-

duced little improvement. However, we successfully

improved reverse transcription by conducting the reaction

at a high temperature (55�C) using the thermal-stable

SuperScript III reverse transcriptase (Invitrogen), and the

resulting single-strand cDNAs displayed a wide range of size

distribution with the majority around 2–3 kb (Figure 2). This

result suggested that the first-strand cDNAs we obtained

most closely reflected the mRNA population in developing

endosperm of castor.

We adopted a biotinylated cap-trapping approach to

recover single-strand full-length cDNA molecules (Carninci

et al., 2000). This method is based on chemical introduction

of a biotin group into the diol residue of the cap structure of

mRNA, followed by RNase I treatment to destroy single-

strand RNAs. The full-length cDNA–mRNA hybrids were

selected by trapping the biotin residue at the cap sites using

streptavidin-coated magnetic beads. Incompletely synthes-

ized cDNAs were thus eliminated, because the hybrid

molecules did not contain the cap structure after RNase I

treatment destroyed the single-stranded mRNA. After puri-

fication of the first-strand cDNAs, the second-strand cDNA

was synthesized by a highly efficient single-strand linker-

ligation method, which uses DNA ligase to add a dsDNA

linker to the 5¢ ends of single-strand full-length cDNAs

(Shibata et al., 2001). This method offers great advantages

over the traditional oligo(dG) tailing method (Carninci and

Hayashizaki, 1999), as elimination of the GC tail simplifies

sequencing and translation of proteins. We used linker

sequences that contain the SstI restriction site. An XhoI site

had been incorporated into the primer sequence for first-

strand cDNA synthesis. Therefore both ends of cDNA can be

cleaved, allowing oriented cloning of double-strand cDNAs.

The methylation-sensitive enzymes SstI and XhoI do not cut

hemi-methylated cDNAs, and we had used 5-methyl-dCTP

instead of dCTP for the first-strand cDNA synthesis.

Vectors designed for shotgun transformation

We chose to design a bacteriophage lambda vector to

minimize size bias and improve the likelihood of isolating

rare clones (Short et al., 1988). To facilitate subsequent

mass sub-cloning for expression in plants, we created a

vector designated kGW, incorporating the attB sites of the

Gateway cloning system (http://www.Invitrogen.com/

gateway) using the proven kZAPII vector (Stratagene) (Short

et al., 1988) as the starting material (Figure 3a). The Gate-

way system allows directional sub-cloning of genes from

one vector to any other compatible vectors by site-specific

DNA recombination. Its ability to transfer DNA with high

efficiency and fidelity makes it a suitable system for mass

sub-cloning of an entire cDNA library. In addition, inclusion

of a ccdB cell-death gene in a Gateway vector avoids high

background in a cDNA library with clones having no inserts.

Before investing effort in library construction, we tested our

vector construct using a 2.0-kb cDNA clone, and found that

the efficiency of our kGW vector was comparable with that of

the kZAPII vector, producing approximately 108 pfu lg)1

DNA.

We also created pGate-DsRed-Phas, a high-throughput

binary vector for plant transformation (Figure 3b). This

vector contains the attR sites so that cDNAs can be cloned

Figure 2. Full-length first-strand cDNA synthesis by reverse transcriptase

reaction.

Lane 1, molecular weight markers; lane 2, [a-32P]dATP radiolabeled cDNA.
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directionally under control of a seed-specific phaseolin

promoter (Sengupta-Gopalan et al., 1985) via the Gateway

cloning process. The vector employs a DsRed marker under

control of the cassava vein mosaic virus (CVMV) promoter,

and permits ready identification of transgenic seeds by

examination under green illumination using a red filter

(Stuitje et al., 2003). To test the efficiency of the expression

vector, a full-length cDNA clone of the FAH12 gene was

inserted into the vector by the Gateway process, and was

subsequently transformed into Arabidopsis plants mediated

by Agrobacterium tumefaciens. Resulting transgenic seeds

were readily identified on the basis of DsRed expression

(Figure 1). Analysis of these DsRed-positive seeds con-

firmed that they produced up to 15% hydroxy fatty acids.

Evaluation of a full-length castor cDNA library

We cloned the full-length double-stranded cDNAs into the

kGW vector, and obtained an unamplified primary cDNA

library containing approximately 5 · 105 clones. To evaluate

the quality of this cDNA library, we performed plaque PCR

and sequenced the cDNA inserts. As shown in Figure 4, the

insert sizes of the cDNAs range from approximately 700 bp

to >6 kb, and the majority of the clones have inserts of 2–

3 kb. This indicates that the clone population of the library

reflects the first-strand cDNA population. We also randomly

selected 140 clones and sequenced the PCR products from

the 5¢ ends. Inspection of sequences using the ExPASy

translation tool (http://us.expasy.org/tools/dna.html) identi-

fied putative ATG start codons with upstream in-frame

stops. The sequences were used to search in Arabidopsis

and National Center for Biotechnology Information (NCBI)

non-redundant databases using the BLASTX program. Of the

140 sequences, 132 were identified as full-length clones

when compared with the 5¢ ends of their putative full-length

homologs in the databases. As an oligo(dT) primer corres-

ponding to the poly(A) signal sequence of the mRNA was

used to synthesize the first-strand cDNA, the 3¢ ends of the

cDNA clones should include sequences for carboxyl termini

of proteins. We therefore estimate that the cDNA library has

approximately 94% clones encoding full-length proteins

from developing castor endosperm.

Two of the 140 clones were found to encode the FAH12

gene. This high frequency indicates that the castor endo-

sperm used for cDNA library construction was at the right

stage for hydroxy fatty acid synthesis. Furthermore, we

also determined by PCR analysis that many important

genes involved in lipid biosynthesis are present in this

cDNA library, such as the genes for long-chain acyl-CoA

synthetases (LACS); lysophosphatidic acyltransferases

(LPATs); acyl-CoA:diacylglycerol acyltransferases (DGAT1

and DGAT2); and a phospholipid:diacylglycerol acyltrans-

ferase (PDAT) (data not shown). We considered normal-

izing our library to reduce the frequency of cDNAs

corresponding to highly expressed genes such as those

encoding seed-storage proteins. However, normalization

protocols can lead to loss of low-abundance clones, so we

decided to use the original library for the experiments

described here.

The cDNA library in the kGW vector was excised into the

plasmid format and mobilized into the pGate-DsRed-Phas

vector via the Gateway cloning process, to create a plant

expression library. The expression library was then electro-

porated into A. tumefaciens for transforming Arabidopsis

plants. To test for any biases during these steps, we

randomly selected 30 Agrobacterium colonies and per-

formed colony PCR. The results indicated that cDNA size

distribution was similar to that of the original library (data

not shown).

Figure 4. Evaluation of a castor full-length

cDNA library.

The size distribution of cDNA inserts of randomly

picked clones from the cDNA library was exami-

ned by plaque PCR using T3 and T7 primers.

Two lanes of molecular weight markers are

included.

Figure 3. Simplified maps of library and transformation vectors.

(a) The kGW vector for cDNA library construction, which is derived from the

kZAPII vector by incorporating the Gateway system for mass sub-cloning; and

SstI and XhoI restriction sites for directional cloning.

(b) The T-DNA region of the binary plant expression vector pGate-DsRed-

Phas.

attB and attR, Site-specific recombination sequences; ccdB, a topoisomerase

poison from Escherichia coli; Cm, chloramphenicol resistance; LB, left border;

pCVMV, CVMV promoter; pPHAS, phaseolin promoter; RB, right border;

T3 and T7, PCR and sequencing primers; Term, phaseolin and CVMV

terminators.
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Shotgun cDNA library transformation and high-throughput

screen

To simplify screening of transgenic seeds containing

increased proportions of hydroxy fatty acids, we produced

several hydroxylase-expressing transgenic plant lines in the

Arabidopsis fae1 mutant background. This mutant lacks the

FAE1 condensing enzyme required for the synthesis of

lesquerolic and auricolic acids. When transformed with

FAH12, fae1 mutants contain only two hydroxy fatty acids

(ricinoleic acid, 18:1-OH and densipolic acid, 18:2-OH), and

this simplifies analysis of seed fatty acid composition. To

identify homozygous lines of FAH12-transgenics with

consistent, high hydroxy fatty acid content, we screened

over 50 transgenic plants. Seeds from hemizygous plants

contain up to 15% hydroxy fatty acids (ricinoleic plus den-

sipolic acids). We chose six lines for further analysis, and the

homozygous seeds contained 17–19% hydroxy fatty acids.

One transgenic line, CL37, consistently contained 17% hyd-

roxy fatty acids, and germinated normally. This line was

used as recipient for shotgun transformation of the castor

cDNA library.

In the first trial of our screening approach, we generated

about 5000 T1 transgenic seeds in the CL37 background

screened by DsRed expression. A total of 3840 T1 plants

germinated and grew to maturity. The T2 seeds were

harvested from each of these T1 plants, and random samples

of about 30 seeds from each line were aliquoted into 96-well

metal plates. Seeds were crushed and their fatty acyl methyl

esters were derived by trimethylsulfonium hydroxide for

single-pass gas-chromatography analysis in a high-through-

put manner (Figure 5a). Data analyses indicated that most

lines contained 16–18% total hydroxy fatty acids, similarly to

the CL37 parental line. However, we found that some lines

contained higher or lower amounts of total hydroxy fatty

acids (Figure 5b). We chose to characterize 18 lines contain-

ing apparent increases in hydroxy fatty acids. To verify the

high-throughput results of these lines, we sorted the T2

seeds into red seeds transformed with castor cDNA, and

brown untransformed segregants. Fatty acyl methyl esters

were derived from these seed samples and analyzed by GC

to compare fatty acid compositions between red and brown

seeds from each line. We confirmed that eight lines

contained 19–22% total hydroxy fatty acids in red seeds –

Figure 5. Examples of data analysis from the high-throughput screen for increased hydroxy fatty acid content.

(a, b) Seed fatty acid methyl esters from T2 seeds of plants transformed with clones from a castor cDNA library were analyzed by gas chromatography (GC), the

results were exported into Microsoft EXCEL, and the hydroxy fatty acid (18C-OH ¼ 18:1OH þ 18:2OH) contents were calculated and plotted for comparison.

(c) GC profile of fatty acid methyl esters of untransformed segregants from T2 seeds.

(d) GC profile of the red-transformed T2 segregant from the same T2 seeds as in (b) with a castor oleosin cDNA containing increased hydroxy fatty acid content.
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substantially more than that in the segregating untrans-

formed seeds, which averaged 17% (Figure 5c,d).

Identification of castor genes and confirmation of their

efficacy

The castor cDNA clones in eight lines that contained con-

firmed increases in hydroxy fatty acids were isolated by PCR,

with genomic DNA from the transformed lines as template,

and directed by primers corresponding to sequences flank-

ing the castor cDNA in the pGate-DsRed-Phas vector. Single

DNA fragments were amplified from three lines, indicating

that only one cDNA had been transformed into each of these

lines. Of the remaining five lines, four lines gave rise to two

PCR products, and one to three PCR products, indicating that

they contained multiple cDNA transgenes. Confirming the

basis of the increased hydroxy fatty acid phenotype in these

lines will require identification and testing of each of the

cDNA clones separately, and perhaps in combination. This

work is currently under way in our laboratory.

The cDNA sequences from the three single-insert lines

were identified by database searches as homologs to

oleosin (line 1938); phosphatidylethanolamine (PE)-binding

protein (line 1929); and scaffold-attachment region (SAR)

DNA-binding protein (line 1204) (Table 1). To confirm the

effects of these castor genes on hydroxy fatty acid accumu-

lation, we verified the complete sequence of the PCR

products and cloned them into the pGate-DsRed-Phas vector

via the Gateway system, then transformed them afresh into

CL37 plants. The resulting DsRed-transformed seeds had

similar increases in hydroxy fatty acids, confirming the

positive effect of the genes on hydroxy fatty acid accumu-

lation in transgenic Arabidopsis seed (data not shown).

Discussion

Plants produce many products with industrial applications,

including oils, fibers, fuels and pharmaceuticals. The

development of genetic engineering in plants offers new

possibilities for improving the production of natural com-

pounds, or for the synthesis of new products in plants. Over

the past few years, it has been realized that the manipulation

of single genes is of only limited value in metabolic engin-

eering. As a result, strategies have been focused on more

complex approaches involving simultaneous overexpres-

sion or suppression of multiple genes to achieve optimal

metabolic flux (Capell and Christou, 2004). Understanding a

metabolic network would facilitate the production of natural

products and the synthesis of novel molecules in a predict-

able and useful manner.

Arabidopsis is a well studied model plant, and has been

used for molecular dissection of many metabolic path-

ways, including those involved in lipid metabolism

(Browse and Somerville, 1991). Heterologous expression

of biosynthetic pathways in Arabidopsis is a powerful

approach for developing metabolic engineering applica-

tions in plants. As an Arabidopsis plant will produce

several thousand seeds under optimal glasshouse condi-

tions, and as transformants can be obtained at a rate of

0.5–3% of all progeny seeds using a simple floral dip

method, it is possible to obtain a large number of

transgenic seeds in a few weeks. Here we describe a

high-throughput, shotgun-transformation approach to

identify castor genes that boost hydroxy fatty acid accu-

mulation in transgenic Arabidopsis seeds. As outlined in

Figure 1, to screen transformants in a high-throughput

manner, several steps require high efficiency.

A full-length cDNA library is highly desirable for an

expeditious functional test. In preparing a full-length cDNA

library, we performed the reverse transcription reaction at a

high temperature (55�C) instead of the traditional 37–42�C.

This is expected to disrupt secondary structures that may be

present in mRNAs, and thus greatly improve first-strand

cDNA synthesis (Figure 2). We selected full-length cDNAs by

an advanced cap-trapping method (Carninci and Hayashiz-

aki, 1999) with great success: about 94% of the cDNA clones

Table 1 Comparison of fatty acid composition between T2 seeds transgenic with castor cDNA (upper rows) and untransformed segregants
(lower rows)

Plant line 16:0a 18:0 18:1 18:2 18:3 18:1OH 18:2OH
Total hydroxy
fatty acid

Increase
(%)b

1204 Scaffold-attachment region DNA-binding protein
12.0 � 0.2 6.0 � 0.1 33.5 � 0.3 20.6 � 0.2 6.2 � 0.1 17.2 � 0.2 4.0 � 0.04 21.2 � 0.2 18.6
15.4 � 2.1 8.3 � 0.7 31.2 � 2.1 19.2 � 1.0 5.4 � 0.6 15.5 � 0.3 2.4 � 0.28 17.9 � 0.3

1938 Oleosin
12.6 � 0.1 8.0 � 0.1 30.9 � 0.7 20.3 � 0.6 6.4 � 0.4 18.1 � 0.4 3.3 � 0.1 21.4 � 0.3 19.7
13.7 � 0.8 8.2 � 0.3 31.9 � 2.6 21.0 � 1.6 6.8 � 0.2 15.3 � 0.8 2.6 � 0.5 17.9 � 0.9

1929 Phosphatidylethanolamine-binding protein
13.3 � 0.4 6.3 � 0.5 32.1 � 0.8 22.4 � 0.9 6.9 � 0.4 15.4 � 0.2 3.7 � 0.2 19.1 � 0.4 11.6
14.5 � 0.5 5.9 � 0.2 31.9 � 0.4 23.9 � 0.1 6.7 � 0.5 13.6 � 0.2 3.5 � 0.2 17.1 � 0.4

aFatty acid data are mean � SE of three separate sample preparations.
bStudent’s t-test significant at P < 0.05.
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in our cDNA library encode full-length proteins from devel-

oping castor endosperm, a frequency similar to that

achieved by Carninci et al. (1996), who developed this cap-

trapping method. By designing and constructing our own

lambda vector, we anticipated that we would retain larger

cDNA molecules in the library, and that these would be

propagated successfully in Escherichia coli (Short et al.,

1988), reducing bias against large cDNA clones. Our results

confirmed that the cDNA insert-size distribution in our

library ranged from 700 bp to >6 kb, with majority of clones

of 2–3 kb (Figure 4). This size distribution reflected that of

the first-strand cDNAs (Figure 2).

To facilitate subsequent excision and mass sub-cloning

into a binary plant expression vector, we incorporated the

Gateway cloning system into the designs of our phage and

plant transformation vectors. This technique not only avoi-

ded disruption of cDNA clones by restriction digestion, but

also allowed cDNAs from the original lambda library to be

transferred faithfully en masse into the transformation

vector, and inserted directionally under control of the

seed-specific phaseolin promoter (Figure 3b). In addition,

the DsRed marker designed into our vectors allowed us to

sort transformed from untransformed seeds easily. This

ability greatly reduces the effort required to grow thousands

of plants for high-throughput analysis, as every seed planted

is known to be transgenic. The ability to differentiate

transformed from untransformed seeds also speeds analy-

sis by allowing separation of T2 segregating seeds into those

containing new castor transgenes from otherwise isogenic,

untransformed segregants. Our expeditious high-through-

put gas-chromatography method enabled us to analyze seed

fatty acids composition in only 4 min per sample (see

Experimental procedures). This protocol, when coupled

with parallel injection using a dual-flame ionization detector

(FID) GC, means that we could routinely analyze more than

600 seed samples per day.

The accumulation of hydroxy fatty acids depends on

many factors, including the performance of the hydroxylase

transgene and efficient channeling of hydroxy fatty acids

into storage triacylglycerols. Our approach offers the oppor-

tunity to screen thoroughly all castor genes expressed in the

developing endosperm. Our initial test screening of about

4000 transgenic plants resulted in eight lines that showed

increased hydroxy fatty acid content. We identified three

genes that occurred in the singly transformed lines, and

confirmed their effects on hydroxy fatty acid accumulation.

Oleosins are small proteins required for forming lipid bodies

that contain storage triacylglycerols. We identified a castor

oleosin as a genetic determinant mediating increased hyd-

roxy fatty acid accumulation in transgenic Arabidopsis. This

result suggests that overexpression of castor oleosins in the

endoplasmic reticulum may facilitate the hydroxy fatty acid-

containing TAGs being rapidly formed into oil bodies, thus

preventing these unusual fatty acids from being incor-

porated into membrane lipids through the common diacyl-

glycerol precursor. Phosphatidylethanolamine is one of the

major phospholipids synthesized in the pathway shared by

phospholipid and storage lipid biosynthesis. Although PC is

generally regarded as the lipid substrate for fatty acid

modification, fatty acids esterized to PE may also, to a lesser

extent, be modified and channeled into TAG (Lin et al.,

2000). Recent reports indicate that including DNA sequences

that encode SARs in transformation constructs may prevent

potential silencing effects of transgenes (Allen et al., 2000;

Petersen et al., 2002). It is possible that the SAR DNA-

binding protein in line 1204 may have its effect by enhancing

expression of the hydroxylase transgene, but other expla-

nations are also possible. The precise roles of these genes in

increasing hydroxy fatty acid accumulation will require

further investigation.

The occurrence of very high ricinoleic acid content in

castor seeds is probably the result of collective effects of

several genes that have co-evolved to facilitate the incor-

poration of hydroxy fatty acids into TAGs. Although our

initial screen has identified lines with moderate (approxi-

mately 20%) increases in hydroxy fatty acids, the results

validate our hypothesis that this experimental approach

can bring to our attention genes with hitherto unexpected

roles in ricinoleate accumulation. The fact that several lines

from the screen contain multiple inserts of castor cDNAs

also suggests the possibility that our approach can identify

combinations of cDNAs that increase hydroxy fatty acid

accumulation. However, to improve the efficiency of the

screen, one may wish to use a normalized or subtracted

cDNA library, as some genes are very abundant in

developing castor seeds (e.g. approximately 25% of the

genes in our library encode storage proteins; C.L. and J.B.,

unpublished results). Also, to minimize homologous sup-

pression of transgene expression, it may be advantageous

to use different promoters to drive hydroxylase and castor

cDNAs.

In conclusion, we describe a high-throughput approach

capable of efficient discovery of genes for high-level

accumulation of ricinoleate in transgenic plants. We

created a transgenic line expressing the gene of interest

in a model plant species, then shotgun transformed with

a full-length cDNA library (which, in principle, may

represent the complete transcriptome of the tissue where

the gene is natively expressed), and examined their

effects on accumulation of the desired gene product by

a high-throughput gas chromatographic analytical meth-

od. Application of these principles to other genes of

interest could help develop novel biotechnology-based

crops with added value in nutrition, quality and yield.

Although we describe an approach targeted at engineer-

ing oilseeds, the methods we have developed provide a

powerful research tool in plant biotechnology and func-

tional genomic research.
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Experimental procedures

Construction of lambda and plasmid vectors

A bacterial phage vector kGW was designed to use the Gateway-
mediated excision and transfer of cDNA inserts. The kZapII vector
(Stratagene, La Jolla, CA, USA) was modified by introducing the
negative selection ccdB cassette using pDEST-C (Invitrogen, Carls-
bad, CA, USA) as the amplification template. The primer pairs were:
ccdBfor1, 5¢-GACAAGTTGTACAAAAAAGCAGGCT GAGCTCAGTA-
TGCGTATTTGCGCGCTG-3¢; ccdBfor2, 5¢-AGCTGACAAGTTTGTA-
CAAAAAAGCAGGCTGAGCTC-3¢; ccdBrev1, 5¢-CACCACTTTGTACA-
AGAAAGCTGGGTCTCGAGTACGCTAGTGTCATAGTCCTG-3¢; ccd-
Brev2, TCGACACCACTTTGTACAAGAAAGCTGGGTCTCGAG. (Gate-
way sequences are shown in italics, SstI and XhoI restriction sites
are underlined.) The sticky-end PCR (Zeng, 1998) strategy used for
this amplification introduced directional attB sites to achieve com-
patibility to the Gateway system, as well as the SstI and XhoI
restriction sites used later to clone the cDNA. The amplified cassette
was ligated into kZapII vector DNA arms prepared by published
methods (Carninci and Hayashizaki, 1999). The ligation product was
packaged with Max Plax (Epicentre, Madison, WI, USA) according to
manufacturer’s protocol. Cells of Escherichia coli strain C600 (F) thi-
1 thr-1 leuB6 lacY1 tonA21 supE44 k)), permissive for ccdB, were
infected with the resulting phage particles, and single plaques were
tested by PCR for presence of the ccdB cassette. A single positive
plaque was selected and its sequence confirmed after amplification
of the insert using standard M13 forward and reverse primers.

The expression vector pGate-DsRed-Phas was modified based on
the pOEA2, a plant-transformation binary vector developed by
Thomas Girke (Dow AgroSciences, San Diego, CA, USA). A
fragment containing chloramphenicol resistance gene and ccdB
cell-suicide gene bracketed by the Gateway attR sites was inserted
between the seed-specific phaseolin promoter and terminator. A
DsRed marker gene (Clontech, Mountain View, CA, USA) was
placed behind the constitutive cassava vein mosaic virus (CVMV)
promoter (Verdaguer et al., 1996).

Plant material and transformation

We used an Arabidopsis mutant line, fae1, to generate transgenic
plants expressing castor hydroxylase gene FAH12. One transgenic
line, CL37, which stably expressed FAH12 and contained approxi-
mately 17% of hydroxy fatty acids, was used to test cDNA clones
from castor. These plants were transformed by the floral dipping
procedure (Clough and Bent, 1998) following electroporation of
individual cDNA clones or cDNA library into Agrobacterium
tumefaciens strain GV3101 (pMP90). All plants were grown in
controlled-environment chambers at 22�C under a 16-h photoperiod
of 150 lmol quanta m)2 sec)1 photosynthetically active radiation.

Construction of a castor full-length cDNA library

Total RNA was extracted from developing castor endosperms using
the Midi RNAqueous Kit (Ambion, Austin, TX, USA) according to the
manufacturer’s instructions. mRNA was prepared using the Oligo-
tex kit (Qiagen, Valencia, CA, USA). mRNA (10 lg) was used for first-
strand cDNA synthesis. The oligo(dT)BX primer containing BamHI
and XhoI restriction sites (underlined) was used: 5¢-GAGAGAGA
GAGAGAGA GAGGATCCACTCGAGTTTTTTTTTTTTTTTTVN-3¢. The
reverse-transcription reaction was performed as instructed by
Invitrogen, using SuperScript III reverse transcriptase in a thin-well
PCR tube by incubating at 55�C for 1 h in a thermocycler. We used

[a-32P]-dATP to monitor cDNA size distribution and calculate cDNA
yield. Full-length first-strand cDNAs were precipitated and captured
using the cap-trapping procedure as described by Carninci and
Hayashizaki (1999). The second-strand cDNA was synthesized using
the single-strand linker ligation method (Shibata et al., 2001). The
GN5 linker was prepared by mixing oligonucleotides A (5¢-GAGAGA-
GAGAGCACGAGCTCGTCGACTAGTGACACTATAGAACCAGNNNNN-
3¢) and B (5¢-TGGTTCTATAGTGTCACTAGTCGACGAGCTCGTGC-
TCTCTCTCTC-3¢). The N6 linker was prepared by mixing oligo-
nucleotides B and C (5¢-GAGAGAGAGAGCACGAGCTCGTCGACT-
AGTGACACTATAGAACCANNNNNN-3¢). The reaction was follo-
wed by proteinase K treatment in the presence of 0.2% SDS and
10 mM EDTA at 45�C for 15 min. We added 1 lg glycogen, and
extracted the reaction using phenol/chloroform and chloroform; the
sample was precipitated using isopropanol. The double-stranded
cDNA was digested with SstI and XhoI and ligated into the kGW

vector. The ligation product was packaged as described above.
For production of a plant expression library, the primary lambda

library was amplified and DNA was extracted using a lambda DNA
preparation and purification system (Promega, Madison, WI, USA).
Up to 100 ng lambda DNA was mixed with 300 ng pDONR201
vector, 4 ll Gateway BP reaction buffer and 4 ll BP Clonase enzyme
mix in a volume of 20 ll. Overnight incubation at 25�C was followed
by proteinase K treatment and isopropanol precipitation. The
precipitate was mixed with 300 ng BstZ17I-digested pGate-DsRed-
Phas linearized vector, 4 ll Gateway LR buffer, and 4 ll LR Clonase
enzyme mix in a volume of 20 ll. After overnight incubation at 25�C,
the sample was further purified with proteinase K/phenol chloro-
form extraction, followed by ethanol precipitation. The resulting
plasmids were electroporated into Agrobacterium strain GV3101.
Colonies grown on Luria-Bertani (LB) plates supplemented with
100 mg l)1 spectinomycin (Sigma, St Louis, MO, USA) and
50 mg L)1 gentamicin (Fluka, St Louis, MO, USA) after 3 days’
incubation at 30�C were scraped in a small volume of liquid LB
medium. An aliquot was inoculated into 500 ml LB medium with the
same antibiotics to prepare for transformation of Arabidopsis
plants. The remaining cells were saved as glycerol stocks at )80�C.

Gas chromatography

For high-throughput GC analyses, about 30 seeds harvested from
each mature T2 transgenic line were aliquoted to custom 96-well
stainless steel plates, and were cracked using a custom 96-tip hand-
held ball-crushing device. Fatty acyl methyl esters (FAMEs) were
derivatized for 15 min in 100 ll trimethylsulfonium hydroxide
solution (Muller et al., 1993) and diluted with 100 ll methanol; both
were delivered into the 96-well plates using a LEAP Twin-PAL dual-
rail robot (LEAP Technologies, Carrboro, NC, USA) fitted to an
Agilent 6890 dual-FID GC (Palo Alto, CA, USA). Then 0.3 ll sample
was injected into the GC employing two 7 m · 0.53-mm Supelco-
wax columns (SPB50, Supelco, Bellefonte, PA, USA) using helium
as the carrier gas. The GC analytical method was 190�C for 50 sec,
30�C min)1 ramp to 280�C, and the final temperature was main-
tained for 50 sec for a total run time of 4 min. Data were analyzed by
graphical representation of hydroxy fatty acid composition in Agi-
lent’s CHEM STATION software and Microsoft EXCEL.

For confirmation of the high-throughput GC results and analysis
of retransformed T2 seeds, FAMEs were prepared by heating
approximately 20 seeds at 80�C in 1 ml 2.5% H2SO4 (v/v) in methanol
for 90 min, and extracted with 200 ll hexane and 1.5 ml 0.5% NaCl
(w/v); 100 ll of organic phase were then transferred to auto-injector
vials. Sample (1 ll) was injected into an Agilent 6890 GC fitted with a
15 m · 0.25-mm AT wax column (Alltech, Deerfield, IL, USA). The
GC was programmed for an initial temperature of 190�C for 2 min,
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followed by an increase of 8�C min)1 to 230�C, and maintained for a
further 6 min.

Isolation of castor cDNA from transgenic plants and

retransformation

DNA was extracted from young leaves by a hexadecyl-
trimethylammonium bromide (CTAB)-based method (Lukowitz
et al., 2000). Castor cDNAs in transgenic plants were amplified
using primers CDIN1: 5¢-ATCAACAAGTTTGTACAAAAAAGCAGGC-
TGAG-3¢ and CDIN2: 5¢-TCAACCACTTTGTACAAGAAAGCTGGGT-
CT-3¢, and a hot-start DNA polymerase KOD (Novagen, Madison, WI,
USA). The PCR conditions were 94�C for 3 min followed by 30 cycles
of 94�C for 30 sec, 56�C for 30 sec and 72�C for 3 min, and finally
72�C for 10 min. The primer CDIN1 was also used for sequencing the
5¢ ends of the amplified cDNA products using the BigDye sequen-
cing kit (ABI, Foster City, CA, USA). For retransformation, cDNAs
were cloned into the pGate-DsRed-Phas vector by the Gateway
process and electroporated into Agrobacterium GV3101 strain for
dipping flowers of Arabidopsis CL37 line, as described above.
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