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Abstract The wild type (Wt) and mutant form of yeast
(sphingolipid compensation) genes, SLCI and SLCI-1, have
been shown to have lysophosphatidic acid acyltransferase
(LPAT) activities (Nageic et al. in J Biol Chem 269:22156—
22163, 1993). Expression of these LPAT genes was repor-
ted to increase oil content in transgenic Arabidopsis and
Brassica napus. It is of interest to determine if the TAG
content increase would also be seen in soybeans. Therefore,
the wild type SLCI was expressed in soybean somatic
embryos under the control of seed specific phaseolin pro-
moter. Some transgenic somatic embryos and in both T2
and T3 transgenic seeds showed higher oil contents. Com-
pared to controls, the average increase in triglyceride values
went up by 1.5% in transgenic somatic embryos. A maxi-
mum of 3.2% increase in seed oil content was observed in a
T3 line. Expression of the yeast Wt LPAT gene did not alter
the fatty acid composition of the seed oil.

Keywords Fatty acid analysis - Analytical techniques -
Plant lipid biochemistry - Neutral lipid biosynthetic
enzymes - Metabolism
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Introduction

Different plant species vary greatly in seed storage reserves
with some grain seeds having >85% starch, while 50-70%
oil in oil seeds, and legumes such as soybeans with 40%
protein and 20% oil of the seed dry weight [2]. Soybeans
are the largest oil seed crop in the world followed by
Brassica, peanut, sunflower and cotton seeds [3, 4]. There
is a significant amount of vegetable oil that is used for
industrial purposes. For example, of the ~380 million tons
of oilseeds produced in 2005, about 85% of the extracted
oil is used for food and cooking applications, while nearly
15% is put to use in industry for, among others, lubricants,
inks, coatings, plasticizers and biodiesel [5]. Since oil
production has such tremendous importance, conventional
and genetic engineering strategies are being applied to
improve oil quantity and quality in oil seed crops [6].
The Kennedy pathway is the major TAG pathway of
plants [7, 8] with the three acyltransferases the glycerol-3-
phosphate acyltransferase (GPAT, EC 2.3.1.15), the lyso-
phosphatidic acid acyltransferase (LPAT, EC 2.3.1.51) and
the diacylglycerol acyltransferase (DGAT, EC 2.3.1.20)
operating in a sequential manner. The other enzymes that
directly participate in the DAG to TAG conversion are
DAG transacylase and phospholipid-DAGAT [9]. Over-
expression of Kennedy pathway enzymes, GPAT [10];
yeast LPAT [11, 12]; DAGAT [13, 14] have reportedly
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increased oil content in plants and yeast. Maize high oil
QTL (Qho6) encodes a mutated DAGATI1-2 allele [15].
Besides the Kennedy pathway, other pathway enzymes like
glucose metabolism enzymes like glycerol-3-phosphate
dehydrogenase (GPDH, EC 1.1.1.8) [16] and Dof-type
transcription factors [17] were also implicated in the seed
oil increase. Arabidopsis transcriptional factor FUSCA3
(FUS3) was implicated in the increased oil content in
Arabidopsis seeds [18].

Saccharomyces cerevisiae sphingolipid suppressor gene,
SLCI-1 and the wild type SLCI gene proved to be acyl-
transferases with LPAT activity [1, 11]. Transforming
plants with wild type (SLCI) and mutated (SLCI-1) forms
of yeast genes resulted in increased triglyceride levels [11,
12, 19]. So far there are no reports on soybean seed oil
enhancement except the high oil cultivar N88—480 devel-
oped by [20] through conventional breeding though several
strategies were successfully reported for seed oil increase
in plants [10, 14-16, 21]. Soybean seed expressing a
diacylglycerol acyltransferase 2A from the soil fungus
Umbelopsis (formerly Mortierella) ramanniana showed a
1.5% increase in oil levels [22].

An important method of soybean regeneration is somatic
embryogenesis. Embryogenic tissues can be proliferated by
subculture on a solid proliferation (MSD20) medium or a
liquid suspension culture medium [23, 24]. Through
somatic embryogenesis, genetic engineering of soybean
has proved to be a powerful technique for improving seed
compositions including the oil for enhanced edible and
industrial purposes [25-27]. Furthermore, somatic embryo
proliferation can result in a higher number of somatic
embryos [24] thus probably increasing the rate of recovery.
Another potential advantage of the somatic embryos sys-
tem is that they are good targets in many cases of seed
specific traits since they can be analyzed at the mature
soybean somatic embryo stage prior to the zygotic
embryonic stage, thus saving labor and time [28-33].

Here in this paper we report the generation of transgenic
soybean somatic embryos (SS embryos) expressing the
yeast SLCI gene with increased total lipids. We also report
the generation of fertile transgenic soybean plants with
seeds showing increased oil content.

Materials and Methods

Plant Material

Soybeans [Glycine max (L.) Merrill cv. ‘Jack’] were grown
in a greenhouse at the University of Kentucky, Lexington
under a 16 h photoperiod at 35 °C day and 25 °C night

temperature. Pods with immature seeds were surface steril-
ized by immersing for 30 s in 70% 2-isopropyl alcohol
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followed by a 10 min immersion in 25% bleach solution
(with 1.5% final hypochlorite concentration) with a few
drops of Liquinox (detergent). The pods were then rinsed
three times in sterile water for 5 min each time. Immature
seeds 3—6 mm in length were removed from the pods. The
end containing the embryonic axis was cut off and discarded.
Then the two cotyledons were pushed out from the seed coat,
separated and placed with abaxial side (round side) down on
MSD40 (Murashige and Skoog salts, 40 mg/l 2,4-dichloro-
phenoxyacetic acid, B5 vitamins, sucrose (3% wt/vol) with
0.2% gelrite) medium [34]. Cultures were then incubated at
25 °C at a 23 h photoperiod (low light intensity, 5-10 pE).
Globular staged somatic embryo clusters were harvested
from the explant tissues 4—6 weeks after induction and then
placed on MSD20 (MS salts, B5 vitamins, sucrose (3% wt/
vol), 20 mg/l 2,4-D with 0.2% gelrite) solid medium for a
period of 1 month for proliferation. Embryogenic tissues
were then transferred from MSD20 to FNL (Finer and Na-
gasawa “lite”’) “liquid medium” [24] for further prolifera-
tion. Suspension cultures were agitated at 100 rpm and
maintained with a 2 week subculture period at 25 °C with a
23 h photoperiod. The T1 and T2 generation transgenic
plants were grown in the green house under the same con-
ditions as described above for the Jack control plants.

Vector Construction

The amplified SLCI gene product was cloned into the
PGEM T-vector. The product was sequenced using T7 and
SP6 vector sequencing primers to confirm the sequence of
the ligated product. A 0.9-kbp Ncol/Hpal T-Vector diges-
ted SLCI fragment was cloned into a pPHI472 vector [29]
digested with the same enzymes to put the SLCI gene
under the seed specific phaseolin promoter and phaseolin
terminator. The whole cassette was digested with EcoRl/
Pstl and ligated to a pPCAMBIA 1201 (Genbank accession
number AF234293) plant transformation vector digested
with the same restriction enzymes. The pCAMBIA 1201
binary vector has a chloramphenicol resistance gene for
bacterial selection and a hygromycin resistance gene for
plant selection. The GUS reporter gene was driven by the
constitutive CaMV 35S promoter.

Microprojectile Bombardment

Green embryo clumps were slightly pressed with a spatula
to partially separate them and were placed in the center of a
moist filter paper in sterile petri plates (approximately
100-150 mg of somatic embryos per plate) and partially
desiccated in a laminar flow hood for 15 min prior to
bombardment. Transformation was carried out via particle
bombardment with a gene gun (Dupont PDS1000;
Bio-Rad Laboratories, Hercules, and CA) by gold/DNA
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microprojectile preparations as described by [34]. Briefly,
for 9 shots, 25 pg of plasmid DNA was used to coat 7.5 mg
of 0.6 um gold particles. Cultures were bombarded at
10,687 kPa (1,550 psi) helium gas pressure under 91 kPa
(27 in) of Hg vacuum, at a shooting distance of 11 cm from
the rupture disk to the target tissue. Immediately after
bombardment, embryogenic cultures were placed on D20
proliferation media without any selective agent for 7 days.

Selection and Regeneration of Transformants

Bombarded globular SS embryos that were cultured on
D20 were transferred (approximately 100 clumps of
0.3-0.4 cm diameter per plate) to FN Lite medium
Samoylov et al. [35] containing 25 mg/l hygromycin. After
3—4 weeks, visibly growing clumps were moved to fresh
selection medium. After approximately 12 weeks, green
looking hygromycin resistant SS embryo clumps were
transferred from FN Lite into 500-ml Erlenmeyer flasks
containing 100 ml of liquid MSO (MS salts, B5 vitamins
and 3% sucrose) medium as described by Samoylov et al.
[24]. Prior to transfer into flasks, each embryogenic cluster
was gently pressed with a spatula to partially separate
the individual globular-stage embryos. At 4 weeks, the
resulting cotyledon-stage embryos were analyzed for GUS
staining (f-glucuronidase) and RNA isolation. Some of
the embryos were desiccated as described in [24]. Ten to
twelve matured embryos were placed in a 100 x 15 mm
Petri dish and sealed with Nescofilm. To allow gradual
desiccation of embryos over a period of 5-7 days, a small
piece (approximately 1 cm?) of solid MSO medium (MSO
medium with 0.2% Gelrite) was placed in the middle of the
plate away from the embryos. Desiccated embryos were
germinated on 1/5th MS medium (1/5th concentration of
MS salts, B5 vitamins, 0.4% Gelrite without sucrose).

Yeast DNA Isolation and SLC! Gene Amplification

A pellet from a 10-ml culture of Yeast strain InVscl
(Invitrogen, Carlsbad, CA) was homogenized with mortar
and pestle. Total DNA was isolated from the homogenized
yeast following the procedure described by [36]. The SLCI
gene [1] was directly amplified from yeast genomic DNA
since no introns sequences were found. With 100 ng of
yeast genomic DNA as template, PCR was done to amplify
the SLCI gene using the primers 5-CCATGGATGAGTG
TGATAGGTAGGTTC-3" and 5-GTTAACAATGCATCT
TTTTTACAGATGA-3' for the sense and antisense strand,
respectively. Ncol restriction site was added to the forward
primer while the reverse primer was designed with a Hpal
site. The PCR conditions were 94 °C for 2 min; 30 cycles
at 94 °C, 30s; 55°C, 30s; 72°C, 1 min and a final
extension at 72 °C for 8 min.

Plant DNA Isolation

Genomic DNA was isolated from soybean leaves and
embryos as described by Reddy et al. [36]. Screening of
transgenic soybean lines was done by PCR of the SLCI
gene using 200 ng of the genomic DNA in 50-p reactions.
The primers and the PCR conditions for SLCI gene
amplification were as described above.

Southern Blotting

Five micrograms of DNA was digested overnight with
EcoRlI, fractionated on a 0.8% agarose gel, and blotted onto
a Zetaprobe membrane (Bio-Rad). Hybridization was done
overnight at 42 °C in a hybridization solution containing
50% formamide, 0.12 M Na,HPO,, 0.25 M NaCl, and
1 mM EDTA with a SLCI gene-specific fragment random
prime labeled with [¢**P]-dCTP (Prime-It II Random Pri-
mer Labeling Kit; Stratagene, La Jolla, CA) as a probe. The
membrane was washed three times at room temperature in
0.1 x SSC (1 x SSC is 0.15M NaCl plus 0.015M
sodium citrate) and 0.1% SDS and exposed in a phos-
phorlmager cassette (Molecular Dynamics, Sunnyvale,
CA). The intensity of hybridized DNA bands was esti-
mated using the ImageQuant software program (Molecular
Dynamics).

RT-PCR

Total RNA was extracted from the hygromycin resistant
matured soybean somatic embryos using the Trizol reagent
as advised by the manufacturer (Invitrogen Corporation,
Carlsbad, USA). Using the isolated total RNA as a tem-
plate, reverse transcription was performed for the synthesis
of the first-strand cDNA using oligo dT as prescribed by
manufacturers of the Kit (Sigma-Aldrich Corporation, St.
Louis, MO, USA) in a 20-pl reaction at 48 °C for 45 min.
A 2-pl aliquot of the RT reaction was used in a 50-ul PCR
reaction with the following profile: 94 °C for 2 min; 30
cycles at 94 °C, 30 s; 55 °C, 30 s; 72 °C, 1 min and a final
extension at 72 °C for 8 min. The primers used were the
same as in the PCR reaction described for SLCI gene
amplification.

Lipid Analysis

Lipids were isolated as described in [37]. Total lipids were
extracted independently from seed chips (~2 mg) cut from
ten different matured seeds for each line. For fatty acid
analysis of matured somatic embryos ten individual 5 week
old (matured on 6% maltose containing MS medium
plates) somatic embryos of a clone were used. The somatic
embryos were desiccated before lyophilization. To allow
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gradual desiccation of embryos over a period of 5 days a
small piece (approximately 1 cm®) of solid MSO medium
was placed in the middle of the plate away from the
embryos. The desiccated embryos were freeze dried and
weighed. TAG (triacylglycerol) contents were calculated
from the addition of known amounts of tri -17:0 (1,2,3-
Triheptadecanoylglycerol, Sigma-Aldrich Corporation, St.
Louis, MO, USA) internal standard added to the somatic
embryos and seed chips before lipids were extracted. The
lipids were methylated with 0.5 ml of sodium methoxide
(4.2%, wt/vol) with shaking at 800 rpm for 45 min. The
fatty acid methyl esters were extracted with 1 ml of hexane
twice. The hexane extracts were combined and then
washed with 1 ml of 0.9% KCIl. The fatty acid methyl
esters in hexane were analyzed by gas chromatography
(Hewlett Packard 5890 with a flame ionization detector) on
FFAP column of 14 m x 0.25 mm, 0.33 pm film thick-
ness. The temperature program started from 140 °C for
1 min, then increased to 235 °C at a rate of 10 °C/min and
held at this temperature for 20 min.

Additionally oil and protein content of the zygotic seeds
were analyzed using a near infrared (NIR) analyzer as
described by [38]. NIR analyses were performed in tripli-
cate compared to the known oil and protein content
of control soybean cultivar Jack [39] and high oil seeds,
N88—480 [20].

Results

PCR, GUS staining and Southern blot hybridization tech-
niques were used to identify the transgenic nature of the
embryos and plants obtained by hygromycin selection.
Thirteen transgenic lines were PCR positive for the intro-
duced SLCI gene [S1 (supplementary SFig. 1)] when
analyzed at the embryo stage. Only nine of those lines were
further regenerated. The expected fragment size of 0.9 kbp
was amplified in the transgenic samples but not in the
negative control embryos. As a positive control, a SLC/
expression cassette containing pCAMBIA 1201 vector
DNA was used. Genomic DNA from empty pCAMBIA
1201 vector transformed embryos and the untransformed
Jack embryos were used as negative controls. A strong
PCR band was observed in the positive controls. No SLC/
amplification was seen in the negative controls.

Southern blot hybridization was done for the first five
independent transgenic lines (SFig. 1) for the presence of
the SLCI gene. Southern blot hybridization (Fig. 1) anal-
ysis of these transgenic plants indicated the integration of
the SLCI gene into the soybean genome. As expected,
Southern blot hybridization bands from the transgenic
plants were much larger than the size of the SLC/ frag-
ment. Southern blot analysis also revealed that the
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Fig. 1 Southern blot hybridization of yeast LPAT (SLCI) transgenic
plants. Each lane represents a different transgenic line. Genomic
DNA was digested with EcoRI. Since the yeast SLCI gene has no
internal EcoRI restriction sites total DNA was digested with EcoRI
restriction enzyme. As a positive control the PCR amplified 0.9 kb
SLCIfragment was used. Lane I has two hybridization bands while
other transgenic lines have single copy insertions of the transgene.
The bands representing the SLC/ transgenic lines are larger in size
than the positive control. Molecular weights are given on the sides.
Letters “P” and “C” represents positive and negative controls. “E”
indicates an empty lane

introduced gene copy number varied from one to two. Four
of the five transgenic plants analyzed have varying sized
single insertions of the introduced SLCI cassette. A single
transgenic plant (Plant 1) had two copies of the introduced
gene. All the transgenic plants regenerated grew normal
and set flowers and pods (SFig. 2). Except plant 3 all other
southern positive plants are turned out to be GUS positive
(SFig. 3). GUS expression among different transgenics
lines varied with the blue GUS stain was visible in the
leaves and flowers of some lines while it was visible only
in the flowers in others (SFig. 3). The reasons for such
variation are not clear since the GUS gene was expressed
under a constitutive CaMV 35S promoter. GUS staining
was also visible in the cotyledons and in the axis of
matured somatic embryos (SFig. 4).

Total lipid content was analyzed in matured SLCI
transgenic and vector control transformed soybean somatic
embryos (Fig. 3). On average the total lipid content of the
SLCI1 transgenic embryos was found to be 1.5% higher
than the transgenic vector controls and Jack control
embryos. In addition to GUS analysis (SFig. 4) RT-PCR
was done to determine the expression of the introduced
SLC1 gene in matured somatic embryos (SFig. 5). Trans-
genic plant line 8 was established from the somatic
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Table 1 Percentage oil

content in T2 seeds of Plant line % oil

transgenic plants Control 207+ 0.5
1 21.0+ 1.8
2 27 +13
3 233409
4 224409
5 2324 1.5
6 21.6+ 08
7 213+ 09
8 218 +22
9 18.8 + 1.7

embryos analyzed for total lipid content. As shown in
Table 1 the seeds of transgenic line 8 also had a similar
increase in total lipid content.

The total seed lipid content was analyzed from the seeds
of greenhouse grown T1 and T2 plants. PCR was done to
identify the presence of the SLCI gene in the T2 generation
transgenic plants. The TAG content of vector transformed
Jack control seeds was ~20% on a dry weight basis
(Table 1) while some of the T2 transgenic seeds had
increased total lipid contents that varied from 0.6 to 2.5%
(Table 1). The average total lipid content of T2 generation
SLCI transgenic line 9 were found to be lower than the
vector-transformed Jack controls while transgenic line 1
had similar values (Table 1). TAG analysis of T3 seeds
have shown that lines 1-11, 3—4, 3-9 and 6-20 have oil
content increases of 1.6-3.2% compared to the vector
control (Fig. 2). The T3 seeds of plants 1-11, 3—4, 3-9 and
6-20 represents the progeny of T1 transgenic lines 1, 3, and
6, respectively. The high oil cultivar N88—480 [20] showed
TAG content of 22.5% by seed dry weight and the
untransformed Jack plant 20.2%. The increase in lipid

Qil levels of LPAT and D9D lines

23.5 40.0
210‘_* Boil Oprotein | 35.0
2251 | 30.0
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* 25 t150 &
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o°$é é“&\ a

lines

Fig. 2 Mean percentages oil and protein =+ standard errors (SE) in
T3 seed of some of the high oil transgenic plant lines, vector controls
and high oil line N88—480 (Hi). Compared to the vector controls all
the other lines had higher oil and lower protein levels. Line 3-9
showed the highest oil content

content of these SLCI transgenics was accompanied by a
decrease in protein content (Fig. 2).

Discussion

Some Brassica and Arabidopsis seeds that expressed the
SLCI and its mutant form, SLCI-1 genes with LPAT
activity in yeast [1, 11, 19] showed increased oil levels.
The present investigation examined the impact of the wild
type SLCI gene on total fatty acid levels in soybean
somatic embryos and seeds. Some transgenic soybeans thus
developed showed high oil in the T2 and T3 seeds. The
initial aim behind transforming Brassica with yeast SLCI-1
gene was to increase erucic acid content though the
transgenics also showed higher oil content [11]. As
explained by Zou et al. [11] for Brassica and Arabidopsis,
endogenous LPAT regulation might be one of the con-
trolling steps in the TAG accumulation in soybeans also.
Yeast LPAT with no significant homology to plant LPATs
is likely not recognized by regulatory systems in plants
thus creating a sink towards TAG accumulation in soybean
seeds. Currently, there are at least 53 QTLs (quantitative
trait loci) associated with oil content in different soybean
cultivars, however, most of the QTLs are not confirmed
[40]. As the accumulation of different storage components
needs the coordination of several genes that encode the
enzymes of the respective pathways [2] it will be inter-
esting to know if any of the high oil QTLs encode for
LPATS or for that matter any of the three Kennedy pathway
acyltransferases. Besides yeast LPAT, safflower GPAT
(glycerol-3-phosphate acyltransferase,) [10], Mortierella
GPAT [41] and DGAT (Diacylglycerol acyltransferase)
from Arabidopsis [21] have been reported to increase oil
content in plants and yeast. A maize high oil QTL (Qho6)
was recently analyzed [15] and known to encode DGAT.

Although larger seed sizes and ~40% increase in seed
oil content have been reported for Brassica and Arabid-
opsis that expressed the yeast SLCI gene [11, 19] no such
dramatic results were noticed in the case of soybean seeds
by us. The highest increases observed were similar in
values reported for high oil line N88—480 [20]. Maybe the
smaller increase in seed oil might be a reason for regular
seed sizes in case of SLCI transgenic soybean. To date the
only soybean gene reported to have increased seed oil
content when over- expressed are the two Dof-type tran-
scription factor genes GmDof4 and GmDof11 [17]. When
over-expressed in Arabidopsis these genes increased oil
content. Over-expression of these genes activated the
acetyl CoA carboxylase (ACC, EC 3.1.3.44) and long-
chain-acyl CoA synthetase (ACS, EC 6.2.1.3). So one of
the 58 reported QTLs of soybean oil enhancement might
include these transcription factors also.
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There is typically a negative correlation between protein
and oil concentration in soybean seed [42].Wilcox [43]
showed that increased protein amounts led to a decrease in
oil content in soybeans. Interestingly the two soybean
transcription factors GmDof4 and GmDofl1 that elevated
the activity of lipid biosynthesis enzymes also down reg-
ulated the seed storage protein gene CRAI in Arabidopsis
[17]. In the case of SLCI transgenics also we have noticed
that an increase in oil content was associated with reduced
protein amounts (Fig. 2). Our results also indicate that the
oil increase in soybean seeds expressing this yeast gene
with LPAT activity was at the expense of protein content
[44].

Somatic embryos mimic zygotic embryos in develop-
mental and physiological aspects [45, 46]. Confirming the
expected transgenic trait at the somatic embryo stage itself
saves time and effort in soybean transgenic research. If a
desired trait is observed in somatic embryos different
clones can be screened for better producers of the end
product and further taken to germination. Transgenic soy-
bean somatic embryos were screened for fatty acid modi-
fication traits. Liu et al. [29] were the first to show
palmitoleic acid in the soybean somatic embryos by over-
expressing a mammalian A9 desaturase (SCD, EC
1.14.19.1). Cahoon et al. [32] produced vernolic acid and
12-epoxy-octadeca-9,15-dienoic acid; A’-eicosenoic acid
and AS-hexadecenoic acid [31]; wa-eleostearic acid and
a-parinaric acids [30] in soybean somatic embryos by over-
expressing the transgenes responsible for the synthesis of
these compounds. As mentioned in the introduction several
embryos can be generated and proliferated from a single
clone of transgenic embryo. On an average when 10
embryo clones were analyzed the SLCI expressing embryo
line has 1.5% increase in oil content compared to the vector
control and untransformed Jack embryos (Fig. 3). In the T2
seeds of the transgenic line 8 produced from these embryos
the TAG content increase was found to be similar

Transgenic Control Vector Control

[e)

% Total lipid content
~

()

Fig. 3 Total lipid content of freeze dried SLCI transgenic soybean
somatic embryos, Jack control and vector control embryos. The data
represents three independent experiments. The bars represent stan-
dard errors
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(Table 1). Besides the hygromycin resistance we have
confirmed the transgenic status of the embryo line by
RT-PCR by amplifying the introduced the SLCI gene and
GUS analysis. This is the report on the total fatty acid
content of transgenic somatic embryos being correlated
with an increase in oil content of transgenic soybean seeds.
In conclusion, expression of the yeast SLCI gene that codes
for a yeast lyso-phosphatidic acid acyltransferase led to an
increase in soybean seed oil content. The increase in seed oil
was accompanied by a reduction in seed protein content.
Analysis of soybean somatic embryos over-expressing
the yeast SLCIgene led to an increase in total fatty acid
content. Soybean somatic embryos can be used for ana-
lyzing quantitative changes in oil content before germi-
nating and growing plants thus saving time and effort.
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