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In higher plants, lysophosphatidic acid acyltransferase (LPAAT), located in the cytoplasmic endomembrane compartment,
plays an essential role in the synthesis of phosphatidic acid, a key intermediate in the biosynthesis of membrane phospholipids
in all tissues and storage lipids in developing seeds. In order to assess the contribution of LPAATs to the synthesis of storage
lipids, we have characterized two microsomal LPAAT isozymes, the products of homoeologous genes that are expressed in
rapeseed (Brassica napus). DNA sequence homologies, complementation of a bacterial LPAAT-deficient mutant, and enzymatic
properties confirmed that each of two cDNAs isolated from a Brassica napus immature embryo library encoded a functional
LPAAT possessing the properties of a eukaryotic pathway enzyme. Analyses in planta revealed differences in the expression of
the two genes, one of which was detected in all rapeseed tissues and during silique and seed development, whereas the
expression of the second gene was restricted predominantly to siliques and developing seeds. Expression of each rapeseed
LPAAT isozyme in Arabidopsis (Arabidopsis thaliana) resulted in the production of seeds characterized by a greater lipid
content and seed mass. These results support the hypothesis that increasing the expression of glycerolipid acyltransferases in
seeds leads to a greater flux of intermediates through the Kennedy pathway and results in enhanced triacylglycerol

accumulation.

With increasing environmental challenges and con-
cerns, there is renewed interest in deriving plant-based
sustainable alternatives for petroleum products, in-
cluding carburants, lubricants, and industrial feed
stocks. Modifying oilseed crops to produce oils of
uniform composition containing fatty acids varying in
chain length or possessing reactive functional groups
is a primary objective (Jaworski and Cahoon, 2003), as
is that of increasing the yield of seed oil (Lardizabal
et al, 2008; Zheng et al., 2008). Early success in
modifying seed oils to produce the more common
fatty acids has been tempered by limited success in the
production of high levels of unusual fatty acids (UFAs)
in cultivated oilseeds (Thelen and Ohlrogge, 2002;
Drexler et al., 2003). Such studies have led to the
conclusion that in order to achieve levels of UFAs
similar to those present in the oil of native species,
enzymatic activities additional to fatty acid modifica-
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tion are necessary to optimize the synthesis (Mekhedov
et al., 2001), stability (Eccleston and Ohlrogge, 1998),
and channeling (Bafor et al., 1990) of the desired fatty
acid into triacylglycerol (TAG).

The synthesis of glycerolipids occurs in the cyto-
plasm using de novo-synthesized fatty acids exported
from the plastid as acyl-CoA thioesters. The fatty acyl
groups are incorporated into membrane and storage
lipids by the sequential esterification of glycerol-3-
phosphate by the action of glycerol-3-phosphate
acyltransferase (GPAT; EC 2.3.1.15) at sn-1 to form
lysophosphatidic acid followed by lysophosphatidic
acid acyltransferase (LPAAT; EC 2.3.1.51) at sn-2 to
form phosphatidic acid (PA; Somerville et al., 2000).
Dephosphorylation of PA results in the formation of
diacylglycerol (DAG), which in developing seeds
may be directed into the production of TAG by acyl-
CoA-independent reactions or by diacylglycerol acyl-
transferase (DAGAT; EC 2.3.1.20; Roscoe, 2005). The
substrate preferences for acyl-thioesters and the selec-
tivities for the acceptor molecules displayed by the
microsomal acyltransferases play a crucial role in
establishing the acyl composition of lipids (Frentzen,
1998). The TAG synthesized in most oilseeds of agro-
nomic importance contains fatty acids that are the
same as those present in cytoplasmic membrane
lipids. In contrast, the seeds of species that synthesize
TAGs with exotic fatty acid compositions possess
microsomal acyltransferases that facilitate the incor-
poration of UFAs into storage lipids because of their
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broad GPAT and/or their selective DAGAT specific-
ities (Wiberg et al., 1994; Frentzen, 1998). Furthermore,
oilseeds characterized by TAGs that contain UFAs
at sn-2 possess additional seed-specific microsomal
LPAATs (Brown et al., 1995, Hanke et al.,, 1995;
Knutzon et al., 1995) that exhibit a wide variation in
substrate preference and that serve to ensure the
channeling of UFAs to this position, thereby segregat-
ing incompatible fatty acids away from membrane
lipids.

Cloning of cDNAs from cultivated and exotic plants
and the availability of entirely sequenced genomes
from plant and algal species have revealed that a
minimum of two classes of genes encoding micro-
somal LPAATs exist (Frentzen, 1998) within a larger,
LPAAT-like gene family containing acyltransferases as
yet functionally uncharacterized but distinct from
GPATs (Roscoe, 2005). The class A microsomal LPAATSs
defined by Frentzen (1998) possess substrate prefer-
ences for C18:1-CoA typical of enzymes involved in
membrane lipid synthesis and are ubiquitously ex-
pressed in the plant. In contrast, individual members
of the class B LPAATSs display preferences for distinct,
unusual saturated or unsaturated acyl groups and are
normally expressed in storage organs. Although class
B LPAATSs have been exploited to alter the stereochem-
ical composition of rapeseed (Brassica napus) oil to
permit the incorporation of modified fatty acids at sn-2
(Lassner et al., 1995; Knutzon et al., 1999), a significant
increase in the total amount of UFAs was not accom-
plished by the expression of the class B LPAATSs alone.
In contrast, the transformation of rapeseed and Arabi-
dopsis (Arabidopsis thaliana) with a yeast gene encod-
ing a variant LPAAT, SLC1-1, capable of accepting very
long chain fatty acyl (VLCFA)-CoA substrates resulted
in an increase in the total VLCFAs and, unexpectedly,
in total oil content (Zou et al. 1997).

In our efforts to modify the fatty acid composition of
oil in rapeseed, in particular to increase the content of
VLCFAs, we have addressed the question of optimiz-
ing the environment for the correct functioning of
LPAATs encoded by transgenes. The above studies
using the various LPAAT transgenes indicate that
channeling of UFAs into sn-2 of oilseed species re-
mains problematic. The ability to obtain oils with
uniform composition strongly depends on the occu-
pancy of sn-2 by UFAs, yet the level of occupancy of
sn-2 by fatty acids corresponding to the selectivity of
the introduced LPAAT is variable and relatively mod-
est. Occupancy of sn-2 is determined in part by the
ability of the LPAAT encoded by the transgene
to compete with the endogenous enzyme, a function
of the acyl-CoA substrates available to the enzymes
and the relative efficiencies of the enzymes to compete
for the donor and acceptor substrates. We argued that
there is latitude for the reduction of competing activ-
ities using an antisense strategy, and although micro-
somal LPAATs have been cloned from rapeseed, there
are no reports of the characterization of the enzyme.
Our objectives in this work were to identify and
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evaluate the potential contribution of LPAAT isozymes
to TAG biosynthesis in rapeseed, thereby discerning
targets for optimizing efforts to modify oils for indus-
trial purposes. In this study, we catalogue a previously
undescribed complexity in microsomal LPAAT diver-
sity and identify a LPAAT isozyme likely to play an
important role in TAG synthesis in rapeseed. In con-
trast to diverged LPAATs of plant origin, we demon-
strate a positive effect of the overexpression of
microsomal LPAATs on oil content and seed weight.

RESULTS

Sequence Analysis of Rapeseed cDNAs
Encoding LPAATs

A cDNA encoding a putative LPAAT isoform was
previously isolated in our laboratory via hybridization
screening of an immature embryo library of rapeseed
with labeled oligonucleotides derived from the maize
(Zea mays) endosperm nucleotide sequence (accession
no. Z29518). This cDNA sequence was subsequently
used to rescreen a second aliquot of the immature
embryo library and resulted in the isolation of 13
clones, of which seven contained cDNAs of approxi-
mately 1.5 kb. Three clones named BAT1.13, BAT1.12,
and BAT1.5 (for Brassica acyl transferase 1) were
sequenced to completion and contained cDNAs of
1,466, 1,593, and 1,581 bp, respectively, preceding the
poly(A”™) tail. The cDNAs BAT1.13 and BAT1.12 shared
89.8% nucleotide identity to each other, and alignment
of each of these cDNAs with the National Center for
Biotechnology Information (NCBI) nucleotide data-
base using the BLAST2 algorithm revealed the stron-
gest identity (87%) with the rapeseed nucleotide
sequence (accession no. Z95637) encoding a putative
LPAAT. The BAT1.5 cDNA shared 82.5% nucleotide
identity with BAT1.13 and 99% identity with a Brassica
oleracea cDNA (accession no. AY616009).

Conceptual translation of the BAT 1.13 and BAT1.12
cDNA sequences revealed the presence of a single
open reading frame coding for an identical protein of
390 amino acids, of mass 43.7 kD and pI 9.69. This
protein sequence was found to share significant ho-
mology with LPAATs of other eukaryotic species in
BLAST?2 searches of the NCBI database. The highest
score, 97% similarity, was obtained with a LPAAT
of rapeseed (accession no. Q9XFW4), followed by
96% identity with the Arabidopsis gene product
At3g57650, characterized by Kim et al. (2005). The
deduced protein sequence encoded by the BAT1.5
cDNA contained 391 amino acids, of mass 43.6 kD
and pl 9.76, sharing 95.9% identity and 97.4% similar-
ity to the BAT1.13 protein and 98% identity to a B.
oleracea cDNA (accession no. AAT36638). The BAT1.13
and BAT1.5 proteins shared 74% identity with the
Limnanthes douglasii LPAAT expressed in seeds and
leaves (Brown et al., 1995). The BAT1.13 protein shared
57% similarity to the Saccharomyces cerevisine LPAAT,
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SLC1 (Nagiec et al., 1993), and 40% similarity to the
Escherichia coli LPAAT encoded by the PIsC gene. No
significant homology was evident with the LPAATs that
prefer unusual acyl-CoAs as substrates and whose
expression is restricted to the seeds in the case of L.
douglasii (accession no. Q42870) or the endosperm in the
case of coconut (Cocos nucifera; accession no. Q42670).
There are six positions at which amino acids differ in
a conservative manner and seven nonconservative
substitutions between BAT1.13 and BAT1.5, together
with additional residues at Ala-7 and Glu-386 present
in BAT1.5 and a residue, Asn-375, that is present in
BAT1.13 but absent in BAT1.5. Most of the variation
between the proteins occurs at the C-terminal region,

as shown in Figure 1. Each deduced protein contains a
PisC-like glycerolipid acyltransferase domain (Inter-
ProScan, European Bioinformatics Institute; conserved
domain, NCBI) located between residues 80 and 200,
which includes the highly conserved motif NH(X,)D
common to glycerolipid acyltransferases. The deduced
rapeseed proteins are predicted to possess at least
three transmembrane-spanning regions positioned at
residues 6 to 23, 304 to 320, and 337 to 353 (TMPRED,
Expasy Switzerland). The most favorable predicted
localization of each protein is the endoplasmic reticu-
lum, and a putative dilysine-like endoplasmic reticu-
lum retention signal (EKQK,,,) is present at the C
terminus (pSORT, NIBB Japan).

Figure 1. Identification of rapeseed BAT15 1 MAMAAAAVIVPLG|I[LFFISGLVVNLLQAV[CYVLIRPLSKN|
LPAAT protein sequences. Comparison Bo 1 MAMAAAAV|VPLGIILFFISGLVVNLLQAWVCYVLIRPLSKN|[
OfthededucedaminoacidSequences BAT1.13 1 MAMAAAV I VPLGI LFF'SGL%VNLhQA'CYVL' RPLSKN| 39
of the rapeseed cDNAs BATT.13 and AL 1 -MVI[AAAVIVPLGILILFFISGL[AVNL[FIQAV[CYVL I RPLSKN| 39
BAT1.5 with 1-acyl-glycerol-3-phos- SLC1-1 1 MEVIGRFLYYLASVILVVLUALAGCEGFYGV I ASILC 34
phate acyltransferases of B. oleracea BAT15 a TYRKINRVVAETLWLELVWI VDWWAGVK I QVFADDIETFNR 20
(accession no. AAT36638), Arabidop- Bo 4 [TYRKINRVVAETLWLELVWI| VDWWAGVKI|IQVFADDIETFNR s0
: : BAT113 4 |[TYRKINRAVVAETLWLELVWI VDWWAGVKIQVFAD|NETENR 79
sis (accession no. NP567052), and AL 0 [TYRKINRVVAETLWLELVW| VDWWAGVK I QVFADNETFENR 7
Saccharomyces cerevisiae (accession SLC1-1 35 |[TJLIT GKQHLAQWITARCFYHVMKLML|G[LDVK[VVGE -[EN- - - 70
no. P33333). Outlined boxes indicate
identity/ Shading indicates conserva- BAT15 g1 MG ALVVCNHRSED IDWLVGWILAQRSGCLGSALAVMKK| 120
. ; Bo g1 (MG ALVVCNHRSD I DWLVEWI LAQRSGCLGS AL AVMKK| 120
tive differences, and unshaded areas BAT113 0 |MG ALVVCNHRSD IDWLVGWI LAQRSGCLGSAL AVMKK| 11
indicate nonconservative differences. AL g0 [MG ALVVCNHRSD IDWLVEWI LAQRSGCLGSALAVMKK| 115
SLC1-1 7 LA Y TLR[TEMLGRIFPP-|GC[T - - - - VT AKK| 105
BAT15 121 [ESEKFLPV SEYLFLERN|-WAKDESTLK N 150
Bo 121 |SSKFLPV SEYLFLERN|-WAKDESTLK L N 159
BAT113 120 |[SSEKFLPV SEYLFLERN|-WAKDESTLK L N 158
AR 120 BEKFLPVIG SEYLFLERN|-WAKDESTLK LQRL|S 158
sLei-1 e |S[LIK[YMP[F LG S[GT Y|F LID|RAIS K RQE A | D|T_L|N LIENWK 145
BAT15 160 DFPRAPFWLALFVEGTRFTEA AAQE Y AAS[S|QLPIV[P RN V] 199
Bo 160 DFPRPFWLALFVEGTRFTEA AAQEYAATS[QLP|VIPRN V] 195
BAT113 159 DFPRPFWLALFVEGTRFTEA AAQE Y AAS|S|E|L P|VIP RN V| 193
AL 159 DFPRPFWLALFVEGTRFTEA AAQEYAASS|EILP]I|PRNV| 138
SLC1-1 146 KNKRALWYV - -|[E[PIEGTHRSYT MLPFKKG- - AFHLACQG 11
BAT15 20 [CIPRTKGFVSAVSNMRASF VP DMTVIA[IPKTSPPPTML R 239
Bo 200 LI PRTKGFVSAVYSNMRSFVP DMTVIA[l PKTSPPPTML R 239
BAT113 199 |[LIPARTKGFVSAVYSNMRSF VP DMTVIA[l PKTSPPPTML R 23
AL 199 |LI PRTKGFVSAVSNMRSFVP DMTV|T|I PKTSPPPTMLA 23
sLei-1 12 KL P[TVPVVVENTISTL VISP KY NRGCMI[VRILKP[ISTEN 221
BAT15 20 [LFKGQPSVVHVHIKCHSMKD S[C[DJA[T AGWC RDQF VAKD| 279
Bo 240 [LFKGQPSVVHVHI| KCHSMKD S|EID[E|| AQWC RDQF VAKD| 279
BAT113 2 |LFKGQPSVVHVHI| KCHSMKD S[DD[Al| AQWCRDQFVAKD| 213
AL 20 [LFKGQPSVVHVHI| KCHSMKD SDIDjAll AQWCRDQFVAKD| 21
SLC1-1 222 [L|TIKIDK I GEFAEK DAQMVYDT [ ¢ I 246
BAT1S 280 AAD KSLAVY A[CIL[C]TIC @] 319
Bo 280 AAD KSLAVYV AICILILITIL G| 319
BAT1.13 279 AAD KSLAVVLISWS|CILIL|II|LG 318
A2 279 AAD KSLAVVL A LITILG] 318
SLC1-1 247 NOTHIUMEIRNR - - - - ------------«cuceeonnan 259
BAT1S 220 SN[C GIITLCMQILIRSSQSY 259
Bo 320 S N[L GlIITLCMQILIRSEQSY 359
BAT1.13 319 SN|L Gl ITLCMQILIRSSQS| 358
AR 319 AQ|L Gl ITLCMQIL | RESQS| 15
SLCT-1 260 - - - - = - - - - - s e s s e s e s s e - - AlI[EYAALIQHDKKVNKK 275
BATI5 0 [ERSTPAKVIAPAKPKD|KHl@sGS[SS|QT E VE[E K|Q 391
Bo 0 |[ERSTPAKVAPAKPKD|KIHQSGS|SS|QT E VE|E K|Q 391
BAT113 359 [ERSTPAKVIVIPAKPKDINHNDSGISS|SQTE V|EK|Q 390
AL 359 |[ERSTPAKVIVIPAKPKD|NHHPE - SQTETIEK|E 389
SLC1-1 276 | KNEJP[WMPEVS ISNDVNTHNEGSS|VKKMH - - - - 303
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Functional Characterization of Rapeseed
LPAAT Isoforms

The sequence homologies with LPAATSs of yeast and
plant origin indicated that BAT1.13 and BAT1.5
cDNAs encoded LPAATs putatively localized at the
endoplasmic reticulum and thus likely to be associ-
ated with the eukaryotic pathway of lipid synthesis.
To verify this hypothesis, we performed complemen-
tation and enzymatic assays in the temperature-
sensitive E. coli mutant JC201 (Coleman, 1990). This
strain is deficient in LPAAT activity when grown at
elevated temperatures but grows well at 30°C; thus,
the complementation assay is based on the restora-
tion of growth at nonpermissive temperatures. Plas-
mid DNA containing the BAT1.13 or BAT1.5 cDNAs
in frame with the 8-galactosidase of the pBluescript
SK+ vector was transformed into JC201 cells. Trans-
formed colonies were inoculated and incubated in
liquid culture at various temperatures. Growth
curves established by monitoring cell densities re-
vealed the BAT1.13 and BAT1.5 cDNAs to be capable
of restoring growth to JC201 at 37°C but not at 42°C,
as summarized in Figure 2A. The growth of JC201
and vector-only-transformed JC201 was insignificant
at 37°C and higher temperatures.

In order to confirm that the BAT1.13 and BAT1.5
cDNAs code for a protein possessing LPAAT activity,
membranes were isolated from the JC201 strain
transformed with plasmids containing the BAT1.13
or the BAT1.5 cDNA and assayed for incorporation of
acyl groups into PA using [1-'*Cloleoyl-CoA or
[1- 14C]palrm’[oyl CoA (Fig. 2B). LPAAT activity was
determined in the presence or absence of 55 um
1-oleoyl-lysophosphatidic acid (LPA) and varying con-
centrations of oleoyl-CoA or palmitoyl-CoA. The data
presented in Flgure 2B were obtained at a saturating

concentration of [1-! C]acyl -CoA of 40 uM. The rate of
formation of PA from LPA and [1-! C]oleoyl -CoA in
the presence of membranes isolated from E. coli JC201
transformed with the vector containing the BAT1.5
cDNA was approximately 140-fold greater compared
with membranes isolated from cells transformed with
the vector only. For the membranes isolated from E.
coli JC201 transformed with the vector containing the
BAT1.13 cDNA, the rate of formation of PA from LPA
and [1-'“CJoleoyl-CoA was approximately 44-fold
greater than membranes isolated from the vector-
only -transformed cells. Thus, the LPAAT activity with
a [1-"*CJoleoyl-CoA donor of the BAT1.5-containing
membranes was approximately 3-fold greater than the
BAT1.13-containing membranes. In contrast, the rates
of formation of PA from LPA and [1-! C]palrmtoyl -CoA
in the presence of membranes isolated from E. coli
JC201 transformed with the vector containing the
BAT1.5 ¢cDNA or the BAT1.13 cDNA were similar,
and 19-fold and 16.5-fold, respectively, greater
than membranes isolated from cells transformed
with the vector only. Furthermore, the BAT1.5 en-
zyme exhibits a greater activity with oleoyl-CoA
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Figure 2. Functional characterization of rapeseed LPAATs. A, Comple-
mentation of an acyltransferase-deficient strain of E. coli. The coding
sequences corresponding to the BAT1.13 and BAT1.5 cDNAs were
cloned into the pBluescript SK+ vector and transformed into the JC201
plsC™ strain. Aliquots from OD,,, = 0.5 cultures were grown in the
presence of IPTG. The figure shows the OD after 16 h of growth at
various temperatures. JC201 indicates strain only; pBSK indicates strain
JC201 transformed with vector only; BAT1.13 and BAT1.5 indicate
strain JC201 transformed with the vector containing the coding
sequence of BAT1.13 or BAT1.5. Data represent means of three
independent transformations. B, Rapeseed microsomal LPAAT activ-
ities in E. coli membrane preparations. Membranes were isolated
from JC201 cells that had been grown at 30°C after induction by IPTG
and were assayed in the presence of saturating concentrations of LPA
and [1-"*CJoleoyl-CoA or [1-"*C]palmitoyl-CoA, and the quantity of
radioactivity in the PA reaction product was integrated. The geno-
types of JC201, pBSK, BAT1.13, and BAT1.5 are as in A. The values
represent means of three membrane preparations from independent
transformant clones.

compared with the BAT1.13 enzyme, whereas the
activity of each enzyme is similar with respect to
palmitoyl-CoA. The LPAAT activity of all membrane
fractions was essentially zero in the absence of LPA
(data not shown). These results establish a preference
of the enzymes encoded by the BAT1.13 and BAT1.5
cDNAs for oleoyl-CoA over palmitoyl-CoA when
1-oleoyl LPA was the acceptor, consistent with a cyto-
plasm-localized LPAAT associated with the eukaryotic
pathway.
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Expression of Rapeseed Genes Encoding Microsomal
LPAATs in Planta

Since we were interested in the contribution of
different rapeseed LPAAT isoforms to the synthesis
of storage lipids, we established that the BAT1.13 and
BAT1.5 genes were both expressed during seed mat-
uration. Reverse transcription (RT)-PCR was per-
formed using oligonucleotides capable of amplifying
each transcript in a specific manner. A differential and
tissue-specific pattern of expression was evident be-
tween the two genes, as shown in Figure 3. BAT1.13
was expressed in root, stem, leaf, flower, and imma-
ture seeds of rapeseed, whereas BAT1.5 expression
was detected in immature seeds only. In subsequent
RT-PCR analysis using RNA isolated from immature
embryos of rapeseed, the expression of both BAT1.5
and BAT1.13 was detected at all stages of embryo
development at 14 to 49 d after pollination, from the
heart stage to the mature embryo entering desiccation.
These results indicate that BAT1.13 is expressed in a
ubiquitous manner and is thus possibly involved in
the production of PA for a constitutive requirement in
most tissues, whereas BAT1.5 expression was detected
predominantly in the seeds and is thus of potential

A ROOT STEM LEAF FLOWER SEED
RT + - + - + - + - + -
BAT1.13 [ - - - S oo
BAT1.5 | : po
RPLZ | i == paren ey
B EMBRYO DEVELOPMENT (DAF)
DAP 14 21 28 35 42 49 M
RT + - + - + - +* - +* - + -
BAT1.13 | - e & = =
—
BAT1.5 - — it e —
RPL2 S 8 = - o

Figure 3. Expression of rapeseed microsomal LPAATs. Total RNA was
purified from various rapeseed tissues (A) and from developing embryos
(B) at various days after pollination (DAP), transcribed in the presence
(+) of reverse transcriptase (RT), and the resulting cDNA was used as a
template for PCR with primers designed to discriminate between
BAT1.13 and BATI.5 transcripts. — indicates the absence of reverse
transcriptase. RPL2 represents a control for RNA loading. M corre-
sponds to the DNA size ladder added to the 49 DAP(—) lane. DAF, Days
after flowering.
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importance for the provision of PA for both storage
and membrane lipid synthesis.

Verification of BAT1.13 and BAT1.5 Promoter Specificities

The results obtained by RT-PCR suggested an ex-
pression of the two rapeseed LPAAT genes, BAT1.13
and BAT1.5, that differed in a tissue-specific manner.
To confirm this apparent difference in the profile of
expression, approximately 1 kb of the promoter region
of BAT1.13 and BAT1.5 was fused to the GUS reporter
gene and incorporated into a binary vector, and
Arabidopsis plants were transformed. GUS histo-
chemistry was performed on the various organs of
four independent transformants for each of the two
promoter::reporter lines in order to provide informa-
tion on the precise site of tissue expression (Fig. 4). In
the case of the BAT1.13 promoter:GUS fusions, activ-
ity was detected in the cotyledons and in leaves of
seedlings, and strong expression was associated with
the vascular tissues in these organs and with the basal
cell of the trichomes (Fig. 4A). BAT1.13 promoter
activity was also detected in the vascular elements of
cauline leaves (data not shown). In roots, the BAT1.13
promoter was active at the tip of primary and second-
ary roots and in mesophyll/cortex tissue behind the
elongation zone and in the vascular tissue (Fig. 4, B
and C). In flowers, the BAT1.13 promoter was tran-
siently active in the anthers of young, unopened
flower buds (Fig. 4D), but the expression disappeared
at flower opening as the anthers matured. A weak
expression was detected in anthers and/or pollen later
after fertilization had occurred. In young siliques at 3 d
after flowering, weak BAT1.13 expression was evident
in the stigma, in the pistil, and in the elongated carpels
after flower opening, together with a stronger BAT1.13
promoter activity in the septum, the funiculus, and the
nucellus (Fig. 4E). Between 9 and 12 d after flowering,
strong GUS staining was observed in the embryo and
endosperm at a stage corresponding to the immature
walking stick embryo, which persisted until the ma-
ture cotyledonary stage embryo at 18 d after flowering
(Fig. 4, F and G).

In contrast, evidence of BAT1.5 promoter activity
was detected only in the hydathodes of cotyledons and
leaves (Fig. 4H) and in the stipules and emerging
leaves of seedlings (Fig. 4I). In flowers, expression
from the BAT1.5 promoter was similar to that of
BAT1.13; that is, transient in the anthers (compare
with Fig. 4D), disappearing at flower opening, and
weak expression reappearing in the anther after fer-
tilization. Weak BAT1.5 promoter activity was occa-
sionally observed in a few unconnected sections of the
vascular tissues of young leaves and in the young
roots of some transformant lines. Weak BAT1.5 pro-
moter activity was detected in the carpels, septum,
and funiculus in young siliques at 3 d after flowering
(Fig. 4]) but decreased thereafter. The BAT1.5 promoter
was active in seeds, embryo, and endosperm but not in
the integuments, appearing at a stage corresponding
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Figure 4. Principal sites of BAT1.13 and BAT1.5 gene expression. Histochemical staining is shown for GUS activity in BAT
promoter-uidA transgenic Arabidopsis plants. A, Rosette leaf. B, Primary root. C, Emerging secondary root. D, Mature anther. E,
Opened silique 3 to 5 d after pollination (DAP). F, Opened silique 9 to 12 DAP. G, Seed coat and embryo 12 to 15 DAP. H,
Stained hydratoid of rosette leaf. I, Stipules/emerging leaves. J, Opened silique 3 to 5 DAP. K, Opened silique 9 to 12 DAP. L, Seed
coat and embryo 12 to 15 DAP. A to G show the BAT1.13 promoter, and H to L show the BAT1.5 promoter. Bars =40 um in A, B,

C, H, and I and 80 um in D, G, and L.

to the heart-to-torpedo transition and persisting until
the mature cotyledonary embryo (Fig. 4, K and L). The
activity of both BAT1.13 and BAT1.5 promoters was
uniform in the cotyledons and hypocotyl of the mature
embryo. Taken together, these results confirm that the
gene encoding the BAT1.13 isozyme is expressed in a
ubiquitous, but not a constitutive, manner in most
tissues at certain stages of development. In contrast,
the gene encoding the BAT1.5 isozyme exhibits a
profile of strong expression restricted principally to
the developing seed.

Characterization of Arabidopsis Plants Expressing
Rapeseed LPAAT Isozymes

In order to evaluate the contributions of seed-
expressed LPAAT isoforms to TAG synthesis, binary
plant transformation vectors that contained the
cDNAs corresponding to the coding sequences of
BAT1.13 or BAT1.5 in the sense orientation under the
control of the napin 252 promoter (Guerche et al., 1990)
were constructed and introduced into Agrobacterium
tumefaciens, which was subsequently used to trans-
form Arabidopsis plants. The presence of the LPAAT
transgene was confirmed in the T1 seedlings by PCR,
and a total of 30 BAT1.13 sense plants together with 20
BAT1.5 sense plants containing a single-locus T-DNA
insertion were identified. For an analysis of the effect
of the LPAAT transgenes on seed lipids, a total of 13
independent T2 homozygous single-copy BAT1.13
plants together with eight BAT1.5 plants were selected
at random.

The level of expression of the BAT1.13 and BAT1.5
transgenes in the seeds of the Arabidopsis transform-
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ant plants was determined and is documented in
Figure 5. We performed RT-PCR with gene-specific
primers to discriminate between the expression of the
Brassica and Arabidopsis LPAAT genes in the trans-
genic plants followed by hybridization to a radiola-
beled BAT1.13 probe for quantitation. Analysis of
RNA isolated from Arabidopsis T3 seeds revealed
expression of the Brassica BAT1.13 cDNA or BAT1.5
c¢DNA in all lines but only a background hybridiza-
tion signal in the nontransformed plants. Low levels
of LPAAT transgene expression were evident for the
lines 1.131814, 1.13341, 1.13226, 1.13251, 1.13831, and
1.53C3. The highest levels of transgene expression was
detected in the lines 1.1357651, 1.1356524, 1.5SH36,
and 1.55423. The BAT1.13 signal after gel-blot analysis
of RNA isolated from nontransformed seeds was
essentially zero, reflecting background hybridization.

Overexpression of Rapeseed LPAAT Isoforms in
Arabidopsis Seeds

Our initial characterization of the T2 seeds of eight
BAT1.13- and eight BAT1.5-overexpressing lines was
conducted by quantifying fatty acids from separate
neutral and polar lipid fractions, which revealed that
polar lipids represented 14% of the seed lipids of
ecotype Columbia (Col-0). Although we did not ob-
serve strong differences in the profile of classes of
individual polar lipids, we observed that total polar
lipids were reduced by approximate means of 10% in
BAT1.13 and 15% in BAT1.5 overexpression lines
compared with the controls. In contrast, the prelimi-
nary analyses of fatty acid content in the TAG fraction
extracted from T2 seeds suggested that the expression
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Figure 5. Expression of BATI1.13 and BATI.5 A
cDNAs in transgenic Arabidopsis seeds. Total T T [ ——— R ——
RNA was purified from mature seeds, reverse .
transcribed, and the resulting cDNA was used as a RPL2 wm-_
template for PCR with primers designed to dis-
criminate the BAT1.13 and BATI1.5 transcripts B 60
from that of the endogenous Arabidopsis gene.
The resulting reaction mix was migrated on aga- 50
rose gels and transferred to a nylon membrane. 5
The membrane was hybridized sequentially with 58 40 |
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of each of the microsomal LPAAT isoforms was asso-
ciated with a greater lipid content in Arabidopsis
seeds. Therefore, we extended these analyses to T3 and
T4 seeds. Four independent plants of each of the
BAT1.13 and BAT1.5 transformant lines were grown
together with five individual nontransformed Col-0
plants under the same conditions. There were no
discernible morphological or developmental differ-
ences between the transformed and nontransformed
plants during growth. Flowering time and seed de-
velopment were similar between transformed plants
and nontransformed plants. Siliques were opened
between 11 and 13 d after pollination, and numbers
of seeds per silique were counted. No significant
differences in seed numbers were evident between
BAT1.13 and BAT1.5 transformed plants and non-
transformed plants. Plants were grown to maturity,
and the seeds were collected. The appearance and
morphology of the seeds of the BAT1.13 transform-
ants were similar to those of the seeds of nontrans-
formed Col-0 plants. Seed germination was near to
100% and was similar between BAT1.13 and BAT1.5
plants (data not shown).

Whole mature seeds were subjected to direct trans-
esterification, and the resulting fatty methyl esters
were quantified via gas chromatography. The total
fatty acid content of the seeds of the nontransformed
Col-0 plants was 6.07 = 0.43 ug (n = 25) per seed. These
values equate to 33.4% * 1.88% total lipid content of
dry seed weight and are in accordance with the values
for Col-0 obtained by Li et al. (2006). The fatty acid
composition of the TAG fraction among each of the 13
BAT1.13 and eight BAT1.5 plants did not vary signif-
icantly in the proportions of each of the major classes
of fatty acids and of the VLCFAs (C20:1 and C22:1)
compared with that of the nontransformed control
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plants grown simultaneously under the same condi-
tions.

The individual fatty acid methyl esters were quan-
tified from the seeds of the 13 BAT1.13 and eight
BAT1.5 lines (Fig. 6A). Fatty acid content was deter-
mined on four independent lots of 50 seeds for each
transformant line, each lot being a homogeneous mix-
ture of seeds originating from four plants grown under
the same conditions. Total fatty acid contents of seeds
were determined for the 21 lines on T3 seeds in three
independent experiments and repeated on T4 seeds in
two independent experiments. The mean value for the
total fatty acid content of seeds from the T4 generation,
6.92 + 0.53 ug, was not significantly different from that
of the T3 generation seeds, 6.76 = 0.51 ug (t test, P <
0.05); therefore, the data obtained from experiments at
T3 and T4 generations were considered as five inde-
pendent biological replicates. The total fatty acid con-
tent of the BAT1.13 lines (mean 6.90 * 0.54 ug) varied
in a range between 102% and 127% of that of the
nontransformed plants (Fig. 6A). Of the 13 BAT1.13
plants, 10 possessed a greater total fatty acid content
per seed (mean 7.08 * 0.46 ug) that represented a 17%
greater content compared with that of seeds of non-
transformed plants (¢ test, P < 0.05). Each of the eight
BAT1.5 lines possessed a total fatty acid content in
seeds (mean 6.78 * 0.40 ug) that was greater than that
of the nontransformed Col-0 plants grown under the
same conditions. The total fatty acid content varied in
a range between 104% and 123% of that of the non-
transformed plants, with a mean value of 112% (Fig.
6A). Six of the lines possessed a significantly greater
total fatty acid content, with a mean value (6.91 = 0.38)
that represented a 14% greater seed lipid content
compared with that of the control seeds (¢ test, P <
0.05). Overall, combining the results for the 13 BAT1.13
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A 9 Figure 6. Effect of expression of BAT1.13 and
8 BAT1.5 on seed fatty acid content and weight. A,
» 7 T - Total fatty acid content in transgenic Arabidopsis
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and eight BAT1.5 lines, the mean fatty acid content was
6.85 = 0.49 ug, which represented a 13% greater content
than in the Col-0 mean (¢ test, P < 0.05). Furthermore,
the mean total fatty acid content of the 15 lines that
possessed significantly greater total fatty acid contents
was 7.05 * 0.43 ug, representing a 16% greater seed
lipid content compared with the mean of the combined
Col-0 nontransformed plants (t test, P < 0.05).

The number of mature, dry seeds corresponding to
approximately 5 mg was determined and is expressed
as per seed weight in Figure 6B. The mean weight for
the nontransformed Col-0 seeds (n = 25) was 18.19 =
0.51 ng per seed. When expressed as a percentage of
the weight of the seeds from nontransformed Col-0
plants, individual BAT1.13 transformant lines varied
between 98% and 111%. Thus, 10 of the 13 BAT1.13
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transformant lines had seed weights that were on
average 108% (mean 19.61 = 0.39 ug; n = 5 for each
transgenic line) greater than the control plant seed
weights. Similarly, the BAT1.5 transformants had seed
weights (mean 19.11 * 0.44 ug) that varied between
102% and 108% of seeds of the nontransformed plants
(Fig. 6B), and the seed weights were on average 7%
greater for five of the BAT1.5 (mean 19.39 * 0.25 ug)
transformant lines. The mean seed weights of each of
the BAT1.13 and BAT1.5 transformants determined
with T3 and T4 seeds were not significantly different;
therefore, the mean seed weight for all BAT1.13 and
BAT1.5 transformants combined was 19.19 = 0.63 ug,
which was 6% greater than the mean of the non-
transformed control seeds (f test, P < 0.05). Taken
together, these results suggest that the expression of
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rapeseed microsomal LPAAT isoforms in Arabidopsis
seeds is associated with an increase in TAG content
and in seed weight.

DISCUSSION

Our objective in this work was to provide insight
into the molecular environment in which PA is syn-
thesized during seed development. Specifically, we
wished to identify and evaluate the potential contri-
bution of seed-expressed LPAAT isozymes to TAG
biosynthesis in rapeseed. Such information is neces-
sary to optimize the environment for enzymes encoded
by transgenes in order to facilitate attempts to modify
the fatty acid composition of plant oils. This study
revealed the presence of transcripts encoding several
microsomal LPAAT isozymes expressed in developing
rapeseed that are potentially capable of contributing to
TAG biosynthesis and revealed the additional complex-
ity that underlies lipid biosynthesis in a polyploid
background. Differences in the profile of expression of
the homoeologous LPAAT genes in rapeseed tissues
raise the possibility of a specialization of function
between the isozymes. In contrast to transgenesis using
other LPAATs of plant origin, the expression of each
rapeseed LPAAT isozyme in Arabidopsis seeds was
associated with an increase in seed mass and total fatty
acid content.

Diversity of LPAAT Microsomal Isozymes in Rapeseed

The rapeseed cDNAs BAT1.12, BAT1.13, and BAT1.5
were highly homologous at the nucleotide and de-
duced protein levels to the L. douglasii LAT1 (Brown
et al., 1995) and Arabidopsis LPAT2 (Kim et al., 2005)
sequences, which were shown to encode ubiquitous
microsomal LPAATs. The BAT1.13 and BAT1.12
cDNAs are independent gene products encoding a
protein of identical amino acid composition that is
distinct from a third LPAAT isoform (accession no.
Q9XFW4). The cDNA BAT1.5 encodes a protein that is
more divergent from the other three isoforms but
nearly identical to the B. oleracea protein (accession no.
AAT36638). The sequence heterogeneity among the
four clones originates in the allotetraploid nature of
the rapeseed genome and therefore the variation
among BAT1.13, BAT1.12, and Q9XFW4, and these
genes along with the BAT1.5 gene reflect allelic vari-
ation and polymorphism between the parental LPAAT
genes present in each donor genome. The near identity
with the B. oleracea LPAAT sequence confirms that
BAT1.5 is the product of the C genome; consequently,
the three other isoforms are likely to be the products of
the A genome originating from Brassica rapa. The
extent of nucleotide variation among the BAT1.13,
BAT1.12, and Q9XFW4 cDNAs suggests that these are
derived from genes that were either multiplied by
triplication and originally present in the ancient pro-
genitor genomes of the parental diploid genomes of
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rapeseed or possibly the result of subsequent and
more recent gene rearrangements (Parkin et al., 2003).
Thus, in contrast to the orthologous LPAAT in Arabi-
dopsis encoded by the gene At3g57650, there exist a
minimum of four microsomal LPAAT isoforms ex-
pressed in rapeseed that are likely to be associated
with the Kennedy pathway. The apparent redundancy
of cytoplasmic LPAATs in rapeseed may mask an
alteration, or an acquisition of novel functions or
modes of regulation, that may contribute to pheno-
typic diversity (Lukens et al., 2004). Furthermore, this
diversity among rapeseed LPAATs may be an impor-
tant aspect to be considered in understanding the
partitioning of fatty acids between membrane and
storage lipids in seeds and has implications for at-
tempts to modify seed oil composition. We have
shown that LPAAT activity is additive in developing
rapeseed; therefore, the ability to selectively suppress
a seed-specific isozyme with high specific activity and
selectivity toward oleoyl-CoA presents a potential
route to obtaining uniform oil composition without
compromising membrane lipid synthesis.

The Homoeologous Genes BAT1.13 and BAT1.5 Encode
Functional LPAAT Isozymes

We selected the BAT1.13 and BAT1.5 clones for
functional characterization as representative of the
extent of sequence variation among the cDNAs en-
coding microsomal LPAATs isolated from the rape-
seed embryo library. The complementation of the
bacterial LPAAT-deficient strain indicated that both
BAT1.13 and BAT1.5 proteins possess LPAAT activity
in vivo, and this was confirmed by enzymatic assays
that further revealed a preference for oleoyl-CoA over
palmitoyl-CoA as an acyl group donor in the conver-
sion of LPA to PA. Preliminary selectivity assays using
reciprocal combinations of labeled and unlabeled
oleoyl- and palmitoyl-CoA substrates indicated that
BAT1.13 is more strict in its preference for C18:1 acyl
groups than is BAT1.5, which seems to be more relaxed
with respect to C16:0 acyl groups (Maisonneuve,
2004). We did not detect activity with lysophospholi-
pids other than LPA in membrane extracts of E. coli
expressing the Bn-LPAATs BAT1 (plastidial), BAT1.13,
and BATLS5 in the presence of ["*C]palmitoyl-CoA or
["*CJoleoyl-CoA with either LPC or lysophosphatidy-
lethanolamine (T.J. Roscoe and J.-J. Bessoule, unpub-
lished data). This would suggest that while the
Arabidopsis lysophosphatidylethanolamine acyltrans-
ferases encoded by At1g80950 and At2g45670 exhibit a
degree of promiscuity with respect to their lysophos-
pholipid preferences (Stélberg et al., 2009), the micro-
somal LPAATs represented by At3g57650, GUO45434
(BAT1.13), and GUO45435 (BAT1.5) are authentic
LPAATs using only LPA acceptors. The sequence
divergence among members of the Arabidopsis
LPAAT-like gene family (Roscoe, 2005), represented
by the AtLPAAT2 clade containing At3g57650 and
the AtLPAAT5/AtLPAATS clade containing At1g80950
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and At2g45670, reflects this selectivity for phospholipid
acceptors, as does the AtLPAAT9 clade containing
At1g78690, which contains an N-acetylphosphatidyle-
thanolamine synthase (Faure et al., 2009).

The BAT1.13 and BAT1.5 proteins, therefore, possess
the enzymatic characteristics typical of the microsomal
enzyme involved in both membrane and storage lipid
synthesis in most cultivated oilseeds (Frentzen, 1998),
including rapeseed (Sun et al., 1988). Although each
LPAAT isozyme exhibited a preference for oleoyl-CoA,
BAT1.5 was characterized by a consistent 2- to 3-fold
greater specific activity in comparison with BAT1.13
when measured in bacterial membrane extracts. The
apparent difference in catalytic properties between the
two isozymes should be determined by the relatively
small number of variant residues between the two
proteins; in this context, the charge variation at residue
D75N between the proteins may be of significance,
since it is in the proximity of the conserved motif NH
(XD important for catalytic activity in glycerolipid
acyltransferases (Heath and Rock, 1998) and for activ-
ity of the plastidial LPAAT (Maisonneuve et al., 2000).
Since we show that both LPAAT isozymes are func-
tionally active in vitro, it may be assumed that these
proteins act additively in planta in the tissues where
they are coexpressed; thus, each isozyme is capable of
contributing to the PA pool destined for membrane
and storage lipid synthesis in seeds.

Differential Expression of Rapeseed Microsomal
LPAAT Genes

The genes encoding the two rapeseed microsomal
LPAAT isozymes show strong differences in their
profiles of expression in planta. The expression of
BAT1.13 was ubiquitous in tissues of all organs exam-
ined, including seeds, suggesting that the BAT1.13
isoform is associated with the Kennedy pathway. This
inference is confirmed by the close homology of pro-
tein sequences between BAT1.13 and the microsomal
LPAAT encoded by the gene At3g57650 characterized
by Kim et al. (2005) and deduced to be the unique
LPAAT associated with the eukaryotic pathway of
lipid synthesis in Arabidopsis. In contrast, the expres-
sion of BAT1.5, although detected in some tissues of
root and leaf at certain stages, was predominant
throughout seed development and, taken together
with the higher rates of activity over the ubiquitous
isozyme, albeit determined in vitro, indicated the
potential for a significant contribution to storage lipid
biosynthesis in rapeseed. In rapeseed, a polyploid
oilseed selected for production of high quantities of
TAG, it is conceivable that a specialization of over-
lapping function may exist between the LPAAT iso-
zymes whereby the enhanced rate of catalysis and
seed expression of the BAT1.5 enzyme serve to aug-
ment the rate of synthesis of storage lipids during seed
development. Such genetic versatility may have arisen
as a consequence of the gene duplication that occurred
prior to or during formation of the allotetraploid
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rapeseed (Parkin et al., 2003). To avoid problems of
altered gene dosage, polyploid cells suppress or re-
duce the expression of copies of certain genes, and this
may occur via loss of function or by specialization of
function mediated by partitioning tissue or cell spec-
ificity (Lynch and Force, 2000). Evidence for such
subfunctionalization has been shown in Gossypium
tetraploids, where a high frequency of homoeologous
gene pairs, copies from each parental genome donor,
show dissimilar levels of expression; furthermore, a
large proportion of gene pairs show differential ex-
pression among organs (Adams et al, 2003). The
mechanisms by which changes in gene expression
occur are diverse and poorly understood (Chen and
Ni, 2006) but probably initially occur via epigenetic
mechanisms (Wolfe and Matzke, 1999). That a regula-
tion of gene dosage of LPAATS is necessary and occurs
is supported by microsynteny analysis of the dupli-
cated chromosomal regions in Arabidopsis, which has
revealed that four members of the LPAAT-like gene
family, including the microsomal LPAAT encoded by
At3g57650, are localized in chromosomal regions that
were duplicated; however, in each case, one of the two
duplicated copies has been eliminated (R. Guyot and
T. Roscoe, unpublished data).

Enhanced Oil Content and Seed Weight by
Overexpression of Microsomal LPAATSs

To evaluate the relative contribution of seed-
expressed LPAAT isozymes to TAG biosynthesis in
rapeseed, we expressed the coding sequences of the
BAT1.13 and BAT1.5 ¢cDNAs in Arabidopsis seeds
under the control of the napin 252 promoter (Guerche
et al., 1990), which is expressed throughtout the em-
bryo during seed maturation from the globular stage
embryo. We anticipated that the use of a seed-specific
promoter would circumvent potential problems re-
lated to perturbation of membrane lipid metabolism in
vegetative tissues associated with altered dosage of
LPAAT. The fatty acid composition of the TAG in seeds
of the transgenic lines was not significantly different
from that of the nontransformed control plants, which
is consistent with the substrate preference of the two
rapeseed LPAATs and that of the endogenous Arabi-
dopsis enzyme (Kim et al., 2005). The average seed
weight and the accumulation of seed storage lipids
were enhanced by the expression of either of the
rapeseed LPAAT isozymes in the majority of the
transgenic lines examined (Fig. 6). Since the substrate
preference of each isozyme is similar, the results for
each of the individual BAT1.13 and BAT1.5 lines may
be summarized together, showing that the overexpres-
sion of a microsomal LPAAT results in an increase of
6% in the average seed weight and a mean increase of
13% in total fatty acid content over the nontrans-
formed control seeds.

The enhancement of seed TAG content by a micro-
somal LPAAT homologous to the endogenous enzyme
is remarkable because such an effect has been ob-
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served only when the yeast SLCI-1 gene, encoding
a variant LPAAT (Nagiec et al., 1993), was used to
transform rapeseed and Arabidopsis (Zou et al.,
1997). In this latter study, the variant yeast LPAAT,
because of its broad substrate preference, resulted in
the production of TAG that was greatly enriched in
VLCFAs at sn-2, the position from which these unusual
acyl groups are excluded in crucifers. Unexpectedly,
expression of the SLCI-1 also led to substantial in-
creases in seed oil content that were accompanied by
increases in seed weight. In contrast, although the
expression of a Limnanthes LPAAT in rapeseed under
the control of a napin promoter resulted in the incor-
poration of VLCFAs into the TAG at sn-2 (Lassner
et al.,, 1995), there was no increase in seed oil content
observed. In the case of SLCI-1, the substantial in-
creases in TAG content that were not accounted for by
the increases in VLCFA indicated that the expression
of the yeast LPAAT had increased the flux of fatty
acids through the entire Kennedy pathway to TAG.
The authors suggested, therefore, that the synthesis of
PA catalyzed by LPAAT may constitute a regulatory
step in the synthesis of TAG in oilseeds and that the
positive effect on oil is a consequence of a less strin-
gent regulation of the yeast enzyme, thereby allowing
the creation of a new sink for lipid deposition. Alter-
natively, it was proposed that the relaxed acyl acceptor
selectivity of the enzyme may be the decisive factor
(Frentzen, 1998) that may allow scavenging of phos-
pholipid intermediates toward TAG.

The positive effect of the rapeseed LPAAT isozymes
on the accumulation of storage lipids in Arabidopsis
seeds documented in this work is similar to the effect
of the yeast LPAAT but cannot be explained in terms of
altered regulation or substrate preference as proposed
for SLC1-1. Our results are consistent with the idea
that flux through the entire pathway from fatty acid
synthesis to utilization in TAG was increased by the
expression of the rapeseed LPAAT in addition to that
of the endogenous enzyme. These findings support the
idea that conversion of LPA to PA is a potentially rate-
limiting step in the provision of intermediates for
membrane or TAG synthesis but that whereas mem-
brane homeostasis is likely to be strongly regulated
(Shank et al.,, 2001; Wallis and Browse, 2002), the
increased pool of intermediates favors channeling
into a more neutral and flexible TAG sink. Alignment
of the yeast SLC1-1 LPAAT reveals a significant degree
of homology with both the ubiquitous (class A)
LPAATs (Fig. 1) and to a lesser extent the plant seed-
specific (class B) LPAATs, but the latter proteins are not
homologous to the ubiquitous plant LPAATs. Predic-
tions of transmembrane-spanning domains (TOPRED;
Expasy) suggest that the yeast protein may be less
constrained by membrane topology than proteins be-
longing to either of the two classes of plant LPAATSs.
That the Limnanthes and coconut LPAATs do not
stimulate oil accumulation may reflect the extent
of sequence divergence between these specialized
prokaryote-like enzymes and the ubiquitous plant
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enzyme that may prevent efficient interactions with
other protein components of the Kennedy pathway.

In the case of BAT1.13- and BAT1.5-overexpressing
lines, there was an overall positive correlation between
the TAG content and average seed weight (”* = 0.49),
and certain lines possessing higher TAG contents
(BAT1.1356527 and BAT1.55251) also had higher seed
weights, although other lines with low lipid contents
(BAT1.5SH36) had high seed weights. The expression
of total fatty acid content on a seed weight basis
reveals that half of the transgenic lines examined
possess a significantly greater proportion of seed oil,
in a range of approximately 35.6% to 38.9% dry seed
weight (mean 37.2% * 1.29%), representing an average
of 11% greater seed oil content compared with Col-0
(Fig. 6C). Thus, in some lines, the greater seed weight
may be in part attributable to a greater TAG content;
however, other seed components including oleosins
could also contribute to the increase in mass, whereas
in other lines, the increase in TAG content may be at
the expense of other seed constituents such as storage
proteins or dry matter content. Overall, the total fatty
acid content and the relative level of BAT1.13 and
BAT1.5 expression was poorly correlated, although a
degree of correlation exists (i* = 0.24) between low
levels of LPAAT transgene expression in lines that
differ nonsignificantly in total fatty acid content from
the nontransformed control. The correlation between
the transformant lines characterized by a significantly
greater fatty acid content than the controls and the
expression of the transgenes is weak (* = 0.16), pos-
sibly indicating a minimal threshold of gene expres-
sion to influence lipid synthesis (25%-30% RPL2; Fig.
5B). This lack of a strong correlation between the
quantitative composition of seeds and the expression
of lipid-related transgenes or transgene enzymatic
activities (Zou et al., 1997; Jako et al., 2001; Xu et al.,
2008) is not surprising, since variation in additional
posttranscriptional parameters may influence the rel-
ative contribution to seed metabolism; our primary
objective was to verify the expression of the transgene
in each of the transformation events. In our initial
studies, we produced 16 transgenic lines expressing
the BAT1.13 and BAT1.5 cDNAs in an antisense ori-
entation under the control of the napin promoter that
were characterized by substantially reduced seed total
fatty acid contents compared with the Col-0 controls.
These observations, taken together with the data in
Figure 5, indicate a broad correlation between LPAAT
expression levels and oil content.

The enhancement of storage lipid accumulation
associated with the expression of the yeast (Zou
et al, 1997) and the Brassica LPAAT isozymes de-
scribed in this work resembles the increase of seed oil
content and seed weight obtained by the overexpres-
sion of DAGAT reported by Jako et al. (2001). These
authors argue that flexibility exists in TAG deposition
in developing seeds, which may be related to mech-
anisms that signal the sink size; for example, enhanced
acyltransferase activity may deplete the acyl-CoA
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pool, signaling a need to increase fatty acid synthesis.
The inference that altering the expression of glycer-
olipid acyltransferases in seeds will modify the flux
through the entire pathway to TAG synthesis is further
supported by the report that overexpression of either
native or endomembrane-targeted, plastidial, and bac-
terial GPATs also seems to enhance seed oil content
(Jain et al., 2000). Thus, control of TAG synthesis in
seeds may be shared among the three acyltransferases,
consistent with the recent finding that genes encoding
Kennedy pathway enzymes are up-regulated in seeds
possessing enhanced TAG content that express a
DAGAT transgene (Sharma et al., 2008). Taken to-
gether, increasing the quantity of any of the Kennedy
pathway acyltransferases results in elevated TAG con-
tent of seeds consistent with an augmentation of the
pool of LPA, PA, and DAG intermediates and a feed-
forward enhancement of storage lipid sink size. Ap-
parently, the supply of precursor fatty acyl groups and
glycerol-3-phosphate responds via feedback signaling
to meet this increased demand. The modest increases
in TAG content attained by increasing the supply of
fatty acids, for example, via the engineering of an
increased expression of acetyl-CoA carboxylase in the
plastid (Roesler et al., 1997), compared with the sub-
stantial augmentation of TAG accumulation achieved
by overexpression of Kennedy pathway acyltransfer-
ases may indicate that fatty acid utilization represents
the more important limitation on storage lipid accu-
mulation, at least in crucifer species. This inference is
supported by the studies on metabolic control analysis
conducted in rapeseed, which suggested that a greater
level of control was exerted at the level of TAG
assembly than at fatty acid synthesis (Ramli et al.,
2002). In this work, we have not addressed the ques-
tion of yield; although we observed that the greater
TAG content did not affect the number of seeds per
silique, we did not attempt to determine the number of
siliques per plant. However, an increased TAG content
resulting from overexpression of the Arabidopsis
DAGAT did not negatively affect the number of seeds
per plant (Jako et al., 2001).

In conclusion, we have catalogued previously unde-
scribed diversity in microsomal LPAAT isozymes of
rapeseed and identified the BAT1.5 isozyme as being of
particular interest in TAG synthesis due to its greater
rate of activity and because of its preferential expression
in developing seeds. We have shown that the over-
expression of genes encoding the class A-type micro-
somal LPAATSs, like the yeast SLCI-1 gene, leads to an
increase in seed weight and a greater accumulation of
lipid in seeds, characteristics that were not conferred by
transgenes encoding plant prokaryote-like LPAATs.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Arabidopsis (Arabidopsis thaliana Col-0) nontransformed control plants and
transformed plants were grown simultaneously in a sterilized soil/vermicu-
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lite mix in a growth chamber under continuous illumination of 100 uE m 25"

provided by a mix of tungsten and photosynthetically enhanced fluorescent
lighting at 22°C and controlled humidity. The plants were moved to new
positions each day in order to minimize any effects of environmental varia-
tions in growth room conditions. Vernalized rapeseed (Brassica napus ‘Gas-
pard’) seedlings were grown in a greenhouse under natural lighting in
springtime, and siliques were harvested at 1-week intervals after flowering.

Isolation of Rapeseed cDNAs

A cDNA library derived from immature rapeseed embryos (Barret et al.,
1998) was initially screened using an oligonucleotide (5'-AATCATCGGAGT-
GATATTGATTGG-3') derived from the maize (Zea mays) sequence (accession
no. Z29518) labeled with fluorescein at the 3’ end (GC Healthcare). Library
screening and recovery of recombinant pBluescript SK+ plasmids by in vivo
excision were carried out according to the protocols of the supplier (Strata-
gene). A rapeseed partial cDNA was isolated that shared 64% identity with the
maize sequence and was subsequently radiolabeled and used to rescreen the
embryo library. The sequences of the inserts of the positive clones were
determined using DyeDeoxy Terminator cycle sequencing (Applied Biosys-
tems) on double-stranded DNA templates with an ABI 377A sequencer. The
cDNA sequences were identified by comparison with the NCBI database, and
deduced proteins were aligned using ClustalW.

Characterization of Rapeseed LPAATs by Expression in
Escherichia coli

The thermosensitive strain E. coli JC201 was used in the complementation
experiments (Coleman, 1990). The rapeseed cDNAs were cloned in the
reading frame for expression as a B-galactosidase fusion protein. JC201 was
transformed via heat shock and was selected on ampicillin plates containing
1 mm isopropylthio-B-galactoside (IPTG) at 38°C. Complementing colonies
were inoculated into starter cultures and grown to an optical density at 600 nm
of 0.5 at 30°C. Aliquots were grown in the presence of IPTG at 30°C, 37°C, and
42°C, and growth curves were constructed using data obtained from three
individual complementation experiments.

The 1-acyl-glycerol-3-phosphate acyltransferase activity of E. coli mem-
brane fractions expressing the rapeseed LPAATSs was determined as described
by Bourgis et al. (1999). JC201 cells were transformed with the coding
sequences corresponding to the BAT1.13 or BAT1.5 cDNA cloned into the
pBluescript SK+ vector (Stratagene). Membranes were isolated from cells that
had been grown at 30°C for 3 h after induction by 1 mm IPTG. The standard
assay comprised 50 mm Tris-HCI, pH 8, 1 mm MgCl,, the presence or absence
of 55 M oleoyl-LPA, 10 um [1-"*Clacyl CoA, and 50 ug of membrane fraction
and was incubated for 15 min at 30°C. The products of the reaction were
separated by thin-layer chromatography, and the quantity of radioactivity in
the PA band was integrated using a phosphor imager.

RNA Isolation and RT-PCR

Total RNA was extracted from rapeseed tissues and embryos dissected
from seeds by the protocol described by Kay et al. (1987). RT-PCR was
performed using the Pro-Star kit (Stratagene) using 100 ng of DNase-treated
RNA as template. Primers (Eurogentec) were derived from the BAT1.13 and
BAT1.5 ¢cDNA sequences and were designed to detect gene-specific tran-
scripts: BAT1.131 (5'-CACAAGAGTACGCTGCCTCCTCTGAG-3"), BAT1.132
(5'-GCAAGAACTTCATTGCTCCAAGAAT-3’), BAT1.51 (5'-ACAAGAGTA-
CGCAGCCTCCTCTCAG-3'), and BAT1.52 (5'-GTAAGAACTTCATTGCTC-
CAAGAGT-3’). RNA loading was controlled by PCR amplification of a
fragment of the RPL2 gene using the primers RPL25 (5'-GGTGATCGTGGTG-
TCCTCGCTAGAGC-3’) and RPL23 (5'-GTCTGCCTTGGCAGCTGAAG-
CAGC-3").

LPAAT Promoter-Reporter Constructs

The promoter regions corresponding to the sequence upstream of the
predicted translation start sites of BAT1.13 and BAT1.5 were isolated from
rapeseed genomic DNA by a PCR walking technique (Devic et al., 1997). Two
successive walks from the coding sequence into the promoter region for
BAT1.5 were performed using the primer pairs BAT153 (5'-GGATTTT-
GAGCTTAGAATCATATGTGC-3') and BAT154 (5'-CAGCAACGGAATC-
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TAAGAGCAGAAGAGGG-3'), followed by BAT155 (5'-CCCCTTATATCT-
TATCGTTGATCAGATCGACCC-3') and BAT156 (5'-CACACAGCTAGA-
ACTGATCTCTTCTACCCACG3’). A single PCR walk was performed for
BAT1.13 using the primer pair TJR-BAT1131 (5'-GTTCTTTGCCCATTCGATT-
GAAGGTTTCATT-3') and TJR-BAT1132 (5'-TAGACAGAGGTCGAATAA-
GAACATAACAAAT-3").

After cloning and sequencing of the PCR walk fragments, primers were
then designed to amplify a 903-bp sequence upstream of the initiation codon
of BAT1.13 from rapeseed genomic DNA using the primers BP113X
(5'-TACCGCTCGAGCGAAAGACTTAACAGTTAACATGCATTCACG-3")
containing a Xhol restriction site and BP113N (5'-CCAACGCCATGGAATC-
CAACCAACAC-3") containing a Ncol site. Similarly, a 1.096-kb sequence
upstream of the initiation codon of the BAT1.5 sequence was amplified using
the primers BP15X (5'-TACCGCTCGAGCGTATTTTCTTAATCCAAGTGCA-
AAAAGC-3’) and BP15N (5'-CCATCGCCATGGAACCTAAGGAATCC-3").
The promoter fragments were ligated into the vector pRTL2 (Restrepo et al.,
1990) containing the uidA (GUS) gene after digestion with Xhol and Ncol. A
cassette containing each LPAAT promoter fused to the GUS gene was recov-
ered by digestion with PstI and Xbal and finally cloned into the pBIB-Hygro
binary vector (Becker, 1990). The authenticity of all constructs was verified by
sequencing prior to transformation of Agrobacterium tumefaciens.

Construction of LPAAT Expression Vectors for
Plant Transformation

Binary plant transformation vectors that contained the cDNAs correspond-
ing to the coding sequences of BAT1.13 and BAT1.5 in the sense orientation
under the control of a seed-specific promoter were constructed. PCR was
performed to introduce Xhol restriction sites at each extremity of the coding
sequence using the cloned BAT1.5 and BAT1.13 cDNAs as templates. The
primer pairs used were BAT1135E (5'-GTACGCTCGAGCATGGCGATGG-
CAGCAGCTGTG-3"), BAT1133E (5'-CTAGGCTCGAGTTTACTTCTGCTTC-
TCTACTTCTG-3'), BAT155E (5'-CTACGCTCGAGCATGGCGCATGGCAG-
CAGCAGCAGTG-3'), and BAT153E (5'-CTAGGCTCGAGTTTACTTCTGCT-
TCTCCTCCACTTC-3’). The amplimers were ligated into a Xhol-digested
pBSK vector, subsequently released by Xhol digestion, and purified. The
coding sequences of BAT1.13 and BAT1.5 were then ligated in the sense
orientation into a Xhol-digested pMMS5 vector containing the At2S2 promoter
(Guerche et al., 1990). The cassette containing the At252 promoter, the LPAAT
sequence, and the nos terminator was released by NotI digestion and ligated
into Notl-digested pEC2 (Guerche et al., 1990), a vector containing a kana-
mycin resistance gene for bacterial selection and the Basta (glufosinate)
resistance gene for plant selection and used to transform A. tumefaciens.

Transformation of A. tumefaciens and Arabidopsis

Competent A. tumefaciens cells (strain C58C1) were transformed with the
pBIB-Hygro or pEC constuct via heat shock at 37°C for 5 min. The transformed
cells were plated on Luria-Bertani agar containing the appropriate antibiotics
and grown at 28°C. Arabidopsis plants were transformed by floral dip (Clough
and Bent, 1998) followed by vacuum infiltration (Bechtold et al., 1993).

Selection of Transformed Arabidopsis Plants

The seeds were selected on plates containing Murashige and Skoog
germination medium supplemented with 30 mg mL ™' hygromycin for the
LPAAT promoter:reporter lines or 100 mg mL™! Basta (Dr. Ehrenstorfer
GmbH) for the LPAAT sense lines. After 10 d, green-leafed, antibiotic-resistant,
or herbicide-resistant seedlings were scored and/or were transferred to soil.
The presence of the LPAAT transgene was confirmed by PCR with genomic
DNA isolated from leaves of the T1 seedlings using the primers GUS1
(5'-CACGGGTTGGGGTTTCTA-3") with BAT1.131 (5'-CACAAGAGTACG-
CTGCCTCCTCTGAG-3') or BAT1.51 (5'-ACAAGAGTACGCAGCCTCCTCT-
CAG-3’) for sense constructs. Segregation analyses were performed on the T2
seedlings grown in the presence of Basta to determine the number of T-DNA
insertion loci. Plants homozygous for the transgene were identified by
screening T3 seeds for 100% resistance to Basta.

Determination of LPAAT Transgene Copy Number

Genomic DNA was isolated from 0.5 g of young leaf tissue of transformed
lines using the cetyl-trimethyl-ammonium bromide protocol of Doyle and
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Doyle (1990). The DNA was digested with EcoRI and electrophoresed on a
0.8% agarose gel. The DNA fragments were transferred to a nylon membrane
(Hybond N+; GE Healthcare), and a BAT1.13 DNA fragment was amplified
using primers BAT1.131 and BAT1.132 and radiolabeled with [**P]JdCTP via
random priming. The probe was hybridized, and the membrane was washed
to high stringency and exposed using a phosphor imager, allowing the
discrimination of single or multiple LPAAT copies

GUS Histochemistry

Seedlings and various plant organs of the LPAAT promoter:reporter
transformed lines were incubated in a solution of 100 mm potassium phos-
phate, pH 7, 10 mm EDTA, 0.1% Triton X-100, 1 mm 5-bromo-4-chloro-3-
indolyl-B-p-glucuronide for 16 h at 37°C. The tissues were decolorized with
70% ethanol. Tissues were observed and photographed with a Zeiss Axioplan
microscope. Seeds were treated and examined in Hoyer’s solution.

Quantitation of BAT1.13 Expression in Transgenic Seeds

Total RNA was purified from mature Arabidopsis seeds at 15 to 18 d after
fertilization using the Oligotex mRNA kit (Qiagen), 2.5 ug of RNA was reverse
transcribed using the first-strand synthesis kit (Stratagene), and the resulting
cDNA was used as a template for PCR with primers BAT1.131 and BAT1.132
designed to discriminate the BAT1.13 transcript from that of the endogenous
Arabidopsis gene. PCR was limited to 25 cycles at 51°C. The resulting reaction
mix was migrated on agarose gels and transferred to a Hybond N+ mem-
brane. The membrane was subsequently hybridized with BAT1.13 and RPL2
*P-labeled probes and washed to high stringency, and the radioactive signals
were integrated using a phosphor imager after 1- and 3-h exposures.

Determination of Seed Weight

The number of seeds (cleaned of debris and counted twice with a dissecting
microscope) presentin two independent aliquots of approximately 5 mg of seed
was determined. Each aliquot of seed was taken from a mix of equal propor-
tions of four independent plants grown under the same conditions in order to
minimize plant and environmental variations. The seeds were dried in open
tubes in a desiccator for 24 h prior to weighing and counting (Li et al., 2006).

Lipid Extraction and Quantitative Fatty Acid Analysis

Four aliquots of 50 Arabidopsis seeds of each line obtained as described
above were subjected to direct transmethylation by the addition of 1 mL of
methanol containing 2.5% H,S0, (v/v) and heated at 90°C for 90 min
essentially as described by Li et al. (2006), except that a heptadecanoic acid
internal standard at a final concentration of 5 ng uL™' was included for
quantification. After cooling, 1.5 mL of deionized water and 0.75 mL of hexane
were added. Fatty acid methyl esters were extracted into the hexane phase by
vigorous shaking followed by centrifugation at 1,500¢ for 5 min. A 1-uL
sample was taken from the organic phase for gas chromatography (Hewlett-
Packard 5890 series II) on a 15-m X 0.53-mm Carbowax column (Altech) with
flame ionization detection and integration. The oven temperature was
programmed for 1 min at 160°C, followed by a 20°C min~" ramp to 190°C
and a second ramp of 5°C min ' to 210°C, and maintained at this temperature
for a further 6 min. The retention times of fatty acid methyl esters were
determined by comparison with standards, and they were quantified using
the heptadecanoic acid methyl ester standard.

The nucleotide sequences corresponding to the BAT1.13, BAT1.5, and
BAT1.12 ¢cDNAs have been entered in the GenBank database under the
accession numbers GUO45434, GUO45435, and GUO45436, respectively.
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