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All fatty acids are not equal:
discrimination in plant membrane lipids

Anthony A. Millar, Mark A. Smith and Ljerka Kunst

Plant membrane lipids are primarily composed of 16-carbon and 18-carbon fatty acids
containing up to three double bonds. By contrast, the seed oils of many plant species contain
fatty acids with significantly different structures. These unusual fatty acids sometimes accu-
mulate to >90% of the total fatty acid content in the seed triacylglycerols, but are generally
excluded from the membrane lipids of the plant, including those of the seed. The reasons for
their exclusion and the mechanisms by which this is achieved are not completely under-
stood. Here we discuss recent research that has given new insights into how plants prevent
the accumulation of unusual fatty acids in membrane lipids, and how strict this censorship of
membrane composition is. We also describe a transgenic experiment that resulted in an
excessive buildup of unusual fatty acids in cellular membranes, and clearly illustrated that the
control of membrane lipid composition is essential for normal plant growth and development.

Imost exclusively 16-carbon and 18-carbon fatty acidghich serves as the substrate for 18:1-OH synthesis. Thus, the
ith up to three methylene-interrupted double bondwsechanisms that edit out unusual fatty acids from membrane
(16:0, 16:1, 18:0, 18:1, 18:2, 18:3, and in some species 16:3&pids and then channel them to storage lipids must be extremely
These fatty acids are often referred to as common fatty acids. selective and efficient. How strict this editing is, probably
In contrast with the conservative fatty acid composition of pladepends on the structure of the particular unusual fatty acid. For
membrane lipids, tremendous fatty acid diversity exists in the ses@mple, the structure of petroselinic acid (MB)ldeviates from
storage lipids. To datez300 naturally occurring fatty acids havecommon acyl groups only by the position of the double bond.
been described in seed dflsand it has been estimated that thouFherefore, 18:A6 can accumulate in membrane lipids to a much
sands more could be present throughout the plant kingdom. Tineater extent than fatty acids such as 18:1-OH, which contains a
structures of these fatty acids can vary in chain length from 8 tof@dlar oxygenated functional group that would be incompatible
carbons, they can have double bonds in unusual positions, or navigt the hydrophobic environment of the membrane.
functional groups, such as hydroxy, epoxy, cyclic, halogen or anThe membrane-editing ability of plants is also important for
acetylenic group on their acyl chain (Fig. 1). Because their chernietechnology. Many of the unusual fatty acids represent valuable
cal structures deviate significantly from the common fatty acidisedstocks for the chemical industry. However, plants that accumu-
and they are usually only found in a few plant species, these fdétie these fatty acids are often not amenable to agriculture.
acids are considered unusual. In many cases, unusual fatty a€luerefore, there is an enormous interest in generating transgenic
are the predominant fatty acid in the seed oil of a plant speciescrop plants engineered to accumulate high levels of specific unusual
The reason for such a great diversity of seed oil constituentsatty acids. To achieve this goal it might be essential to prevent an
unknown, but plants can tolerate high levels of unusual fatty acatscumulation of unusual fatty acids in seed membrane lipids. Thus,
in storage lipids because they are sequestered into oil bodies emgineering projects aimed at generating viable, high-yielding
have no structural function. The special physical and chemite@nsgenic plants, probably require the introduction of genes
properties of many unusual fatty acids might explain why they d@reolved in the exclusion of unusual fatty acids from membfanes
excluded from the membrane lipids of seeds, and are absent fitéane we discuss how such exclusion might be accomplished.
other parts of the plant. It is believed that they would perturb the
structural integrity of the membrane bilayer and have deletericesthways for the synthesis of unusual fatty acids
effects on the cell. Consequently, storage and membrane lipitlgh the exception of a few commercially valuable unusual fatty
have different fatty acid compositions. acids, relatively little is known about the biosynthesis of
It is puzzling how these different fatty acid compositionthese compounds. The proposed pathways leading to the synthesis
become established and are maintained. This question is partafuthe unusual fatty acid discussed in this review are described
larly pertinent as the production of storage and membrane liplaslow.
occurs simultaneously and involves common precutsBestor
bean Ricinus communjsfor example, produces seed oil containMedium-chain fatty acids
ing nearly 90% ricinoleic acid (18:1-OH), an unusual hydroxin plants,de novofatty acid biosynthesis occurs in the plastid
fatty acid (Fig. 1). Analysis of the membrane lipids from developinghere acetate (C2) is elongated by the sequential addition of
castor bean seeds indicates that even during its most active pefioidher C2 units while attached to a soluble acyl-carrier-protein
of biosynthesis this fatty acid accounts for only a small proportiACPY. For common fatty acid formation, the growing acyl chain
of the total fatty acids in the membran@his observation is is terminated when it is 16 or 18 carbons long, by the action of an
acyl-ACP thioesterase, which cleaves the acyl group from the
*In fatty acid nomenclature 16:1 indicates a 16-carbon fatty acid with ACP to produce a free fatty acid. Plants that synthesize medium-
one double bond. chain fatty acids (MCFA; C8-C14) have an additional acyl-ACP

S/uctural membrane glycerolipids of all plant cells contaistriking because it is a membrane lipid, phosphatidylcholine,
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Fatty acid class Principal Plant % in lipids
d | Name biosynthetic famil
and example enzyme amily TAG  Membrane
Medium-chain Lauraceae
Lauric Thioesterase

(0] (12:0) Lythraceae

PNV Cuphea wrightii 54 29
OH Arecaceae

Palm oil (Elaeis guineensis)*
Cocos nucifera*

Very-long-chain Brassicaceae

Erucic -Keto-acyl- =
(22:1) CoA synthase Crambe abyssinica 60 3.0
(0] Oilseed rape*
Arabidopsis thaliana
OH .
Limnanthaceae
Limnanthes douglasii
Hydroxy Ricinoleic Diiron Euphorbiaceae
o W(\/\/\ (18:1-OH) hydroxylase Ricinus communis* 85 5.0
OH .
OH Brassicaceae
Lesquerella spp.
Epoxy Vernolic Epoxidase Asteraceae
o (18:1=0) Crepis palaestina 57 2.0
0 Vernonia spp.
OH Euphorbiaceae
Double bond position Petroselinic Souble Apiaceae 70-75 10.0-20.0
0 (18:1A6) desaturase Carrot

o Coriandrum sativum

Araliaceae
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Fig. 1. Examples of some of the unusual fatty acids made by plants. Current commercial sources are indicated by an asterisk.

thioesterase,which prematurely cleaves the acyl-chain from AGBdroxy, epoxy and acetylenic fatty acids
redirecting fatty acid synthesis from long (C16—C18) to mediuffamily of related enzymes is responsible for the synthesis of the

chains (C8-C14) fatty acids containing hydro&yepoxy and acetylenic functional
groups. These enzymes are structurally similar to extraplastidial
Unusual monounsaturated fatty acids membrane-bound12-desaturases (FADZ2), and only four amino

The synthesis of common monounsaturated fatty acids is cateid substitutions are needed to convert an 18:1-desaturase into an
lysed by a soluble plastidial desaturase, which introduces a doulBel -hydroxylas€. The synthesis of these fatty acids is thought to
bond between carbons 9 and 10 of a C18 acyl-Ax®Pppsition, take place on the endoplasmic reticulum and use fatty acids ester-
counting from the carboxyl end). Plants that synthesize unusiiedd to the major membrane lipid phosphatidylcholine (PtdCho)
monounsaturated fatty acids have an additional desaturase, whigla substrate (Fig. 2).

is closely related to thd9-desaturase, but introduces a double

bond at a different location on the acyl-ACP. For example, Wery-long-chain fatty acids

coriander Coriandrum sativur)) petroselinic acid (Fig. 1) is syn- Very-long-chain fatty acids (VLCFAs>C18) are synthesized
thesized by a desaturase that introduces a double bond betveeraplastidially by successive rounds of elongation of a C18 fatty
carbons 4 and 5 of a C16 acyl-ACR4{desaturase). This fatty acyl precursor by two carbons originating from malonyl-CoA
acid is then extended by two carbons and cleaved from ACP(fdy. 2). Each elongation step requires four enzymatic reactions:
produce the free fatty acid. These last two steps are thougbibdensation between an acyl precursor and malonyl-CoA, fol-
to require a specialized condensing enzyme and a specialiweed by a reduction, a dehydration and another reduction. How-
acyl-ACP thioesterade ever, in transgenic experiments expression of a single gene encoding
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Fig. 2. A simplified diagram of the metabolic

pathways of plant lipid biosynthesis. Enzymes
discussed in the text are in red boxes. Enzyme
whose role in determining the fatty acid composi
tion of membrane lipids is uncertain are in white
boxes. In plantsde novofatty acid biosynthesis

occurs in the plastid by the addition of C2 units tc
a growing acyl-chain attached to a soluble acyl
carrier-protein (ACP). To enter the plastidial
‘prokaryotic’ pathway of glycerolipid synthesis,
fatty acids are transferred from ACP to glycerol-
3-phosphate (G3P). To enter the ‘eukaryotic
pathway, fatty acids are cleaved from the ACP by
an acyl-ACP-thioesterase to form free fatty acids
These are exported to the cytoplasm, esterified-
CoA and join the acyl-CoA pool. The acyl groups

are then used by the acyltransferases of tr ER : I

‘eukaryotic' glycerol-3-phosphate pathway inthe | 1 ambrane Synthesis of !

endoplasmic reticulum (ER) to produce mem polyunsaturated, ]

brane and storage lipids. The first acylation o hydroxy, i

glycerol-3-phosphate is catalysed by glycerol-3 LPA epoxy and |

phosphate acyltransferase (GPAT), which acy acetylenic v
1

ates thesn-1position of the glycerol backbone to
produce lysophosphatidic acid (LPA). Sub-
sequently, 1-acyl-glycerol-3-phosphate acyl
transferase (LPAAT) acylates tBa-2position to
form phosphatidic acid (PA). Dephosphorylatior
of phosphatidic acid by phosphatidic acid-phos
phatase (PAP) vyields diacylglycerol (DAG).
Diacylglycerol can be acylated at tka-3posi-
tion to produce triacylglycerol (TAG) by diacyl-
glycerol acyltransferase (DAGAT) — the only
step unique to triacylglycerol biosynthesis.
Alternatively, phosphatidic acid and diacylglyc-
erol can both be used as precursors of the maj
membrane glycerolipids. In addition, diacylglyc-
erol is converted to phosphatidylcholine (PtdCho
by CDP-choline diacylglycerol choline phospho-
transferase (CPT). Fatty acids esterified t
PtdCho can be modified by membrane-boun
desaturases to produce polyunsaturated fat
acids. PtdCho is also the site of synthesis of ce
tain unusual fatty acids (hydroxy, epoxy,
acetylenic). Acyl groups can be removed fron
PtdCho by the action of phospholipases (PLA)
Alternatively, fatty acids at then-2 position of
PtdCho can be exchanged for fatty acids from th
acyl-CoA pool by the action of acyl-CoA

lysophosphatidylcholine acyltransferase (LPCAT) Plastidial De novo Free
Direct transfer of some fatty acids (ricinoleic P fatty acid
acid) from PtdCho to diacylglycerol to produce glycer(;Ia?h[xla(;sphate synthesis \\/fatty acids

triacylglycerol, catalysed by phospholipid-
diacylglycerol acyltransferase (PDAT), is alsc
thought to occur. The site of synthesis of very:
long-chain-fatty acids (VLCFA) is also shown.
FAE1 = FATTY ACID ELONGATION 1.
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the condensing enzyme is sufficient for the synthesis of VLCFAsnkkeded for their synthesis, other specialized fatty acid biosyn-
appears that the other three enzymes of the pathway are presentthetlc enzymes or components are required for their high accumu-
cells and at sufficiently high levels, thus VLCFA biosynthesis lation®. Secondly, all the enzymes identified to date that are
regulated primarily by the expression of the condensing efzyme involved in unusual fatty acid biosynthesis are structurally related
to enzymes of primary lipid metabolism. Thus, it appears that
Common themes of unusual fatty acid biosynthesis ‘housekeeping genes’ have been recruited and specialized for the
The pathways described above share several common featuteselopment oénzymes, which either have altered substrate speci-
Firstly, the synthesis of these unusual fatty acids involvésities, or can catalyse closely related but modified reaéfidviany
just one additional or alternative enzymatic step from primaof the unusual fattyacids are found in taxonomically dispersed
lipid metabolisni®®*-*2 However, although only one enzyme idamilies (Fig. 1), implying that the recruitment of enzymes for the
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synthesis of these unusual fatty acids might have occurred a nunieslved in triacylglycerol synthesis can use medium-chain and com-
of independent times during angiosperm evolution. What selegen fatty acids. Consequently, the fatty acyl group asith&épos-
tive advantages are associated with high levels of accumulatioritioh generally depends on the composition of the acyl-CoA{dol

any of the given unusual fatty acids is unknown. However, the acyl group incorporated atshel position affects the
acyl-CoA specificity and the selectivity of the-2acylating enzyme,

Mechanisms for the exclusion of unusual fatty acids from 1-acyl-glycerol-3-phosphate acyltransferase (LPAAT). When a C18

membrane glycerolipids fatty acid is at thesn-1position, LPAAT preferentially uses a C18

Higher plants have two distinct pathways for the synthesis of mefatty acid for thesn-2position, whereas if a MCFA is at the-1pos-
brane lipids: the prokaryotic pathway in the plastid envelope aition, LPAAT exclusively uses a MCFA. The mechanism for this
the eukaryotic pathway in the endoplasmic reticulum. In both pa#pecificity is thought to be the co-existence of different isoforms of
ways, the first and second steps in membrane lipid synthesis ard fP8AT (Refs 18,21). As a result, the formation of mixed-chain phos-
sequential acylation of glycerol-3-phosphate (G3P) ashitand  phatidic acid species, esterified with both medium and common fatty
sn-2 positions to produce phosphatidic acid. Phosphatidic a@did chains, is largely prevented. Bme3acylating enzyme, diacyl-
is then either activated to cytidine diphospho-diacylglycerglycerol acyltransferase (DAGAT), then displays a specificity and
(CDP-DAG) or converted to diacylglycerol by a phosphatase feelectivity for 10:0/10:0-diacylglycerol species and almost exclu-
the synthesis of the major membrane phospholipids and glysirely directs a medium-chain to thie-3positiorf®# Thus, the seeds
lipids. In developing seeds, diacylglycerol is also further acylatefl Cupheahave acyltransferases with optimal properties for the effi-
to produce triacylglycerol. The production of membrane argient incorporation of MCFA into triacylglycerols.
storage lipids therefore shares a common pathway referred to as tha vitro enzyme studies and genetic engineering have demon-
glycerol-3-phosphate pathway or the Kennedy patfi(@ig. 2). strated that acyltransferases from other plant species containing
Two hypotheses have been proposed to explain the targetingimfisual fatty acids have evolved similar properties directed at
unusual fatty acids to storage lipids and their exclusion from meaefficient targeting of their own unusual fatty acids into triacyl-
brane lipids: enzyme specificity and compartmentation. Howeverglycerolé??. DAGAT is especially important in this respect.
is highly likely that there is no single sorting mechanism in operati@ecause rapid equilibration between the diacylglycerol and
in any given plant species, and that multiple mechanisms are wd?kdCho pools is thought to occur, the high selectivity of DAGAT
ing in concert. Because plants accumulating unusual fatty acids hizrediacylglycerols with unusual fatty acids effectively reduces
evolved independently, it is likely that these mechanisms, or thisie levels of unusual fatty acids in PtdCho. By contrast, acyl-

relative importance, differ significantly in different species. transferases from plant species that accumulate triacylglycerols
with predominantly common fatty acids, such as sunflower
Enzyme specificity (Helianthu$ or maize, are not good at using unusual fatty &cids

One possibility is that phosphatidic acid and diacylglycerol mol-

ecular species containing fatty acids that are incompatible witltidine diphosphocholine diacyliglycerol choline

membrane structure are either not accepted by phospholipidpbosphotransferase

glycolipid biosynthetic enzymes or that they are rapidly edited o@ytidine diphosphocholine diacylglycerol choline phosphotrans-
of the membranes. We will discuss several studies that hdgemse (CDP-CPT) catalyses the reversible conversion of di-
examined then vitro specificities of enzymes involved in lipid acylglycerol to PtdCho. Therefore, it could potentially prevent
metabolism to assess their potential role in fatty acid distributidracylglycerol species containing unusual fatty acids from mov-

between membrane and storage lipids. ing into the PtdCho pool, as well as channeling PtdCho-contain-
ing unusual fatty acids into the diacylglycerol pool (Fig. 2). It has
Thioesterases been hypothesized that CPT might be particularly important in

Thioesterases remove newly formed acyl chains from ACP. Thelants where the unusual fatty acid is actually made on PtdCho.
activity thus prevents the entry of these acyl groups into the prokafy- investigate whether this is true, the specificity of CPT was
otic pathway of glycerolipid synthesis, because the glycerol-3-phexaminedin vitro using extracts from plants that accumulate
phate acylating enzymes require an acyl-ACP substrate. This isrtedium-chain, hydroxy and very-long-chain fatty acids. None of
case in plants such &upheaspp.: medium-chain fatty acids arethe enzymes tested was able to discriminate between diacyl-
released in the plastid in a form that cannot be used by the prokatyeerol molecular species containing either common or unusual
otic pathway. By contrast, unusual monounsaturated fatty acit#dty acids. Thus, the specificity of CPT is clearly not responsible
such as 1846, are synthesized while esterified to ACP. As a resititir the observed bias between triacylglycerol and membrane fatty
18:1A6-ACP is generated, which readily enters plastidial membraaeid composition that exists in those plant species where the
lipids'®. The 18:1\6-producing plants possess an additional acylnusual fatty acid is actually made on PtdCho (Ref. 26).

ACP thioesterase, which is highly specific for /81and might be  In fact, it has now been demonstrated that in developing corian-

involved in enhancing the flux of 186 out of the plastid der seeds, petroselinic acid, an unusual monoenoic fatty acid syn-
thesized in the plastid, is metabolized through PtdCho during
Acyltransferases periods of rapid triacylglycerol biosynthé$igased on our current

Acyltransferases are central to the synthesis of both membraneerstanding of lipid metabolism this would appear unnecessary

lipids and triacylglycerol. A wide variety afi vitro studies have and raises many puzzling questions. It suggests that PtdCho plays a

indicated that these enzymes show considerable selectivity ffiole in triacylglycerol metabolism other than its involvement in

acyl groups both on the activated acyl substrate (e.g. acyl-CaAddification reaction? If that is the case, CPT would not need to

and on the molecule to which they transfer the acyl group. Téeclude this class of unusual fatty acids from the PtdCho pool.

selectivity of the acyltransferases might therefore be a key factor

in determining the partitioning of common and unusual fatty aci@ospholipases

into membrane and storage lipids, respectiély There is considerable evidence that certain unusual fatty acids can
The biosynthesis of triacylglycerol @upheas a good example be removed from membrane lipids by the action of acyl-specific

of how partitioning might be achieved. All three acyltransferaspiiospholipases. Moreover, it appears that plants that contain
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unusual fatty acids have phospholipase activities that are spedieduction of unusual fatty acids in transgenic crop plants
for the same unusual fatty acids that they produce. For instadtnough plants have evolved mechanisms to correctly target the
castor beanCupheaspecies an@uphorbia lagascabave acyl- unusual fatty acid that they naturally accumulate, will the same be
specific phospholipase ,A(PLA,) activities that selectively true when foreign fatty acids are introduced into transgenic
hydrolyse hydroxy, medium-chain and expoxy fatty acids, respgdants? The best-studied example to date is the laurate-producing
tively, from their membrane lipids Surprisingly, studies using rape (Calgene™), in which a California bay treenpellularia
18:1-OH showed that microsomes from plants that do not prodwadifornica) medium-chain fatty acid thioesteradeaiBl) was
this fatty acid also had phospholipase activity specific for 18:&xpressed using the seed-specific Napin promoter. In some of
OH (Ref. 4). These observations suggest that microsomajsPL#heseNapin-FatBllines, 12:0 accumulated t855 mol% of the
might have a general role in releasing membrane-incompatiBked triacylglycerols. By contrast, only 6 mol% 12:0 was found in
fatty acids from PtdCho to protect the integrity of the membrarfetdCho of the membrane lipids of mature seeds, suggesting that
PLA,s have been postulated to have a similar function in aninid:0 was correctly targeted in these transgenic plants. However, in
cells by removing oxygenated fatty acids from membrane fhidsdeveloping oilseed rape during rapid triacylglycerol deposition,
However, it is unlikely that phospholipase activity is the primary2:0 levels could sometimes reach up to 46 mol% of the fatty
mechanism by which plants with unusual fatty acids censor thagids in PtdCho (Ref. 5). By contrast, in species naturally accu-
membrane lipids. In the metabolism of some unusual fatty acidgjlating 12:0, the levels were only between 1 and 4 mol%
such as 1846, reliance on phospholipases would set up a futii®ef. 32). Thus, 12:0-targeting appears less effective in oilseed
cycle?®. These unusual fatty acids are esterified onto lipids from thepe than in plants naturally evolved to synthesize 12:0-rich oils.
acyl-CoA pool, and their release from PtdCho by phospholipasésis implies that if transgenic rape plants are to accumulate
(followed by re-esterification to CoA) would return them to the sane90% of 12:0 in their seed oil, it might also be necessary to engi-
acyl-CoA pool (Fig. 2). Thus, phospholipases might well have a roleer the pathways to exclude unusual fatty acids from the mem-
in removing unusual fatty acids from cellular membranes, but dmanes. Otherwise, the seed membrane levels of 12:0/12:0-PtdCho
probably of lesser importance in directing them to triacylglycerolscould increase dramatically, resulting in a compressed membrane
bilayer, and in all likelihood non-viable seéds
Transacylation reactions
Observations made over several years have suggested that, in &tdiusion of unusual fatty acids from leaf membranes
tion to the glycerol-3-phosphate pathway, plants might use alterlide have mainly focused on how unusual fatty acids are excluded
tive transacylation pathways for the synthesis and acyl remodelfrgm the membrane lipids of the seed, because this is where they
of triacylglycerot?. Although the true role of transacylation enoccur in nature. However, the use of transgenic plants allows us to
zymes in storage lipid biosynthesis remains uncertain, recentate unique situations in plant cells. Recently, seed-specific
experiments indicate that transacylation might be an importartzymes responsible for the synthesis of medium-chain, hydroxy
mechanism for efficiently channeling unusual fatty acids out ahd very-long-chain fatty acids have all been expressed in the
membrane lipids into triacylglycerols. In castor bean, for exampiesgetative tissues of plants. The results of these experiments have
an enzyme designated phospholipid diacylglycerol acyltransferdm®=n somewhat surprising and have given new insights into the
(PDAT) was recently described. This activity appears to be resposgulation of lipid metabolism.
sible for the transfer of 18:1-OH from tka-2position of PtdCho ~ When the medium-chain fatty acid thioesterase gea1, is
to diacylglycerol to produce lyso-PtdCho and triacylglycer@xpressed in oilseed rape under the control o888promotet,
(Ref. 30; A. Dahlqvist, pers. commun.; Fig. 2). Transfer of 18:1 lspme of the85S-FatBliransgenic lines accumulate high levels of
this mechanism was considerably less efficient suggesting tMEFAs in the seed triacylglycerols. However, the MCFAs are
PDAT had specificity for the hydroxy fatty acid. Because 18:1-Okbsent completely from all other parts of these plants, even though
is synthesized on ttsm-2position of PtdCho, such PDAT-mediatechigher levels of FatB1 activity are present in the vegetative tissues
transacylation reaction would not only reduce 18:1-OH accumtitan in the seeds FatB1 was correctly targeted to the chloroplasts
lation in diacylglycerol (via CTP activity), but also prevent it fronof the 35S-FatBlplants, and the isolated chloroplasts can effi-
entering the acyl-CoA pool for incorporation into membrane lipidsiently produce MCFA# vitro. Thus, it is likely that MCFAs are
being synthesized in the leaves3&iS-FatBlplants, but are then
Compartmentation of triacylglycerol biosynthesis probably rapidly broken down. In support of this hypothesis,
It has been argued that the specificities of the enzymes of lipilzymes from both thg-oxidation pathway (breakdown of fatty
metabolism are not discriminating enough to account for the stragjds) and the glyoxylate cycle pathways (metabolism of fatty
bias between membrane and storage fpids an alternative, it has acids) are induced in the leaves of transg88i-FatBIplants®*
been proposed that membrane lipid and triacylglycerol assemblyrthermore, this degradation is specific for MCFAs because the
might be carried out by distinct subsets of enzymes located in s&p:0-CoA oxidase activity, which is responsible for the breakdown
arate domains of the endoplasmic reticulum {ER}* Subcellular of 12:0, increases up to sixfold, whereas 16:0-CoA oxidase activ-
fractionation of developing oilseed rafirgssica napysembryos ity remains constant between transgenic and control plants. This
has provided evidence that the localization of enzymes involveddea is supported by studiestn coli. Whereas wild-typé&. coli
triacylglycerol biosynthesis does not exactly coincide with enzymeslls expressingatB1do not accumulate MCFAs, expression of
involved in membrane lipid biosynthesis in the ER (Ref. 31). RatBlin E. colimutants blocked if-oxidation results in high lev-
addition, analysis of petroselinic acid accumulation in coriandels of MCFAs, which are secreted from the cells in the form of free
using [1#‘Clacetate-labelling of developing seeds has suggested ttadtly acid$®. Therefore, MCFAs are probably excluded from mem-
there might be a distinct pool of PtdCho dedicated to triacylglycetmiane lipids in the leaf, and the presence of these excess fatty acids
assembly in this platft However, the evidence to support the conthen induces pathways in the cells for their disposal.
partmentation hypothesis is limited and further experiments areSimilar results have been obtained with transgenic tobacco
needed. Comparing immunolocalization of enzymes involved @md Arabidopsisplants expressing the castor bean fatty acid hy-
storage lipid biosynthesis (e.g. DAGAT) with enzymes involved itiroxylase FAH12) gene under the control of the 35S pronftfer
membrane lipid biosynthesis might help to resolve this question. In both transgenic systems 18:1-OH accumulates in their seed
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Fig. 3. Phenotype 085S-FAEltransgenic plants that accumulate

high levels of very-long-chain-fatty acids (VLCFAs). (a) Com-

parison of the morphology of wild type (left) aBES-FAE Iplants
(right). (b) Transmission electron micrograph of a chloroplast frg
a wild-type rosette leaf. (c) Transmission electron micrograph
a chloroplast from 85S-FAElrosette leaf. Scale bars in (b
and (c)= 1 pm. Adapted and reproduced, with permission, fro
Ref. 39.
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triacylglycerols, but is not present anywhere else in the plants. RNA
blot analysis has revealed that BeH12transcript is present at high
levels in non-seed tissues, aindvitro assays have demonstrated
hydroxylase activity in roots and lea¥ed he failure of MCFA and
hydroxy fatty acids to accumulate in non-seed tissues is further evi-
dence that mechanisms exist in plant cells that can deal with fatty
acids, which are incompatible with membrane structure and function.

The accumulation of VLCFAS in membrane lipids

By contrast witt85S-FatBland35S-FAH12ransgenic plants, 35S
promoter-directed ectopic expression BATTY ACID ELON-
GATION 1(FAED", a gene encoding a VLCFA-condensing enzyme
required for the synthesis of C20 and C22 seed oil constituents in
Arabidopsié’, resulted in plants accumulating high levels of unusual
fatty acids in membrane lipitfsVLCFAs were incorporated into all
major membrane lipid classes, and in s@B8-FAEltransgenic

lines accumulated to-30% of the total leaf fatty acid, thus com-
pletely changing the basic fatty acid makeup of the $lafihis

result suggests that the plant does not perceive VLCFAs as unusual
and that mechanisms that exclude medium-chain and hydroxy fatty
acids from leaf membrane lipids do not operate on VLCFAs. How-
ever, such mechanisms must be present in the seed because
VLCFAs are not found in membranes of developing embryos.

Those 358-AEL1 plants with low levels of VLCFAs appear
wild type in all respects. By contrast, plants with high levels of
VLCFA content in their membrane glycerolipids undergo a dra-
matic morphological transformation (Fig. 3), with the transgene
causing abnormalities both at the whole plant and subcellular lev-
els. The severity of the observed morphological changes is corre-
lated tightly with the levels of VLCFAs, with extreme levels of
VLCFAs resulting in lethality.

It is puzzling why VLCFAs can accumulate in leaf lipids when
other unusual fatty acids cannot. The simplest explanation is that
VLCFAs have a role to play in the membrane bilayer. Indeed,
C24-C26 VLCFAs are found in sphingolipids. These lipids are
structurally distinct from glycerolipids and are thought to be pres-
ent in the plasma membrane of most, if not all eukaryotic cells.
There is evidence suggesting that VLCFAs are required for the for-
mation of highly curved membrane structéte$he fact that the
35SFAE1 plants have curved thylakoid membranes supports this
notion, and suggests that thylakoid membrane lipids containing
VLCFAs might be mimicking the structural role of sphingolipids.
This is possible in view of a reptirthat yeast cells can survive
without sphingolipids by producing new structurally similar
glycerolipids containing C26 fatty acids. In conclusion, hyperac-
cumulation of VLCFAs in membrane lipids in the 368E1plants
appears to perturb the structure of cellular membranes, which
results in pleiotropic effects on plant growth and developthent
The striking outcome of th85S-FAEltransgenic experiment
described here indicates just how inadequate our understanding
is of the exact relationship between fatty acid composition of
membrane lipids and membrane structure and function.

Future prospects

Because of their unique chemical properties, many of the unusual
fatty acids described here have important industrial applications.
For these fatty acids to be economically attractive, conventional
oilseed crops will have to be genetically engineered to produce
oils with a single predominant unusual fatty acid. The existence of
wild species, such as castor, which contains oil with 80—90%
18:1-OH, suggests that this is a feasible goal. However, the inabil-
ity to specifically target unusual fatty acids to seed triacyl-
glycerols, and their excessive accumulation in membrane lipids,
might disrupt seed membrane integrity and impair seed development
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or germination. Initial results indicate that this might not be a pro®2 Wiberg, E.et al (1994) Substrates of diacylglycerol acyltransferase in

lem in crop species that produce only moderate quantities ofmicrosomes from developing oil seeBffytochemistrs6, 573-577

unusual fatty acids in their seeds. However, as transgenic plants?@rghden, I. and Frentzen, M. (1992) Triacylglycerol biosynthesis in developing seeds
generated that can produce higher levels of unusual fatty acids, ief Tropaeolum majuk. andLimnanthes douglasR. Br.Planta188, 215-224
might be necessary to introduce additional enzymes, such as a&4/Rrough, C.Letal (1996) Towards the genetic engineering of triacylglycerols of
transferases and phospholipases, into plants to achieve correct tagefined fatty acid composition: major changes in erucic acid contentsat-the
geting or exclusion of unusual fatty acids from cell membranes andpositon affected by the introduction of a 1-asglycerol-3-phosphate

to obtain viable transgenic seeds. We believe that this topic is ofcyltransferase frotimnanthes douglasiito oil seed rapdviol. Breed2, 133-142
great importance and will be fundamental for our ability to crea?é 0o, K-C. and Huang, A.H.C. (1989) Lysophosphatidate acyltransferase

new oil-crop species with the desired oil composition. activities in the microsomes from palm endosperm, maize scutellum, and
rapeseed cotyledon of maturing seéds. J. Plant PhysiobB1, 1288-1295
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