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1. ABSTRACT
Since 2002, plant biologists have begun to apply analysis, and direct infusion of a biological extract
mass spectrometry to the comprehensive analysis of combined with internal standards allows for straightforward
complex lipids. Such lipidomic analyses have been used to quantification of polar lipid species from the mass spectra.
uncover roles for lipids in plant response to stresses and to The technical aspects of routine complex lipid analysis by
identify in vivo functions of genes involved in lipid ESI-MS have been reviewed recently (3, 4).
metabolism.
The methodology that has been most used in
2. INTRODUCTION plant lipidomics utilizes an ESI triple quadrupole mass
spectrometer (MS/MS) to collect a series of mass spectra.
Innovative application of mass spectrometry Each spectrum is specific for lipid molecular species with a
technology in the 1990s demonstrated the potential for common polar lipid head group, because lipids in a class
rapid, comprehensive, and quantitative profiling of produce a common head group-derived fragment in the
complex lipid molecular species from biological samples mass spectrometer. Scanning in the precursor or neutral
without chromatographic  separation (e.g., 1, 2). loss mode allows the production of the head group-derived
Electrospay ionization (ESI) mass spectrometry (MS) has fragment to be used as the criterion for detection (2, 5, 6).
proved to be particularly well-suited to complex lipid A series of head group-specific scans constitutes a lipid
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profile, with lipid molecular species identified as to head
group and mass, which is correlated with the number of
acyl carbons in one or multiple acyl chains and the total
number of acyl double bonds. Many of the mass spectral
scans for plant lipids are the same as those used for analysis
of animal lipids, (2), but several additional scans have been
devised for plant-specific lipid classes (5, 7).

In plant biology, high-throughput lipid profiling
is being used to follow metabolic changes in response to
developmental, environmental, and stress-induced
physiological changes. Rapid analysis of individual lipid
molecular species from normal and genetically altered cells
or organisms also can provide the detailed information
needed to elucidate the functions of genes affecting lipid
metabolism and lipid signaling. In addition, lipidomic
analyses can be used to examine the effect of genetic
manipulations performed for the purpose of improving the
quality of plant-based foods. In this review, through a
series of vignettes describing recent work, we summarize
findings derived from mass-spectrometry based analyses of
complex plant lipids and highlight some new approaches to
plant lipid analysis.

3. STRESS-INDUCED CHANGES IN PLANT LIPID
COMPOSITION

Membrane lipids undergo many changes in plants
exposed to various stress conditions. Detailed, quantitative
lipid profiling reveals lipid alterations, and examination of
these changes often suggests potential mechanisms for the
stress-induced changes. Here, we will examine alterations
revealed by profiling of lipids from plants undergoing
exposure to cold, heat, mechanical wounding, and
phosphorus deficiency.

3.1. Cold-induced lipid alterations

When plants are exposed to low, non-freezing
temperatures, the degree of fatty acid unsaturation and the
content of phospholipids typically increase. Such lipid
changes enhance membrane fluidity and reduce the
propensity of cellular membranes to undergo freezing-
induced non-bilayer phase formation, thus enhancing
membrane integrity (8, 9). To analyze changes in specific
lipid molecular species of Arabidopsis as a result of low
temperature  stress, lipid profiling was used (5).
Phosphatidylcholine (GPCho), phosphatidylethanolamine
(GPEtn), phosphatidylglycerol (GPGro),
monogalactosyldiacylglycerol (GalDG), and
digalactosyldiacylglycerol (GalGalDG) species that contain
two polyunsaturated acyl species, such as 36:5-
linoleoyl/linolenoyl (18:2/18:3-) and 36:6- (dil8:3-)
GPCho, 36:5- (18:2/18:3-) and 36:6- (dil8:3-) GPEtn,
34:6- (18:3/hexadecatrienoyl (16:3)-) GalDG, and 36:6-
(di18:3-) GalGalDG, were shown to increase in the plants
during cold acclimation. At the same time, the level of
more saturated species in these lipid classes, such as 36:2-
(stearoyl (18:0)/18:2 and di-oleoyl (18:1)-) and 36:3-
(18:1/18:2 and 18:0/18:3-) GPCho decreased. The data
indicate an increase in desaturation activity and
concomitant remodeling of both extraplastidic (GPCho and
GPEtn) and plastidic (GalDG, GalGalDG, and GPGro)
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lipid species. On the other hand, the content of
phosphatidylinositol  (GPIns) molecular species was
unchanged in response to cold exposure. Cold exposure
did induce significant increases in specific molecular
species of the lipid metabolites lysoGPCho, lysoGPEtn,
and phosphatidic acid (GPA). These data suggest that
phospholipases, such as phospholipase A (PLA) and
phospholipase D (PLD), which produce lysophospholipids
and GPA, respectively, are activated during cold
acclimation. =~ GPA and lysophospholipids are minor
phospholipids with potential regulatory functions, such as
activation of target signaling proteins, regulation of
cytoskeletal organization, and regulation of ion channel
function (10). The observed changes in profiles imply that
lipids play both structural and regulatory roles in plant
adaptation and survival during low temperature exposure.

3.2. Lipid changes during adaptation to heat

Plant cellular membranes have long been
proposed to be one of the prime targets of temperature
stress (11-13). The chloroplast membranes that are host to
the photosynthetic apparatus are thought to be highly
vulnerable to damage caused by heat stress, as well as cold
stress (11, 14, 15). As mentioned above, plants often adjust
their cellular membrane properties through regulation of
membrane lipid composition and fatty acid saturation
levels, in response to temperature stress, to maintain
membrane stability and optimize photosynthesis and other
cellular processes (16-20).

To identify the various mechanisms of
thermotolerance in plants, a forward genetic approach was
employed to isolate and characterize a series of Arabidopsis
thaliana thermo-sensitive mutants (atts) that fail to acquire
thermotolerance after a brief exposure to 38°C, a condition
that induced acquired thermotolerance in wild-type
seedlings and enabled the wild-type plants to survive the
otherwise lethal high temperature treatment (21). One of
the identified loci, defined by two allelic mutants, atts02
and atts104 (renamed as dgdI-2 and dgdI-3, respectively),
was shown by map-based cloning to encode
digalactosyldiacylglycerol synthase 1 (DGD1) (22).
Mutations in DGDI resulted in plants both defective in
acquired thermotolerance and susceptible to moderately
elevated temperatures (reduced level of basal
thermotolerance). However, reverse transcriptase-
polymerase chain reaction (RT-PCR) results indicated that
the transcript level of DGDI gene in these dgd! mutants
was not affected. Furthermore, the susceptibility of these
mutants was not due to the induction of heat shock genes, a
well known mechanism involved in  acquired
thermotolerance since no difference in the induction levels
of heat shock protein genes was detected between mutants
and wild-type plants. Bioinformatic analysis indicated that
mutations of DGDI1 caused by a single amino acid
substitution in dgdl-2 and dgdl-3 caused localized
conformational changes in DGDI, suggesting that
thermosensitive phenotypes of these mutants could be the
result of changes in DGD1 function in these mutants. This
information suggested that there would be a close
association of changes in thermotolerance and galactolipid
profiles in plants.
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3.2.1. Lipid profiles reveal that the dgdI-2 and dgdI-3
are leaky mutations of digalactosyldiacylglycerol
synthase 1.

DGD1 is the major enzyme that catalyzes the
conversion of GalDG to GalGalDG in chloroplast. A null
mutant of DGD1 (dgdi-1) has less than 10% of the
GalGalDG content of the wild-type plants and shows
stunted growth, pale green leaf color and reduced
photosynthetic capability under normal conditions (23).
DGD1 knock-out mutants also show defective growth
phenotypes. In contrast to dgdl-I and the knockout
mutants, the growth and development of dgdi-2 and dgdi-
3 mutant plants are similar to wild-type plants under
normal conditions (22). To determine if DGD1 function is
indeed affected by the mutations in dgdi-2/dgdi-3, their
lipid and fatty acid profile changes were examined in
comparison to those of wild-type plants under normal
growth conditions, using ESI-MS/MS (5, 6). The results
are summarized in Table 1. The dgdl-2/dgdl-3 mutant
plants grown at normal temperature retained 61% and 66%,
respectively, of the GalGalDG levels of the wild-type.
There was no significant change in overall GalDG level
detected; however, the relative contribution of plastid-
derived GalDGs was decreased while the endoplasmic
reticulum (ER)-derived GalDG was increased at normal
temperature. The observed reduction in GalGalDG lipid in
these mis-sense dgd! mutants was contributed by both
plastid- and ER-derived GalGalDGs. As a result, the ratio
of GalGalDG to GalDG was lowered in these mutants,
0.173 in dgdI-2, and 0.197 in dgdi-3, compared with 0.273
in wild type. The substantially higher amount of the
GalGalDG in these mutants compared to the null mutant of
dgdl-1 indicates that the mis-sense mutations in dgdi-
2/dgdl-3 mutants altered rather than eliminated DGDI1
function.

Concurrent with the reduction in GalGalDG,
increases in mol% of GPCho and GPEtn were observed in
leaf tissues of dgdi-2 and dgdl-3 mutants (Table 1). At
21°C, mutant plants showed a 24% to 36% enhancement in
GPEtn and GPCho (dgdI-2 and dgdI-3, respectively)
compared to wild-type plants, while no changes were
detected in GPGro and GPIns between wild-type and dgdi-
2 or dgd!-3 mutants.

3.2.2. Acquired thermotolerance induced by heat
acclimation in wild-type Arabidopsis is associated with
increases in GalGalDG, GalGalDG to GalDG ratio, and
saturation of GalGalDG.

To examine possible roles of GalGalDG and
GalGalDG to GalDG ratio in acquired thermotolerance,
first, lipid compositional changes in leaf tissue of wild-type
plants were analyzed before and after a 24 h 38°C heat
acclimation. The galactolipid profile changes were
investigated in relation to the ability of the plants to acquire
thermotolerance. Consistent with previous findings (24,
25), a significant increase in the relative amount of
GalGalDG following heat acclimation treatment was found
(Table 1). The mol% of GalGalDG in wild-type plants
increased by 23% (13 mol% to 16 mol%) following the
heat treatment, whereas, GalDG decreased from 47 mol%
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to 38 mol%, resulting in a significant increase in the ratio
of GalGalDG to GalDG, from 0.27 at 21°C to 0.42 upon
acclimation at 38°C. The observed 55% increase in
GalGalDG to GalDG ratio owing to the temperature up-
shift was contributed mainly by changes in galactolipids
derived from the plastidic pathway. In addition, small
increases in other major phospholipid species (GPGro,
GPCho, GPEtn, and GPIns) were also observed.

A previous study showed that bean plants
(Phaseolus vulgaris) increased in GalGalDG to GalDG
ratio in response to elevated temperature treatments, and
the ratio adjustment was postulated to play an important
role in acquisition of thermotolerance (24). The observed
sharp increase in GalGalDG to GalDG ratio in wild-type
plants suggests that changes in galactolipid profile play a
crucial role in a plant's ability to tolerate and adapt to high
temperatures. GalGalDG molecule has a large polar head
group and forms bilayers in aqueous environments, in
contrast to GalDG, which forms Hexy; structure due to its
smaller head group (13, 25). Thus, the increase in
GalGalDG to GalDG ratio may help to maintain chloroplast
membrane integrity and normal membrane protein function
at high temperatures.

Consistent with the established role of fatty acid
saturation in heat tolerance (17, 19, 26), an increased
saturation level was observed in galactolipids from wild-
type plants that were responding to heat acclimation as
indicated by the double bond index (DBI) in Table 1. The
DBI of GalGalDG decreased from 2.58 to 2.34 while the
DBI of GalDG decreased from 2.95 to 2.84 after a 24 h
heat acclimation at 38°C. Increases in the saturation level
of other major polar lipids in response to heat treatment
were also observed in this study (data not shown). Taken
together, the results (22) suggest that acquired
thermotolerance induced by heat acclimation in wild-type
Arabidopsis is associated with an increase in relative
amount of GalGalDG, a dramatic increase in GalGalDG to
GalDG ratio, and a moderate increase in saturation of fatty
acids.

3.2.3. The dgdI-2 and dgd1-3 mutants failed to increase
GalGalDG level and GalGalDG to GalDG ratio in
response to 38°C heat acclimation.

Although dgdi-2 and dgdi-3 mutant plants grow relatively
normally under optimal conditions, they failed to develop
green cotyledons and are unable to continue growth at
moderately high temperatures of 30°C or above (22). They
also failed to acquire thermotolerance after a 90 min
exposure at 38°C, a condition that induced acquired
thermotolerance in wild-type seedlings and enabled wild-
type plants to survive the otherwise lethal 45°C treatment.
To determine if the thermosensitive phenotype of dgdi-2
and dgdl-3 is associated with the galactolipid changes,
their lipid profile changes in response to heat acclimation
were compared with those of wild-type plant (Table 1). In
contrast to the increase in wild-type Arabidopsis, the mol%
of GalGalDG in these mutants did not increase after the
treatment. Instead, a slight decrease in GalGalDG was
observed in both mutants. Leaves of dgd/-2 and dgdI-3
mutants contained only 41% the level of GalGalDG



Plant lipidomics

Table 1. Lipid composition in leaves of the wild-type and the dgd! mutants before and after high temperature treatment at 38°C

for 24 h
RLD Wild-Type ] dgd1-2 ] dgd1-3 ]

Lipid Class 21°C 38°C 21°C 38°C 21°C 38°C
GalDG 47.40 +/- 2.46 3822 +/-221 4577 +-3.23 33.42+/-221 43.64 +/-2.90 31.92 +/- 1.63
(34:x") (38.67) (29.50) (31.15) (16.88) (26.93) (16.53)
(36:x3) (8.65) (8.70) (14.23) (16.31) (16.65) (15.33)
DBI 2.94 2.84 2.93 271 2.95 2.67
GalGalDG 12.96 +/- 0.34 15.99 +/- 0.56 7.92 +/- 1.05 6.54+-0.17 8.59 +/- 1.11 6.50 +/- 0.50
(34:x) (3.60) (5.67) (1.65) (1.61) (1.84) (1.42)
(36:x) 9.28) (10.23) (6.22) (4.87) (6.66) (5.04)
DBI 2.58 234 2.68 2.57 2.69 2.65
gz:iG"a‘th 10 GalDG 0.273 0.418 0.173 0.196 0.197 0.204
GPGro 14.46 +/- 0.62 16.79 +/- 0.51 14.01 +/- 1.14 16.82 +/- 1.48 16.59 +/- 1.34 17.47 +/- 1.08
GPCho 13.29 +/- 1.74 14.16 +/- 1.22 17.28 +/-2.78 23.86 +/- 3.30 16.95 +/- 0.87 25.37 +-0.77
GPEtn 7.93 +/-0.52 9.48 +/- 1.62 10.78 +/- 0.4 12.77 +/- 1.18 9.81 +/- 0.86 12.29 +/- 0.87
GPIns 3.09 +/- 0.29 431+/-033 3.11+-0.15 4.82+-0.15 328 +/-0.17 4.80 +/- 0.35
GPSer 0.60 +/- 0.04 0.77 +/- 0.09 0.73 +/-0.08 0.87 +/- 0.07 0.81 +/-0.09 0.98 +/- 0.09
GPA 0.16 +/- 0.05 0.17 +/-0.05 0.26 +-0.05 0.66 +/- 0.34 0.20 +/- 0.05 0.43 +/-0.09
lyso (GPGro + GPCho + GPEtn) | 0.11 0.10 0.16 0.24 0.14 0.23

Values are given as mole percentage and are the mean +/- SE of four independent plant samples. "34:x GalGalDG contains an 18
carbon and a 16 carbon fatty acid; x is the total number of double bonds. These species are largely derived from the plastidic
pathway in wild-type plants. 236:x GalGalDG contains two 18 carbon fatty acids; x is the total number of double bonds. These
species are derived from the ER pathway. DBI = Double bond index, the number of double bonds per fatty acid in a galactolipid

molecule

observed in wild-type plants. Following heat acclimation,
GalDG levels decreased in both wild-type and dgdi-2 and
dgd1-3 mutant plants, with no significant difference in the
extent of the GalDG decrease between wild-type and
mutant plants. Thus, these dgdl mutant plants failed to
increase the ratio of GalGalDG to GalDG during heat
acclimation, while wild-type plants increased it from 0.27
to 0.42 (Table 1). After one day of heat acclimation at
38°C, the ratio of GalGalDG to GalDG in the dgd/ mutants
was less than half of that observed in wild-type plants. In
addition, dgd! mutants did not increase the saturation
levels of their galactolipids.

Results from genetic, physiological, and
lipidomics studies combined to reveal that GalGalDG
and/or GalGalDG/GalDG ratio play an essential role in
both basal and acquired thermotolerance in Arabidopsis.
As observed in other plants, GalGalDG content and
GalGalDG to GalDG ratio increase in wild-type
Arabidopsis during heat acclimation, and this alteration is
proposed to stabilize chloroplast membranes under heat
stress. The dgdl-2/dgdI-3 mutants contain about 60% of
the GalGalDG level observed in wild-type plants and no
increase in GalGalDG was observed during heat
acclimation. The GalGalDG level in the mutants appears to
be sufficient for chloroplast function under normal
temperatures since the growth and development of the
mutants are similar to wild-type plants. However, because
the mutant plants do not develop green cotyledons at 30°C
and failed to acquire thermotolerance during heat
acclimation, these results imply that a higher GalGalDG
level and/or GalGalDG to GalDG ratio are required to
maintain the thermostability of chloroplast membranes and
their associated activities at high temperatures.

2497

3.3. Wounding-induced alterations in plastidic lipids

Although considerable recent evidence suggests
that oxylipins are components of plastid-localized polar
complex lipids in Arabidopsis thaliana (27-29), the
biosynthetic pathway by which these lipid species are made
has not been defined. Recently, several mass spectrometry
techniques have been combined to analyze these lipids
during the plant response to wounding (30). ESI collision-
induced dissociation-time of flight mass spectrometry was
introduced to identify acyl chains. This technique involves
using the collision cell of a quadrupole time-of-flight MS to
fragment unselected ions produced by an ESI source,
producing a profile of the fatty acyl species present in a
mixture. The advantages of this technique over traditional
methods of fatty acyl analysis are its simplicity and the fact
that oxygenated fatty acyl species can be analyzed
simultaneously with normal chain species.

Once the acyl species present were identified,
ESI-MS/MS in the precursor mode was utilized to identify
the nominal masses of complex polar lipids containing each
acyl chain, and ESI quadrupole-time of flight mass
spectrometry to confirm the identifications. Seventeen
species of oxylipin-containing GPGros, GalDGs, and
GalGalDGs were identified, including polar lipid species
containing the oxylipins, (9S5,13S)-12-oxo0-phytodienoic
acid (OPDA), dinor-oxophytodienoic acid ((7S,11S5)-10-
oxo-phytodienoic acid, dnOPDA), 18-carbon ketol acids,
and 16-carbon ketol acids (30).

The accumulation of five OPDA- and/or
dnOPDA-containing GalDG and two OPDA-containing
GalGalDG species was monitored as a function of time in
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Figure 1. Levels of the major oxylipin-containing GalDG and GalGalDG species during response to wounding in Arabidopsis
leaves. Precursor scanning for fatty acyl species was used to quantify OPDA- and dnOPDA-containing galactolipids. Wounded
leaves were collected at the time points indicated, lipids were extracted, and galactolipids containing esterified oxylipins were
analyzed using multiple acyl precursor scanning. A. GalDG species. B. GalGalDG species. The zero time point represents
unwounded plants. n = 5. Error bars are standard deviation. Reprinted from with permission from American Society of Plant

Biologists (30).

mechanically wounded leaves by measuring the precursors
of the fatty acyl species (Figure 1). To perform this
analysis, precursor ions of dnOPDA, OPDA, and normal
chain fatty acids were measured by ESI-MS/MS, and data
for each oxylipin-containing galactolipid species were
compiled from the spectra. In unwounded leaves, the
levels of all oxylipin-containing complex lipid species were
low, but some of the oxylipin-containing species increased
several hundred-fold within 15 minutes after mechanical
wounding of the Arabidopsis leaves. In particular, polar
lipid species that contained two oxylipins in the same
molecule, such as diOPDA and OPDA-dnOPDA species
increased very quickly and to a greater extent than lipid
species that contained one oxylipin and one normal fatty
acid. While the meaning these data have not been clarified,
the authors suggest that the observed pattern of formation
of oxylipin-containing lipid species is consistent with
conversion of normal-chain galactolipids to di-oxylipin-
containing galactolipids without hydrolysis of the fatty
acids from the complex lipids (30).

3.4. Changes in phospholipids and galactolipids under
phosphorus deficiency

Phosphorus is an essential macronutrient that
often limits plant growth and development. When plants
are subjected to a growth condition with limited

2498

phosphorus, they show lower levels of phospholipids with
increased levels of galactolipids, mostly in the form of
GalGalDG, than under normal phosphate conditions (31).
Quantitative lipid profiling has been used to analyze
detailed changes in major and minor lipid molecular
species affected by phosphorus deficiency in Arabidopsis
(32). Under phosphorus starvation conditions, the decrease
in phospholipids and increase in galactolipids are more
drastic in roots than in rosettes. GalGalDG increased 10-
fold in phosphorus-starved roots, but only 72% in rosettes.
GPCho decreased 51% in phosphorus-starved roots, but
17% in rosettes. Interestingly, the gain in galactolipids
quantitatively replaces the loss of phospholipids in
phosphorus-starved — rosettes. In normally grown
Arabidopsis  rosettes, the total concentration of
phospholipids, including GPCho, GPEtn, GPIns, GPGro,
GPSer, and GPA, was 86.7 nmol/mg DW; the total
concentration of galactolipids, including GalDG and
GalGalDG, was 78.5 nmol/mg DW. Thus, the total
concentration of lipids, including phospholipids and
galactolipids, was 165 nmol/mg DW in normally grown
rosettes.  In phosphorus-starved rosettes, however, the
total phospholipids and galactolipids were 67.0 and 97.7
nmol/mg DW, respectively, but the total concentration of
lipids was still 165 nmol/mg DW. The homeostatic
response, in which membrane lipid concentrations are
maintained, highlights the important role of membranes in
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Figure 2. Schematic of lipid biosynthesis in Arabidopsis thaliana. A. Lipid biosynthesis in Arabidopsis leaves occurs in two
compartments — in the plastids and the endoplasmic reticulum. Fatty acid synthesis and desaturation of 18:0-ACP to 18:1-ACP
occurs exclusively in the plastid. Desaturation of 16:0 and further desaturation of 18:1 occurs on acyl chains conjugated to
glycerol backbone. B. Mutations in genes that affect specific steps in lipid biosynthesis are indicated in blue. fad6, fad7 and fad8
affect desaturation of 16C and 18C acyl chains. In contrast, the fad4, fad5 and sfd2 mutations primarily affect desaturation of
16C acyl chains. Abbreviations not used in the text are: lysoGPA: lysophosphatidic acid, SQDG: sulfoquinovosyldiacylglycerol.

cellular function. However, in roots, the amount of
phospholipids lost is more than four times that the amount
of galactolipids gained. Thus, galactolipids do not
quantitatively replace phospholipids in roots as they do in
rosettes during phosphorus starvation.

The molecular species of eight lipid classes,
including GPIns, GPGro, phosphatidylserine (GPSer),
GPEtn, GPCho, GPA, GalGalDG and GalDG, were

profiled in rosettes and roots under normal and
phosphorus starvation conditions (33). Lipids in
Arabidopsis are synthesized through distinguishable

routes, the prokaryotic pathway and the eukaryotic
pathway (Figure 2). The prokaryotic pathway is localized
on the plastid inner envelope, and the eukaryotic one is
localized on the ER. GalGalDG can be considered as
being in three pools: the “plastidic pool” is derived from
the prokaryotic pathway and is located in the plastid, the
“ER-extraplastidic pool” is derived from the eukaryotic
pathway and is located outside the plastid, while the “ER-
plastidic pool” is derived from the eukaryotic pathway but
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is located inside the plastid. In rosettes and roots, the
major molecular species, such as 34:2, 34:3, 36:4, 36:5,
and 36:6, were generally lower in phospholipids during
phosphorus starvation. The increase in these species, but
not the plastid-derived 34:6 species, in GalGalDG
suggests that hydrolysis of phospholipids supplies DG
moieties for GalGalDG synthesis during phosphorus
starvation. The data indicate that the eukaryotic pathway
contributes to GalGalDG accumulation during phosphorus
starvation, whereas neither 34:6-GalGalDG nor 34:5-
GalGalDG increases during phosphorus starvation in
rosettes and roots, suggesting that newly formed
GalGalDG might not originate from the prokaryotic,
plastidic pool.

4. DEVELOPMENTAL CHANGES IN PLANT LIPID
COMPOSITION

4.1. Lipid changes in cotton fibers during development
Cotton fibers are single cells that initiate on the
epidermal surface of ovules at anthesis (34). Fiber cell
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elongation occurs primarily during the first 15 days after
anthesis and cells achieve a length of more than two cm by
this time. As fiber cells achieve their full length, there is a
transition from rapid cell expansion to intense secondary
cell wall synthesis and cells increase in thickness over the
period of about 15 to 40 days after anthesis, a process
defined as fiber maturation (35, 36). Ultimately the cell
cytoplasm collapses and mature fibers desiccate when the
fruit opens (about 45 days after anthesis). Fiber cell
elongation is associated with rapid plasma membrane and
vacuolar expansion and so these cells synthesize a
considerable amount of membrane lipid to accommodate
this intense period of cellular growth. The maturation phase
is accompanied by a shift toward cellulose deposition
adjacent to the plasma membrane surface and this requires
the synthesis and trafficking of carbohydrate through the
plasma membrane (37). Hence, this overall cellular
system allows for a relative synchronous population of cells
to be collected and evaluated for principal components that
may impact key stages in cell enlargement and
differentiation (36). The importance of membrane lipid
metabolism to the development of cotton fibers, while
theoretically clear, has been relatively unstudied. As a first
step toward gaining a better understanding of lipid function
in fiber cell formation, the glycerolipid content and
composition of elongating and maturing fibers were
determined recently by ESI-MS/MS (38).

High throughput quantification of the major polar
lipid classes demonstrated that elongating fibers (on a dry
weight basis) contained more lipid than maturing fibers
(38), as might be expected due to the considerable
accumulation of cellulose mass during fiber maturation.
The polar lipid class composition was generally similar
between elongating and maturing fibers, with
phospholipids, not galactolipids, making up the majority of
the polar lipid fraction. GPCho, GPEtn and GPIns were the
principal phospholipid classes in all stages of fiber cell
development, together accounting for more than 70% of the
total polar lipid. GPGro, GalDG, and GalGalDG were
relatively minor polar lipid constituents. More than 70
glycerolipid species were quantified in both elongating and
maturing cotton fiber cells.  Subtle, but significant,
differences were quantified in the molecular composition of
the major phospholipids.  Generally, phospholipids of
maturing fibers were more saturated than those in
elongating fibers. For example, there was a greater
proportion of 34:2 GPCho and 34:2 GPEtn in maturing
fibers (compared to elongating fibers), whereas there was
relatively more 36:6 GPCho and 36:4 GPCho and 34:3
GPEtn and 36:6 GPEtn in elongating fibers (compared to
maturing fibers), perhaps reflecting a change in FAD3
desaturase activity with development. These types of
metabolite analyses, while initially descriptive, provide a
basis for associating other types of large-scale database
information such as that from genomics and proteomics
efforts.

Part of the value of profiling the glycerolipid
molecular species in elongating cotton fibers was the
availability of large DNA databases of expressed genes
(available as ESTs: expressed sequence tags) at these same
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stages of development (http://www.tigr.org/). By
reconciling metabolite data with ESTs for lipid-metabolism
enzymes, it was possible to delineate at the molecular level,
in most cases, the pathways likely to be important for
membrane lipid synthesis in cotton fiber cells (38). For
example, the predicted pathway and DNA sequences
corresponding to each enzymatic step (Figure 3) could be
identified for the most abundant GPCho molecular species
in both elongating and maturing fibers, namely 34:3
GPCho (16:0/18:3 GPCho). Moreover, new questions
about metabolic relationships were suggested by
comparison of metabolite and sequence database
information.  For example, is the phosphatidic acid
precursor, 16:0/18:3 GPA (the major GPA species
identified in extracts), utilized for the synthesis of the major
GPIns molecular species (34:3 GPIns)? Surprisingly, no
EST candidates were identified for a cytosine diphosphate
(CDP):diacylglycerol (DG) synthase or a GPIns synthase,
two enzymes that are clearly important in developing a
comprehensive lipidomics map of cotton fiber metabolism.
No doubt, high-throughput lipid profiling capabilities
coupled with molecular genetic and biochemical
information will be important in resolving and defining the
importance of lipid metabolism in cotton fiber formation.

4.2. Alterations in potato lipids during tuber aging

Potato tubers are model organs for aging studies
because they can survive up to three years after harvest, if
they are stored at low temperature. Various studies have
been undertaken to understand the role of lipid peroxidation
in membrane damage and, in general, in the aging process
(39-42). Focusing particularly on the sprouting phase (42),
it has been demonstrated that the period during which
apical dominance is lost, resulting in the development of
multiple sprouts, is correlated with a clear increase in
particular oxygenated fatty acids, or “oxylipins”,
specifically the 9-hydroperoxide of linoleic acid and
colneleic acid (42). Analysis of phospholipids and
galactolipids by electrospray ionization tandem mass
spectrometry showed a decrease in the level of GPCho,
GPEtn, GPIns, GalGalDG, and GalDG during this
particular period. The decrease in the amount of linoleic
acid in the complex lipids correlated well with the amount
of its metabolites 9-hydroperoxy linoleic acid and colneleic
acid. During sprouting in potato tubers, the lipoxygenase
pathway is activated: galactolipases and phospholipases
liberate free fatty acids, among which linoleic acid which is
transformed to its hydroperoxide by lipoxygenase. This last
product is converted by the divinyl ether synthase to
colneleic acid which is degraded to 9-oxo-nonanoic acid.
Additionally, it has been demonstrated that a part of
colneleic acid is esterified in phospholipids (43), although
the physiological significance of this remains unknown.

5. ELUCIDATION OF GENE FUNCTION BY
ANALYSIS OF PLANT LIPID COMPOSITION

5.1. Role of fatty acid desaturases and DHAP reductase
in systemic acquired resistance

Systemic acquired resistance (SAR) is an
inducible defense mechanism in plants that confers
resistance to a broad-spectrum of pathogens (44-46). Prior
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Extraplastidic GPCho (16:0, 18:3)
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ACCase (47), KAS (40), A9desaturase (22), FATA (3), FATB (11)
[16:0, 18:1FFA]

AcylCoA synthetase (11)
-
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Figure 3. Compartmentation of metabolites and deduction of pathways for lipid metabolism in cotton fiber cells by combining
lipid profiling and DNA database information. Summary scheme for the pathway leading to the synthesis of GPCho 34:3
(16:0/18:3), a major glycerolipid molecular species quantified in both elongating and maturing cotton fiber cells. The diagram is
based on both metabolite profiles and EST occurrences (numbers in parentheses) for enzymes in these pathways (collected from
DNA database information posted at http://www.tigr.org/) in the same cell type at the same developmental stage. This scheme
for elongating cotton fibers is consistent with the synthetic pathways described for extraplastidial GPCho in other types of plant
cells. The fatty acids are assembled de novo in the plastids of fiber cells and exported to the ER for glycerolipid assembly and
subsequent modification (e.g. introduction of additional double bonds). The diacylglycerol base for other phospholipids, such as
GPEtn and GPIns, can be synthesized using the same machinery. Abbreviations not used in the text are: ACCase: acetylCoA
carboxylase, KAS: keto-acyl-ACP synthase, FATA: Fatty acid thioeserase A, FATB: fatty acid thioeaterase B, FFA: free fatty
acid, G-3PAT: G-3P acyltransferase, lysoGPA: lyso-phosphatidic acid, LPAAT: lysoGPA acyltransferase, GPAP: GPA
phosphatase, AAPT: aminoalcohol phosphotransferase, FAD: fatty acid desaturase. Reprinted from with permission from AOCS
press (38).

exposure to a necrotizing pathogen is required for the content of glycerolipids that are synthesized and localized
activation of SAR. SAR is constitutively expressed in the in the plastids (50). In addition, some changes were also
Arabidopsis  thaliana  ssi2 mutant, which exhibits observed in the composition of extraplastidic lipids.
heightened resistance to bacterial, viral and oomycete Although the primary block in the ssi2 mutant is in the
pathogens (47, 48). In addition, the ssi2 mutant plant is a conversion of 18:0-ACP to 18:1-ACP, several
dwarf and spontaneously develops lesions containing dead compensatory changes were also observed. For example,
cells. The SSI2 gene encodes a stearoyl-acyl carrier protein the polar lipids, GPCho, GPEtn, and GPIns containing a
(ACP) desaturase that catalyzes the conversion of ACP 34:2 acyl combination were present at lower levels in the
conjugated stearic acid (18:0) to oleic acid (18:1) in the leaves of the ssi2 mutant than the wild type. In contrast, the
plastids (49). The oleic acid moiety of 18:1-ACP is level of 36:2 and 36:3-GPCho, -GPEtn, and -GPIns species
subsequently channeled into the synthesis of glycerolipids were higher in the ssi2 mutant plant. Several studies have
in the plastids. Oleic acid is also shunted to the cytosol as indicated that the effect of the ssi2 mutation on plant
18:1-CoA, which is then incorporated into glycerolipids in defense is not due to the accumulation of elevated 18:0
the ER. Lipid biosynthesis in Arabidopsis thaliana is levels (49-54). Rather, it may be associated with the
summarized in Figure 2. ESI-MS/MS analysis showed that impact of the ssi2 mutation on the generation of a signal
the ssi2 mutation resulted in an overall reduction in the that modulates plant defense.
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In contrast to the constitutive expression of SAR
in the ssi2 mutant, SAR is compromised in the sfd/ mutant
(55). The SAR defect in sfdl is due to its inability to
generate and/or translocate the phloem mobile signal in
SAR. ESI/MS-MS analysis indicates that the sfd/ mutant
has altered composition of plastidic glycerolipids,
especially that of galactolipids, suggesting that SFDI is
required for lipid biosynthesis in the plastids. For example,
level of the plastidic lipid species,  34:6-
monogalactosyldiacylglycerol (GalDG), which is the most
abundant complex lipid in Arabidopsis leaves, was lower in
the sfdl mutant than the wild type. In contrast, the level of
36:6-GalDG, another plastidic lipid that is believed to be
derived from DG shunted into the plastids from the ER, was
higher in the sfd/ mutant than the wild type, suggesting that an
increase flux of ER-synthesized, acylated glycerol species into
the plastid may compensate for the lipid composition
deficiency in the sfd] mutant. The sfd/ mutant was identified
in a screen for suppressors of ssi2-conferred phenotypes (50).
ssi2-conferred dwarfing, cell death and SAR-like phenotypes
were suppressed in the ssi2 sfdl double mutant plant (50).
Presence of the sfd!l allele restored the lipid content and the
18:1 mol% in ssi2 containing plants. In addition, presence of
the sfdl mutant allele also resulted in lowered levels of
hexadecatrienoic acid (16:3)-containing lipids. The increases in
18:1 mol% in these plants, or alternatively, the lowered content
of 16:3-containing lipids could account for the suppression of
ssi2-conferred phenotypes. Mutations in the SFD2 and
FAD7 genes, which are also associated with lipid
metabolism, also compromised SAR (K. Krothapalli, R.
Chaturvedi, A. Nandi, R. Welti and J. Shah, unpublished). In
addition, the sfd2 and fad7 mutations suppress the ssi2-
conferred enhanced resistance against the bacterial pathogen,
Pseudomonas syringae pv maculicola, in the ssi2 sfd2 and ssi2
fad7 double mutant plants, providing further support for the
notion that a lipid-derived molecule is involved in activation of
SAR. Like the sfd! mutant, the sfd2 and fad7 mutants are also
compromised in the synthesis and/or translocation of a
phloem-mobile factor in SAR (R. Chaturvedi, K. Krothapalli
and J. Shah, unpublished). A lipid composition defect that is
common to the sfdl, sfd2 and fad7 mutants is the change in
composition of plastid synthesized galactolipids, suggesting
the involvement of a galactolipid in SAR. Indeed, SAR is also
compromised in the mgdl mutant (R. Chaturvedi, K.
Krothapalli and J. Shah, unpublished). MGD! catalyzes the
synthesis of GalDG from DG in the plastids. These results
suggest the involvement of a galactolipid or a product thereof
in SAR.

5.1.1. Lipid profiling as an aid in identification of
mutated genes

Metabolite profiling can expedite the cloning of
genes affecting biochemical processes. The cloning of
SFDI is an excellent example of this. ESI-MS/MS
profiling of polar lipid composition in the ssi2 sfd/ mutant
plant had suggested that the SFDI gene was involved in
plastid lipid biosynthesis (50). This was further confirmed
by lipid profiles of the sfd/ single mutant plant (55).
Amongst the approximately 300 annotated genes predicted
to be in the location on chromosome 2 to which SFDI
mapped, At2g40690 was predicted to encode a protein that
could be involved in lipid metabolism. At2g40690 was
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annotated as a putative dihydroxyacetone phosphate
(DHAP) reductase. =~ DHAP reductases catalyze the
interconversion of DHAP and glycerol-3-phosphate (G-3P).
G-3P provides the glycerol backbone for glycerolipid synthesis
in plants. Sequencing of this locus in the sfd/-1 and sfdi-2
mutant alleles confirmed the presence of single site mutations
within this gene in both mutants (55). Complementation
experiments in Arabidopsis and Escherichia coli, confirmed
the identity of SFDI, its biochemical function as a DHAP
reductase, and its involvement in plant defense. In a similar
manner, lipid profiling aided in the identification of the gene
that contained the sfd4 mutation. The sfd4 mutant, which was
also identified as a suppressor of ssi2 (50), has high levels of
plastidic galactolipids that contain the monunsaturated fatty
acids palmitoleic acid (16:1) and 18:1, but lower levels of
galactolipids containing polyunsaturated 16C and 18C acyl
chains, suggesting the SFD4 may encode a w6-desaturase that
is involved in the desaturation of 16:1 and 18:1 to
hexadecadienoic acid (16:2) and 18:2, respectively, in plastid
synthesized galactolipids. The lipid profile of sfd4 was very
similar to that of the fad6 mutant, which lacks a functional w6-
desaturase. Sequencing of the FAD6 locus from the sfd4
mutant confirmed the presence of a mutation in the F4D6 gene
in the sfd4 mutant.

5.2. Roles of phospholipases in response to freezing

Lipid changes are mediated by enzymes
catalyzing  lipid hydrolysis, Dbiosynthesis, and/or
modification. Phospholipases are major groups of

enzymes that mediate phospholipid catabolism.  The
enzymes are classified into four major classes, PLD,
phospholipase C (PLC), PLA| and PLA,, based on the site
of cleavage. Of these, PLD is the most prevalent family of
phospholipase in plants (10). PLD generates GPA, and
increases in GPA have been a common change observed
under many stress conditions. In Arabidopsis, there are 12
PLD genes that are divided into six types, PLDalpha (3),
beta (2), gamma (3), delta, epsilon, and zeta (2). Each of
the PLDs characterized exhibits  distinguishable
biochemical properties, such as different requirements for
Ca*', phosphoinositides, and oleic acid for activity and/or
different phospholipids preferences as substrates. These
findings raise questions about the roles of different PLDs in
stress responses.

Comparative profiling of wild-type and PLD
mutants have provided valuable insight into the cellular
functions of different PLDs. Combination of lipid profiling
with genetic manipulation of PLDs has proven to be a
powerful platform to gain information on lipid species
changes and the role of different PLDs in producing lipid
alterations and in plant responses to specific stress
conditions. While most studies performed thus far on
Arabidopsis have focused on leaves or rosettes, a couple of
recent studies (section 5.3; 6, 32) have involved profiling of
polar lipids of other organs, including roots (6, 32), stems,
siliques, flowers, and seeds (6).

5.2.1. Different roles of PLDs in freezing-induced lipid
hydrolysis

Compared to cold acclimation (section 3.1), a
sublethal-freezing temperature induces more drastic
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changes in membrane lipids. The change comes mostly
from hydrolysis as the content of total membrane lipid
decreases. At —8°C, a sublethal-freezing temperature for
cold acclimated Arabidopsis, the loss of lipids resulted
primarily from the loss of GPCho, GPEtn, and GPGro, with
the 36:4 and 36:5 species contributing the most to the
decline in GPEtn and GPCho levels (5). In contrast, the
change in GPIns molecular species was minimal, and some
GPIns species actually increased. GalDG levels tended to
decline, but no loss of GalGalDG occurred in Arabidopsis
exposed to —8°C. The levels of lipid metabolites GPA,
lysoGPCho, and lysoGPEtn, increased dramatically. The
large decline in phospholipids, but not galactolipids
suggests that phospholipases are activated to a greater
extent than galactolipases.  The low level of the PLA
products, lysophospholipids, in comparison with the PLD
product, GPA, indicates that PLD is more active than PLA
in frozen plant tissue. In addition, comparison of the
molecular species profile of GPA with other lipid classes
helps identify the substrates that give rise GPA. Upon
freezing, most of the GPA species that increased match
with those of the GPCho species that decreased.

One major lipid change in plant response to low
temperatures is the increase in GPA molecular species.
Despite the presence of 12 PLDs in Arabidopsis,
suppression of PLDalphal resulted in a higher level of
GPCho and a lower level of GPA, indicating that GPCho is
the major in vivo substrate for PLDalphal under freezing
conditions. PLDalphal is responsible for about 50% of
GPCho hydrolyzed under the freezing conditions tested (5).
The lack of difference between wild-type and PLDalphal-
deficient plants in the level of GPEtn and GPGro suggest
that enzymes other than PLDalphal are responsible for the
freezing-induced hydrolysis of GPEtn and most of the
GPGro species. By comparison, genetic manipulation of
PLDdelta has no major effect on membrane lipid hydrolysis
(56), suggesting that, unlike PLDalphal, PLDdelta activity
does not contribute to substantial lipid hydrolysis. These
metabolic differences in lipid changes indicate different
functions in freezing for PLDalphal and PLDdelta.
Indeed, phenotypic analysis shows that Arabidopsis plants
deficient in PLDalphal and PLDdelta display opposite
phenotypes in freezing tolerance (5, 56). Whereas
suppression of PLDalphal rendered Arabidopsis plants
more tolerant to freezing, knockout of PLD-delta made
plants more sensitive to freezing (56).

5.3. Role of PLDzeta in
phosphorus deficiency

As described in Section 3.4., the level of
phospholipids in plants decreases under phosphorus-limited
growth conditions. The decrease in phospholipids
presumably allows phosphate to be used for other cell
functions and also makes the lipid moiety DG available for
galactolipid biosynthesis. Then, what causes the loss of
phospholipids ~ under  phosphorus-limited  growth?
Expression profiling reveals substantial increases in the
transcript levels of PLDzeta? (56, 57). The loss of
PLDzeta2, but not PLDzetal, led to a decreased
accumulation of GPA in root under phosphorus-limited
conditions and compromised the plant’s ability to
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hydrolyze phospholipids and to increase galactolipids.
Plants depleted of PLDzetal and zeta? displayed shorter
primary roots than wild-type plants under the same
phosphorus-limited conditions. These results indicate that
PLDzetal and zeta? play a role in regulating root
development in response to nutrient limitation.

Three phosphorus conditions have been
examined so far (32, 33). Under a standard growth
condition (500 uM P;), disruption of PLDzetal, PLDzeta?2,
or both did not result in the differences in the
concentrations of GPCho, GPA, GalGalDG and root
growth in contrast to wild type. Under a phosphorus-
limited condition (25 uM P;), disruption of both PLDzetal
and PLDzeta? results in a lower concentration of GPA in
roots, a retarded primary root growth, and unchanged
concentrations of GPCho and GalGalDG in roots (33).
Under the phosphorus-free condition (0 uM P;), disruption
of both PLDzetal and PLDzeta? results in a lower
concentration of GPCho with a correspondingly increased
concentration of GalGalDG in roots. However, PLDzetal
and PLDzeta? mutants exhibit no alteration in the
concentration of GPA or primary root elongation. These
results indicate that, under moderate phosphorus
deficiency conditions (25 uM P;), PLDzetal and
PLDzeta? might function to modulate root growth for
better nutritional absorption by increasing GPA to
stimulate root growth. During severe phosphorus
starvation (0 uM P;), however, PLDzetal and PLDzeta2
might function to regulate lipid turnover between
phospholipids and galactolipids for efficient using of
internal phosphorus stores. Thus, PLDzetas play both
signaling and metabolic roles in plant response to different
severities of phosphorus deficiency (32).

6. IMPROVEMENT OF FOOD QUALITY BY
MANIPULATION OF LIPID METABOLIZING
GENES

Lipidomic analysis of complex lipids has also
been used to understand function of lipid metabolizing
genes in transgenic plants, with the goal of manipulating
complex lipid metabolism in order to produce long-chain
fatty acids, particularly omega-3 species, in plants (58).
The goal is to produce in seeds fatty acids that are usually
found primarily in fish oils and are beneficial in the diet.
This requires production of a number of heterologous
enzymes that must work together and with the plant
metabolic enzymes to produce the desired fatty acids.
Thus, after expression of the transgenes, the substrates and
products of the new enzymes in the host plants must be
evaluated, and it is obviously helpful to have a detailed
analysis at the level of lipid molecular species. ESI-MS/MS
analysis of the GPCho from linseed expressing
heterologous desaturases and an elongase under the control
of seed-specific promoters was carried out. In this
example, it was demonstrated that GPCho acted as a
substrate for the desaturases, and analysis of the lipid
profiles in combination with traditional lipid analyses
indicated that the transgenic enzymes acted on all GPCho
molecular species, rather than on a subset of GPCho
species.
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7. PERSPECTIVE ON THE FUTURE

Analysis of the lipids from of T-DNA-tagged
knock-out mutants or plants with alterations in genes
involved in lipid metabolism should improve our
understanding of the in vivo function of many of these
genes. An example of a project currently underway
involves a family of acyl-CoA binding proteins (ACBPs),
of which only small (10-kDa) cytosolic acyl-CoA binding
proteins that function in the storage and intracellular
transport of acyl-CoA esters for p—oxidation and
glycerolipid biosynthesis (59) have been well-characterized
in eukaryotes other than plants. In Arabidopsis thaliana, a
gene family encodes six ACBPs (60). While in vitro
binding assays using Escherichia coli-expressed proteins
have shown that they have varying affinities to different
fatty acyl-CoAs (60), the physiological function of the six
gene products remains unknown, and lipidomic analysis of
knockout mutants are underway. In this study and others,
the lipidomics approach has great potential to increase our
understanding the gene function. Similarly, it is
undoubtedly true that lipidomics will continue to enhance
our understanding the role of membrane lipids in plant
adaptation and tolerance to stresses. Hopefully, in the near
future, application of comprehensive lipidomics
technologies developed for triacylglycerols (61) and being
developed for plant sphingolipids (62) will expand the
sphere of plant lipidomics.
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Abbreviations: ACP: (stearoyl-) acyl carrier protein, CDP:
cytosine  diphosphate, CoA: coenzyme A, DG:
diacylglycerol, DHAP: dihydroxyacetone phosphate,
dnOPDA: (78,115)-10-oxo-phytodienoic  acid,, ESI:
electrospray ionization, ESTs: expressed sequence tags,
ER: endoplasmic reticulum, GalDG:
monogalactosyldiacylglycerol, GalGalDG:
digalactosyldiacylglcerol, G-3P: glycerol-3-phosphate, MS:
mass spectrometer or mass spectrometry, MS/MS: triple
quadrupole mass spectrometer, OPDA: (95,13S5)-12-0x0-
phytodienoic acid, GPA: phosphatidic acid, GPCho:
phosphatidylcholine, GPEtn: phosphatidylethanolamine,
GPGro: phosphatidylglycerol, GPIns: phosphatidylinositol,
GPSer: phosphatidylserine, PLA: phospholipase A, PLC:
phospholipase C, PLD: phospholipase D, RT-PCR: reverse
transcriptase-polymerase chain reaction, SAR: systemic
acquired resistance, 16:0, palmitoyl or palmitic acid, 16:1,
palmitoleic acid, 16:2, hexadecadienoic acid, 16:3,
hexaceatrienoyl or hexadecatrienoic acid, 18:0, stearoyl or
stearic acid, 18:1: oleoyl or oleic acid, 18:2: linoleoyl or
linoleic acid, 18:3, linolenoyl or linolenic acid
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oxylipin, colneleic acid, fatty acid hydroperoxide,
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