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ABSTRACT: The lipid profiles of cotton fiber cells were deter-
mined from total lipid extracts of elongating and maturing cotton
fiber cells to see whether the membrane lipid composition
changed during the phases of rapid cell elongation or secondary
cell wall thickening. Total FA content was highest or increased
during elongation and was lower or decreased thereafter, likely
reflecting the assembly of the expanding cell membranes during
elongation and the shift to membrane maintenance (and increase
in secondary cell wall content) in maturing fibers. Analysis of lipid
extracts by electrospray ionization and tandem MS (ESI-MS/MS)
revealed that in elongating fiber cells (7-10 d post-anthesis), the
polar lipids—PC, PE, PI, PA, phosphatidylglycerol, monogalacto-
syldiacylglycerol, digalactosyldiacylglycerol, and phosphatidy!-
glycerol—were most abundant. These same glycerolipids were
found in similar proportions in maturing fiber cells (21 dpa). De-
tailed molecular species profiles were determined by ESI-MS/MS
for all glycerolipid classes, and ESI-MS/MS results were consistent
with lipid profiles determined by HPLC and ELSD. The predomi-
nant molecular species of PC, PE, Pl, and PA was 34:3 (16:0, 18:3),
but 36:6 (18:3,18:3) also was prevalent. Total FA analysis of cot-
ton lipids confirmed that indeed linolenic (18:3) and palmitic
(16:0) acids were the most abundant FA in these cell types. Bioin-
formatics data were mined from cotton fiber expressed sequence
tag databases in an attempt to reconcile expression of lipid meta-
bolic enzymes with lipid metabolite data. Together, these data
form a foundation for future studies of the functional contribution
of lipid metabolism to the development of this unusual and eco-
nomically important cell type.
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Cotton fibers are trichomes that arise from the differentiation
of ovular epidermal cells near or on the day of anthesis (1). De-
velopment of these cells progresses through stages of elonga-
tion and secondary wall deposition forming extremely long sin-
gle cells, over an inch (2.5 cm) long (2), during a period of
about 25 d. This period of rapid cellular elongation requires
substantial synthesis of macromolecules, including lipids nec-
essary for the developing vacuoles and plasma membranes.
The major research focus on cotton fiber development histori-
cally has been on cellulose synthesis, which accounts for the
bulk of the mass of mature fiber cells; however lipid metabo-
lism is likely to be an important factor in the development of
cotton fibers, and this subject has received little attention.

Electron microscopy studies have shown that fiber initiation
occurs near or on the day of anthesis, as fibers emerge as pro-
trusions from the epidermal layer of cotton ovules (3,4). This is
followed by elongation, in which the cells undergo rapid expan-
sion with increases in length and diameter, and concurrent pri-
mary cell wall formation. On average, this continues for 15-27
d (3). Secondary cell wall synthesis begins around 16—19 d post-
anthesis (dpa) and is thought to overlap with elongation (5).
This process consists of the deposition of successive layers of
cellulose microfibrils in a helical pattern around fiber cells (2,6).
Maturation of fibers ends about 45-60 dpa, and it includes seed
capsule dehiscion, dehydration, and collapse of fiber cells (2).

Synthesis of cellular constituents, including lipids for incor-
poration into the vacuole and plasma membranes, must be nec-
essary during the period of rapid cell expansion in cotton fiber
cells. In plants, FA biosynthesis occurs de novo in plastids. The
newly synthesized FA can be either incorporated into plastidial
glycerolipids or transported to the endoplasmic reticulum (ER)
for incorporation into extraplastidial complex lipids (7) such as
those destined for vacuole and plasma membranes. Develop-
ing fiber cells, undergoing rapid elongation, have a higher lipid
content and were shown to incorporate the majority of '“C-la-
beled acetate into polar lipids at a rate that declines as cell elon-
gation ceases [from 10 to 20 dpa (2)]. As polar lipids are the
major constituents of lipid bilayers, these results suggest that
fiber cells are involved in active membrane synthesis during
early stages of development.

Recent technical advances now make it possible to perform
rapid, detailed glycerolipid profiling (8). Electrospray ionization
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(ESI) and tandemmass spectrometry (MS/MS) are currently
used to determine the classes, molecular species, and amount
of lipids in plant cells (8). Here we have applied this technique
to identify and quantify the classes and molecular species of
polar lipids in developing cotton fiber cells. These data provide
a critical knowledge base of information for how lipid compo-
sition changes with fiber development. The results were com-
pared with those from other approaches, including GC-FID, to
determine total FA composition, and HPLC analysis combined
with ELSD or MS to profile polar lipids as well as sterols, sterol
esters, and sterol glycosides (SG) (9,10). SG and their acylated
components in cotton fiber cells have been implicated as
primers for elongation of B1-4 glucan chains that form cellu-
lose microfibrils during secondary cell wall development (11);
hence the sterol composition of cotton fiber cells may be im-
portant to understanding more about cell wall formation in
these fiber cells.

Several genes that are preferentially expressed in cotton
fibers during the rapid elongation process have been identified,
including some that are involved in lipid metabolism, such as
those encoding a putative acyltransferase and a putative 24-
sterol-C methyltransferase (12). Transcripts for a gene encod-
ing a fiber-specific acyl carrier protein (ACP) were highly ex-
pressed during the stage of elongation, and this ACP was pro-
posed to play a role in synthesis of membrane lipids (13).
Cotton fiber-specific cDNA encoding lipid transfer proteins
have been isolated and shown to have a temporal expression
pattern, accumulating from 6 to 14 dpa (14,15); transcript lev-
els for one isoform, lipid transfer protein-3, reached a maxi-
mum at 15 dpa (16). The results of these studies indicate that
transcription of genes involved in lipid metabolism in cotton
fiber occurs in a developmentally regulated manner. However,
a more global examination of gene expression in cotton fiber
cells during the stage of rapid elongation might provide more
insights into the mechanisms responsible for the development
of these cells.

More than 50,000 expressed sequence tags (EST) from
Gossypium sp. fiber cells have been sequenced by several lab-
oratories [predominantly Brookhaven National Laboratory
(Brookhaven, NY) and Clemson University Genomics Insti-
tute (Clemson, SC)] and compiled by The Institute for Ge-
nomic Research (TIGR; Rockville, MD) at their web site at
http://www.tigr.org. Most all of these EST are derived from
cotton fibers at 6 or 7 to10 dpa, during the stage of rapid cell
elongation, and most likely include expressed genes of lipid
metabolism important for this development stage. The occur-
rence of EST for enzymes involved in lipid metabolism can be
used to begin to predict which metabolic pathways are operat-
ing during this stage of rapid cell elongation, as was done re-
cently for oil biosynthesis in Arabidopsis seeds (17). The com-
bination of metabolic profiles and DNA database information
provides a unique perspective on membrane biogenesis for
fiber cell elongation and will serve as a basis for the develop-
ment of hypotheses regarding the regulation of membrane bio-
genesis in this important agricultural plant.

The main objective of this research was to characterize the
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glyceroplipid metabolites in cotton fiber cells at different stages
of development and estimate a gene expression profile for lipid
metabolism genes in elongating cotton fibers. Toward this end
we compiled a list of EST for enzymes involved in lipid me-
tabolism in developing cotton fibers, using EST data annotated
and assembled into tentative consensus (TC) sequences by The
Institute for Genomic Research. Unique TC sequences are esti-
mates of individual transcripts in cases such as cotton where
the genome has not yet been sequenced. The data on EST pro-
files were viewed, compared, and correlated with the levels of
various lipids (including both lipid classes and their individual
molecular species) and were used to predict lipid metabolic
pathways in developing cotton fiber cells.

MATERIALS AND METHODS

Plant material. Cotton (Gossypium hirsutum L. cv. Coker 312)
plants were greenhouse grown in April to October in Denton,
Texas, with day/night temperatures of 95/80°F (35/27°C) and
an approximate 16 h photoperiod (day length extended with
sodium vapor lamps when necessary). Flowering plants were
tagged on the day of anthesis, and bolls were harvested at 7-10,
14, 21, and 28 dpa. Material in locules (fiber and ovules) was
excised and immediately placed in boiling isopropanol, since
experiments in which samples were kept on ice or stored at —20
or —80°C resulted in large amounts of post-harvest-generated
PA. Replicate fiber samples were dried overnight at 50°C to de-
termine dry weight of fiber samples. Dry weights ranged from
45 to 100 mg. Total FA profiles also were determined for cv.
Stoneville 474 (SG474), grown in Stoneville, Mississippi, over
the same period for comparison. In this case, bolls were pro-
vided by Dr. Jodi Scheffler, USDA-ARS, Cotton Physiology
and Genetics (Stoneville, MS).

Chemicals. Diheptadecanoyl (17:0) L-0-PC, L-0-PC (Type
II) from soybean, cabbage phospholipase D (PLD) (Type V),
and BSA were obtained from Sigma Chemical Co. (St. Louis,
MO). [1-'*C]Dipalmitoyl-L-a-PC was purchased from NEN
Life Sciences (Boston, MA). All other chemicals were from
Fisher Scientific unless otherwise stated. Phospholipid and
galactolipid standards for ESI-MS/MS were obtained and
quantified as previously described (8).

Lipid extraction and analysis. Total lipid extraction of cot-
ton tissues was by a modified version of the Bligh/Dyer method
using isopropanol and chloroform (as described in Ref.18). Ap-
proximately, 0.5 g of fiber samples was placed in 2 mL boiling
isopropanol (70°C). L-o-Diheptadecanoyl (17:0) PC (1-5 mg)
was added to some samples as a quantitative standard, and the
tubes were incubated at 70°C for 30 min. The samples were al-
lowed to cool to room temperature, 1 mL of chloroform was
added, and the samples were extracted overnight at 4°C. Fol-
lowing overnight extraction, phase separation was achieved by
addition of 2 mL of KCI and 1 mL of chloroform, and facili-
tated by centrifugation at 480 —x g for 10 min in a Beckman
TJ-6 benchtop centrifuge. The upper, aqueous phase was aspi-
rated, and the remaining organic layer was washed two times
with 2 mL 1 M KClI and finally with 1 mL ultrapure water
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(Milli-Q). The chloroform was evaporated using a Multi-
vap118 nitrogen evaporator (Organomation Associates, Berlin,
MA), and 2 mL of fresh chloroform was added to the remain-
ing lipid extract. The lipid samples were stored under nitrogen
at —20°C for subsequent FA analysis, or evaporated to dryness
and shipped overnight under nitrogen to the Kansas Lipidomics
Research Center (KLRC) Analytical Laboratory for ESI-
MS/MS analysis, or to the Eastern Regional Research Labora-
tory, USDA, for HPLC-ELSD analysis.

For total FA analysis, the lipid extracts were evaporated to
dryness with nitrogen gas and transesterified in 1 mL acidic
(1% H,SO,) methanol for 30 min at 65°C. FAME were ex-
tracted into hexanes, washed with 5% (wt/vol) NaCl, and dried
over Na,SO, columns. FAME in hexanes were analyzed by
GC-FID using a Hewlett-Packard Series II plus 5890 gas chro-
matograph. Samples were separated over a 30 m SUPELCOW-
AX™.10 fused-silica capillary column (Supelco, Bellefonte,
PA) at an oven temperature of 200°C, with nitrogen as the car-
rier gas, and FID was used to quantify FAME. Injector and de-
tector temperatures were 250°C. Identification of FA in sam-
ples was achieved by comparison with lipid standards (FAME
Mix GLC-10; Supelco), and the amount of each FA was calcu-
lated based on the amount of the internal heptadecanoyl stan-
dard (from the transesterification of diheptadecanoyl PC).

The polar lipid classes and molecular species in cotton fiber
lipids were determined by direct infusion ESI and MS/MS at the
KLRC Analytical Laboratory. The samples were dissolved in
chloroform. Two aliquots were taken for MS analysis, one sam-
ple of 10 uL for phospholipid analysis and one of 10 uL for
galactolipid analysis. For phospholipid analysis, cotton lipid ex-
tract in chloroform was combined with solvents and internal
standards, such that the ratio of chloroform/methanol/300 mM
ammonium acetate in water was 300:665:35, the final volume
was 1 mL, and the sample contained 0.66 nmol di14:0-PC, 0.66
nmol di24:1-PC, 0.66 nmol 13:0-lysoPC, 0.66 nmol 19:0-
lysoPC, 0.36 nmol di14:0-PE, 0.36 nmol di24:1-PE, 0.36 nmol
14:0-lysoPE, 0.36 nmol 18:0-lysoPE, 0.36 nmol dil14:0-phos-
phatidylglycerol (PG), 0.36 nmol di24:1-PG, 0.36 nmol 14:0-
lysoPG, 0.36 nmol 18:0-lysoPG, 0.36 nmol dil4:0-PA, 0.36
nmol di20:0(phytanoyl)-PA, 0.24 nmol di14:0-PS, 0.24 nmol
di20:0(phytanoyl)-PS, 0.20 nmol 16:0-18:0-PI, and 0.16 nmol
di18:0-PI. For galactolipid analysis, plant lipid extract in chloro-
form was combined with solvent and internal standards, such
that the ratio of chloroform/methanol/50 mM sodium acetate in
water was 300:665:35, the final volume was 1 mL and the sam-
ple contained 2.01 nmol 16:0-18:0-monogalactosyldiacylglyc-
erol (MGDG), 0.39 nmol di18:0-MGDG, 0.49 nmol 16:0-18:0-
digalactosyldiacylglycerol (DGDG), and 0.71 nmol dil8:0-
DGDG.

The samples were analyzed on a triple quadrupole tandem
mass spectrometer (API 4000; Applied Biosystems, Foster
City, CA) equipped for ESI. The source temperature (heated
nebulizer) was 100°C, and -4.5 or +5.5 kV was applied to the
electrospray capillary. The two ion source gases were each set
at 45 arbitrary units; the curtain gas was set at 20 arbitrary
units; the declustering potential was +100 V for phospholipids,
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+150 V for MGDG, and +215V for DGDG; and the entrance
potential was =10 to £15 V. With the interface heater on, the
sample was introduced using an autosampler (LC Mini PAL;
CTC Analytics AG, Zwingen, Switzerland) and presented to
the ESI needle at 30 uL/min. Precursors of lipid head-group-
derived fragments were detected, using the scans previously
described (8,19,20). The collision energies, with nitrogen in the
collision cell, were 28 V for PE, 40 V for PC, —58 V for PI,
=57 V for PA and PG, —34 V for PS, 50 V for monogalactosyl-
diacylglycerol (MGDG), and 84 V for digalactosyldiacyl-
glyerol (DGDG). The mass analyzers were adjusted to a reso-
lution of 0.7 amu full width at half height. For each spectrum,
9-150 continuum scans were averaged in multiple channel an-
alyzer mode.

Data processing was performed using Analyst software
(Applied Biosystems) with a custom script written by Anna
Lisyansky of Applied Biosystems. In each spectrum, the back-
ground was subtracted, the data were smoothed, and then peak
area was determined. Identification of the peaks of interest and
calculation of lipid species amounts were performed using Mi-
crosoft Excel. Corrections for overlap of isotopic variants (A +
2 peaks) in higher mass lipids were applied. The lipids in each
class were quantified in comparison with the two internal stan-
dards of that class as described (8).

For the quantitative analysis of the polar and nonpolar lipid
classes, the total lipid extract was dissolved in chloroform/
methanol (10 mg/mL in 85:15, vol/vol) and injected in an HPLC
system equipped with ELSD. The method used an Agilent 1100
HPLC system, a Sedex Model 55 ELSD, and a DIOL column,
as previously described (10). Lipid classes were identified by co-
chromatography with commercial standards and by MS (LC-MS
with atmospheric pressure chemical ionization in the positive ion
mode).

Bioinformatics and data mining. Cotton EST from different
tissues in cotton have been assembled into TC sequences at The
Institute for Genomic Research web site at http:/www.tigr.org.
These include EST from two libraries for cotton fibers at 7-10
dpa and at 6 dpa, which is the stage of rapid cell expansion. We
queried these databases to catalog EST to identify the major
enzymes involved in lipid metabolism in elongating cotton
fiber. At the time of our analysis 38,814 EST were annotated
from the 7-10 dpa library, and 8,003 from the 6 dpa library.
Hence, the number of EST and TC sequences discussed here
are almost exclusively those of the larger (7-10 dpa) library,
with certain noted exceptions. Some EST were already anno-
tated, whereas others were identified using the WU-BLAST
program with cDNA and protein sequences from other plants
as queries. Many of these plant sequences were obtained from
a lipid gene database for Arabidopsis thaliana housed at
http://www.plantbiology.msu.edu/lipids/genesurvey/index.htm
(17). In addition, protein motif identification, domain organiza-
tion analysis, and subcellular location predictions were accom-
plished with web-based bioinformatics tools (interpro,
BLOCKS, NCBI-DART, PSORT, TargetP) where possible. Se-
quences of lipid metabolism genes in cotton were placed in the
context of known lipid metabolism pathways and used to predict
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the metabolic capacity for cotton fibers to produce various lipid
metabolites. Actual metabolite data were compared with these
metabolic schemes to provide an overall view of lipid metabo-
lism in elongating cotton fiber cells.

All experiments were repeated at least three times and the
data presented are the means * SD.

RESULTS

FA composition of cotton fiber cells. Total lipid extracts were
obtained from cotton fiber cells (G. hirsutum, L., cv. SG474 and
Coker 312) harvested at different ages (7, 14, 21, and 28 dpa)
representative of different stages of fiber development. Total
FA composition was determined by GC-FID using heptade-
canoic acid (17:0) as a quantitative internal standard. The per-
centage by weight of each of the common FA, palmitic (16:0),
stearic (18:0), oleic (18:1), linoleic (18:2) and linolenic (18:3),
remained relatively constant over the entire period of fiber de-
velopment (Fig. 1). Linolenic was found to be the most abun-
dant FA, accounting for about 40 to over 50% by weight of total
FA. Palmitic was the second-most abundant FA, representing
25-35% by weight of total FA. Linoleic acid constituted
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FIG. 1. The FA composition of cotton fiber cells at different stages of
development [7, 14, 21, and 28 d post-anthesis (dpa)] was determined
for two different cultivars—Gossypium hirsutum L. cv. Stoneville SG474,
upper panel, and cv. Coker 312, lower panel. Total lipids were ex-
tracted from fiber cells with addition of diheptadecanoyl! (di17:0) PC as
an internal standard. Following acid-catalyzed transesterification, total
FAME were analyzed by GC-FID and quantified based on the amount
of methyl heptadecanoate (17:0) from the internal standard. The rela-
tive proportions (wt %) of the common FA present in SG474 fibers and
Coker 312 fiber cells were compared. The overall composition was sim-
ilar for both cultivars throughout the entire period of fiber growth and
maturation, and 18:3 and 16:0 were the most abundant FA at each stage
of development. Bars represent the means and SD of three (SG474) or
four (Coker 312) independent extractions.
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10-15% by weight of FA present, whereas low levels of oleic
and even lower levels of stearic acid were observed in all stages
of development. A slight increase in the ratio of saturated to
unsaturated FA was observed in the later stages of fiber devel-
opment.

The total amounts of individual FA increased (or were high-
est) during the elongation stage and decreased thereafter (Fig.
2), despite a relative increase in the size of bolls and fiber con-
tent during fruit development. During the early stages of fiber
development, cells are undergoing rapid elongation (2) and are
engaged in lipid synthesis for membrane development; hence,
an increase in fiber mass in bolls is associated with a concomi-
tant increase in lipid content. In maturing fibers, cells are in-
volved in secondary cell wall synthesis, which begins around
16-19 dpa and continues up to 25 dpa (2). During this stage of
development, cellulose accumulates and accounts for the bulk
of the mass in fiber cells. As a result, the proportion of lipids
relative to the overall weight of fiber is lower in maturing
fibers. The slight difference in the time course of lipid accumu-
lation between the two cultivars may be genetic or may be en-
vironmental; however, the trends are the same, with lipid accu-
mulating early to support cell elongation, and then tapering off
as fiber cell wall thickening proceeds. Cotton embryos begin to
synthesize seed oil at around 20-25 dpa. Hence, membrane
lipid synthesis in fiber cells may decline prior to this period of
TAG accumulation during cottonseed development.
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FIG. 2. Individual FA content was quantified (mg per dry weight of fiber)
at the different stages of fiber development. In SG474 (A), an increase
in 16:0, 18:2, and 18:3 content occurred from 7 to 14 dpa (during cell
elongation), with levels declining on a cell dry weight basis thereafter
(during maturation). For Coker 312 (B), the levels of individual FA were
highest at 7 and 14 dpa (during cell elongation), and similar to SG474.
All FA decreased on a cell dry weight basis at 21 and 28 dpa (during
maturation). Bars represent the means and SD of three (SG474) or four
(Coker 312) independent extractions.
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FIG. 3. Comparison of polar lipid classes of elongating (8-10 dpa) and
maturing (21 dpa) fiber cells (from cv. Coker 312) determined by HPLC-
ELSD and expressed as weight percentage of the total polar lipid (10).
Lipids were quantified based on standard curves developed for each
lipid class. ASG, acylated sterol glycoside; SG, sterol glycoside; DGDG,
digalactosyldiacylglycerol (may include MGDG, monogalactosyldia-
cylglycerol); PA, phosphatidic acid; LPC, lysophosphatidylcholine. Bars
represent the means and SD of three independent extractions.

Polar lipid profiles in cotton fiber cells. The polar lipid
classes of elongating and maturing cotton fiber cells were quan-
titatively analyzed by HPLC-ELSD analysis (Fig. 3). PC was
the most abundant lipid class, constituting 47% of elongating
and 36% of maturing cell total lipids by weight. PI also was a
prevalent polar lipid in cotton fiber cells. Although values were
variable when quantified by HPLC-ELSD, PI consistently was
more abundant in maturing fibers, averaging 29% of total polar
lipids, than in elongating fibers, where PI levels averaged 18%
by weight of total polar lipids. PE and DGDG were present in
similar proportions in elongating and maturing fibers from 11
to 14% by weight of total polar lipids. Relatively low levels of
PA were observed, with only 2 and 4% (by weight) of total
polar lipids in elongating and maturing fiber cells, respectively.
The levels of acylated sterol glycoside (ASG) were higher in
maturing fiber cells (7%) than in elongating fiber cells (2%),
whereas similar levels of SG were observed at both develop-
mental stages.

Recent advances MS methods have facilitated detailed class
and molecular species analyses of plant glycerolipids (21). The
classes and molecular species of polar lipids in elongating and
maturing cotton fibers were determined by direct infusion ESI
followed by tandem MS. This method does not incorporate
HPLC or any other chromatographic separation. Instead, the
species in each headgroup class are detected, as they produce a
common headgroup fragment following collisionally activated
dissociation. Classes are detected by sequential scans during
continuous infusion, and quantification is in comparison with
two internal standards of each headgroup class (21). The com-
position and relative proportions of the different glycerolipid
classes were similar in elongating and maturing fiber cells (Fig.
4). The only major difference observed was in the relative
amounts of lipid per dry weight (Fig. 4B), which was two times
higher in elongating than in maturing fiber cells. This was con-
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FIG. 4. Comparison of glycerolipid content of elongating (8-10 dpa) and
maturing (21 dpa) fiber cells (from cv. Coker 312) determined by ESI-
MS/MS. In panel A lipid quantities are presented as mol% of total glyc-
erolipid, and in panel B lipids are quantified on nmol mg™" dry weight
basis. Lipid quantities were calculated based on internal standards in-
cluded for each class (see methods) and the amount for each class repre-
sents the sum of individual molecular species for that class. PG; phos-
phatidylgycerol; LPG, lysophosphatidylglycerol; LPC, lysophosphatidyl-
choline; LPE, lysophosphatidylethanolamine; PA, phosphatidic acid. Bars
represent the means and SD of five independent extractions.

sistent with results from total FA content measured above (Fig.
2) and is likely due to the increase in relative cellulose content
at the later stages of fiber maturation. PC, PE, and PI were the
predominant phospholipids in cotton fiber cells at both stages,
and, consistent with data from HPLC-ELSD, the relative per-
centage of PI was somewhat higher in maturing than in elon-
gating fiber cells (Fig. 4A).

PE constituted a considerably higher proportion of total
polar lipid when measured by ESI-MS/MS (compared with
HPLC-ELSD), about 30% of total polar lipid. It is possible that
the lower levels of PE measured via HPLC-ELSD vs. via ESI-
MS/MS may occur because PE (a basic lipid) is not accurately
separated (chromatographed) by this system (even though the
PE standard is used to determine the retention time and the PE
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standard is used to construct a calibration curve of PE mass vs.
PE peak area. A possible explanation is that the retention time
of PE (compared with PE standard, which elutes at 23 min)
may be changed by the matrix of other lipids (or ions) in the
extract, perhaps causing it to bind to another lipid and elute as
part of a peak of another lipid class or to bind irreversibly to
the column. It should similarly be noted that although MGDG
is detected at significant levels via ESI-MS/MS (Fig. 4), no
peak of MDGD was detected in the HPLC-ELSD chromato-
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FIG. 5. Individual molecular species profiles quantified by ESI-MS/MS for
PC (panel A), PE (panel B), PI (panel C), PA (panel D), and DGDG (panel
E) in extracts from elongating (8-10 dpa) and maturing (21 dpa) fiber cells.
Fibers samples were from cv. Coker 312 plants tagged at anthesis, and
lipids were extracted immediately upon excision of ovules from bolls.
Numerical designations represent total number of acyl carbons:total num-
bers of double bonds. Data for each molecular species represent the
means and SD of five independent extractions and are presented as mol%
of total glycerolipid. For other abbreviations see Figure 4.

gram (MGDG standard eluted at 10 min, about 1 min before
the SG standard). As with PE, it is possible that the retention
time of MGDG (compared with MGDG standards) is changed
or the MGDG peak itself is masked by the matrix of other lipids
in the extract. Further work is needed to explain the differences
obtained using ESI-MS/MS vs. HPLC-ELSD for the quantita-
tive analysis of lipid classes. Although there were differences
in the analytical results obtained by these two very different
methods, overall trends and amounts of polar lipids quantified
were similar.

The detailed molecular species profiles of the major glyc-
erolipid classes were determined (Fig. 5). There were some
similarities and differences in the profiles of glycerolipid mo-
lecular species, which are presented as the combined acyl com-
position. Major molecular species of PC and PE were quite
similar (Fig. 5A, B), including 34:3 (16:0, 18:3), 34:2 (16:0,
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18:2 or 16:1, 18:1), 34:1 (16:0, 18:1), 36:6 (18:3, 18:3), 36:5
(18:2, 18:3), 36:4 (18:1, 18:3 or 18:2, 18:2), and 36:3 (18:0,
18:3 or 18:1, 18:2). Relatively speaking, PE had more minor
long-chain species (series of PE38, PE40, and PE42) than PC.
PI molecular species profiles were much less complex than pro-
files of PC or PE (compare Fig. 5A—C), and were almost en-
tirely dominated by PI 34:3 in fiber cells at both stages of de-
velopment. The most abundant molecular species for PC, PE,
PI, and PA was 34:3 (18:3,16:0). In addition, 36:6 (18:3,18:3)
also was prevalent in PC, PE and PA, but not in PI (compare
Fig. 5A-D). The composition and relative proportions of mo-
lecular species found in PA were similar to those found in PC
and PE, suggesting that these PA species are indeed metabo-
lites (precursors or products) of the two major phospholipids.
The precise identity of the acyl groups is tentative in some of
molecular species because multiple combinations of FA at the
sn-1 and sn-2 positions of the glycerolipids can make up the
reported total number of acyl carbons and double bonds. How-
ever, it should be noted that the prevalence of 18:3- and 16:0-
containing molecular species is entirely reasonable, given total
FA composition of the lipids in these cells (Fig. 1).

Relatively low levels of PS, PG, MGDG, and DGDG were
present in cotton fiber lipid extracts analyzed by ESI and tan-
dem MS (Fig. 4). Longer-chain FA were found to comprise the
major molecular species in PS, with PS 40:3 being the most
prevalent, and lower levels of PS 38:3 and PS 34:3 were de-
tected (not shown). For PG, the most abundant molecular
species were PG 32:0 (16:0, 16:0) and PG 32:1 (16:0,16:1);
some PG 34:3 (18:3,16:0) was detected in fiber lipid samples
as well (not shown). The major molecular species present in
MGDG and DGDG were 36:6 (18:3, 18:3) (Fig. SE).

Overall, there were subtle but significant differences in mo-
lecular species profiles between elongating and maturing fiber
cells. The higher relative levels of 34:2 (16:0, 18:2) PC, PE, PI,
and PA in the maturing as compared with the elongating cells
are consistent with the higher levels of palmitic and linoleic
acids in the maturing cells (Fig. 1). Higher levels of PE 36:5
(18:2, 18:3) may also reflect higher 18:2 levels, but higher lev-
els in maturing fiber cells of PA 34:3, 36:5, and 36:6 than in
elongating cells probably just reflect the higher total levels of
PA in the maturing cells, as determined by ESI-MS/MS. On the
other hand, PC 36:6, PC 36:4, PE 34:3, and PE 36:6 were
higher on a mol% basis in elongating cells than in maturing
fiber cells. It should be emphasized that polar lipid profiles
were dramatically different when fiber samples were frozen
prior to analysis; considerably higher amounts of PA (up to 40
mol%) were measured by both ESI-MS/MS and HPLC-ELSD
in extracts from frozen fiber samples, and several pilot experi-
ments determined that this could be attributed to the post-har-
vest hydrolytic activity of PLD. This was not observed with
other cotton tissues (e.g., leaves) and indicates a considerable
capacity for PLD hydrolysis in fiber cells. Caution should be
exercised when handling and processing cotton fibers for polar
lipid profiles.

Profile of EST in developing cotton fibers. Expressed genes
in cotton fibers have been identified through several EST pro-
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jects, and these publicly available sequences have been assem-
bled into contigs by the efforts of researchers at The Institute
for Genomic Research (http://www.tigr.org). These include
EST from two libraries for cotton fibers at 7-10 dpa and 6 dpa,
which is the stage of rapid elongation. We used these data to
catalog EST for the major enzymes involved in lipid metabo-
lism in elongating cotton fiber cells (Table 1). Approximately
39,000 EST have been derived from the 7-10 dpa library, as
compared with only 8,000 from the 6 dpa library. Hence, the
number of EST and TC sequences discussed here are mostly
representative of the 7-10 dpa library, with certain noted ex-
ceptions. In some cases, the EST were already annotated,
whereas in other instances homologs were tentatively identi-
fied by WU-BLAST with cDNA and/or protein sequences from
other plants as queries. Many of these plant sequences were ob-
tained from a lipid gene database for A. thaliana housed at
http://www.plantbiology.msu.edu/lipids/genesurvey/index.htm
(17) which also provides detailed reactions and metabolic path-
way(s) for plant lipid metabolism. Hence, we also compared
the total number of lipid enzyme EST from all tissues in A.
thaliana to those in cotton fiber cells. The abundances of EST
were used only as an indicator of the potential capacity for fiber
cells to produce the different gene products and respective lipid
metabolites.

EST for enzymes and proteins of de novo FA biosynthesis
were prevalent in elongating cotton fiber cDNA libraries, in-
cluding those encoding subunits of acetyl-CoA carboxylase,
ACP, B-ketoacyl-ASP synthase I (KAS I), and stearoyl-ACP
desaturase. Several EST were predicted to encode for different
isoforms of ACP, including a fiber-specific ACP (13). No EST
were annotated as encoding KAS II and KAS III enzymes, but
KAS II shares high homology with KAS I, and some of the
EST predicted to encode for KAS I could in fact encode for
other enzymes. These results support metabolic data that cot-
ton fiber cells at this stage of development have a high capacity
for the de novo biosynthesis of FA and identify candidate cot-
ton sequences that can be targeted for future functional studies.

The FA synthesized in the plastids can either be transferred
from acyl-ACP into plastidial glycerolipids, or cleaved by a
thioesterase to form free acyl chains that are exported to the ER
for extraplastidial glycerolipid assembly (7). Three EST for
FatA, the thioesterase that acts preferentially on unsaturated
FA (22), and 11 EST for Fat B, which exhibits a preference for
saturated acyl-ACP (23), were identified. Eleven EST were an-
notated as encoding for acyl-CoA synthetase, which esterifies
the free acyl chains to CoA forming acyl-CoA (7), the precur-
sors for ER glycerolipids.

Glycerolipid synthesis initiated by the transfer of acyl chains
(from acyl-ACP in plastids or acyl-CoA in the ER) to glycerol-
3-phosphate (G3P) forming lysophosphatidic acid (LPA) in a re-
action is catalyzed by a G3P acyltransferase (7). Several EST
were annotated as acyltransferases. Only a single EST from the
6 dpa library could be annotated as encoding an acyl-ACP acyl-
transferase. Nine EST, representing one TC, exhibited high iden-
tity with sequences of known acyl-CoA acyltransferases. In A.
thaliana, only two EST for each of these enzymes have been
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Catalog of Expressed Sequence Tags (EST) Predicted to Encode for Enzymes and Other Proteins Involved in Lipid Metabolism in Two Cotton
Fiber Libraries® (7-10 and 6 dpa)

Enzyme or protein

Cotton fiber

Arabidopsis (all tissues)

EST EST TC EST Genes
EC # FA biosynthesis 7-10 dpa 6 dpa 7-10 dpa
6.4.1.2 Acetyl-CoA carboxylase subunits 47 8 6 68 1
Fiber-specific ACP 7 2 1
ACP plastidial isoform 1 12 0 1 42 5
ACP plastidial isoform 2 5 1 1
ACP mitochondrial isoform 9 1 3 12 3
2.3.1.39 ACP S-malonyltransferase 9 0 1 3 3
2.3.1.41 Ketoacyl-ACP synthase 1 40 18 5 39 1
2.3.1.41 Ketoacyl-ACP synthase Il 0 0 0 2 1
2.3.1.41 Ketoacyl-ACP synthase IlI 0 0 0 6 1
1.1.1.100 B-Ketoacyl-ACP reductase 3 2 1 35 5
4.2.1.% B-Hydroxyl-ACP dehydratase 2 3 1 7 2
1.3.1.9 Enoyl-ACP reductase 5 2 2 11 1
1.14.19.2 Stearoyl-ACP desaturase 22 4 5 43 7
3.1.2.14 Palmitoyl-ACP thioester (FatB) 11 1 3 35 1
3.1.2.14 Oleoyl-ACP hydrolase (FatA) 3 0 1 5 2
Glycerolipid synthesis
Acyltransferase 66 17 3
2.3.1.15 Acyl-ACP G3P acyltransferase 1 0 0 2 1
2.3.1.15 Acyl-CoA G3P acyltransferase 9 0 1 2 2
2.3.1.51 LPA Acyltransferase-plastidial 13 0 1 7 1
2.3.1.51 LPA Acyltransferase-ER 7 3 1 5 11
2.7.7.41 Phosphatidic acid phosphatase 1 2 0 2 1
2.7.1.107 DAG kinase-like protein 4 1 2 33 8
2.3.1.20 DAG transferase 0 0 0 7 2
2.7.7.41 CDP:DAG synthetase 0 0 0 4 3
2.7.8.5 PGP synthase (CDP:DAG G3P phosphotransferase) 2 0 1 3 1
2.7.8.5 ER PGP synthase 0 1 1 7 1
3.1.3.27 PGP phosphatase 0 0 0 0 0
2.7.8.11 Pl synthase 0 0 0 6 2
2.7.1.32 Choline/ethanolamine kinase 0 3 1 13 4
2.7.7.15 Phospholipid cytidyltransferase 4 0 1 8 2
2.7.8.2 Aminoalcoholphosphotransferase 2 0 1 11 1
1.14.99.* -6 FAD ER (FAD2) 10 10 2 131 1
1.14.99.* Plastidial FAD 6 1 0 1 9 1
1.14.99.* ®-3-FAD ER (FAD3) 5 4 1 31 4
1.14.99.* Plastidial (FAD7/FAD8) 8 1 1 18 2
2.7.1.46 MGDG synthase 0 0 0 5 3
2.4.1.184 DGDG synthase 2 0 1 8 2
Sphingolipid biosynthesis
2.3.1.50 Serine palmitoyltransferase 4 2 2 13 3
1.1.1.102 3-Ketosphinganine reductase 29 2 2 18 2
Acyl-CoA independent ceramide synthase 1 1 1 0 0
2.3.1.24 Sphinganine acyltransferase 0 0 0 0 0
A 8 Sphingolipid desaturase 1 0 1 36 2
FA elongation/wax synthesis
6.2.1.3 Long-chain acyl-CoA synthetase 11 4 2 63 9
B-Ketoacyl-CoA synthase 150 43 16 183 20
B-Ketoacyl reductase 15 7 2 47 2
4.2.1.17 3-Hydroxyl-CoA dehydrase 0 0 0 0 0
1.3.1.44 Enoyl-CoA reductase 0 0 0 31 1
CERT-aldehyde decarboxylase 24 5 1 36 5
CER2 0 1 1 28 3
CER3 0 5 1 7 1
Lipid transfer protein precursor 151 254 4 362 14
Lipid transfer protein 3 precursor 67 125 4 28 8
Palmitoyl-protein thioester- like protein 2 2 1 44 7
(Continued)
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TABLE 1 (Continued)

Enzyme or protein

Cotton fiber Arabidopsis (all tissues)

EST EST TC EST Genes
EC # FA biosynthesis 7-10 dpa 6 dpa 7-10 dpa
Sterol biosynthesis
1.1.1.34 HMG-CoA reductase 21 0 3 N/A N/A
24-Sterol C-methyltransferase 14 11 1 N/A N/A
Sterol C14 reductase FACKEL 2 0 1 N/A N/A
A 8 A 7 Isomerase 2 0 1 N/A N/A
Sterol-C4-o. methyl oxidase 5 2 1 N/A N/A
UDP:glucose sterol glucosyl transferase 6 2 2 N/A N/A
Sterol methyltransferase 8 0 1 N/A N/A
Lipases
3.1.4.4 Phospholipase D (o) 25 3 1 35 4
3.1.4.4 Phospholipase D (31) 2 0 1 4 2
3.1.4.4 Phospholipase D (8) 1 0 1 13 3
3.1.1.32 Putative phospholipase A1 2 0 1 2 1
3.1.1.4 Putative phospholipase A2 7 0 1 6 2
3.1.1.5 Lysophospholipase homolog 84 11 18 28 9
3.1.4.11 Phospholipase C 1 3 0 11 6
3.1.4.11 Pl-specific phospholipase C 12 1 3 24 9
FA amide hydrolase 16 7 5 5 2
B-Oxidation
1.3.3.6 Acyl-Co A oxidase 4 1 2 61 6
4.2.1.17 EnoylCoA hydratase 7 1 1 6 2
1.1.1.35 3-Hydroxybutyryl-CoA dehydrogenase 3 0 1 10 1
2.3.1.16 3-KetoacylCoA thiolase 5 0 1 65 3
AcylCoA synthase 8 0 2 0 0

9The number of tentative consensus sequences (TCs) in the 7-10 dpa library is noted and may indicate the potential number of genes for each protein. The
EST data were obtained from The Institute for Genomic Research (TIGR) through the web site at http://www.tigr.org. Comparisons were made to EST involved in
lipid metabolism in Arabidopsis thaliana, using data compiled in the Arabidopsis lipid gene database housed at www.plantbiology.msu.edu/lipids/genesur-
vey/index.htm (17). Lipid metabolic genes for which no EST have been annotated in this database are marked as N/A. ACP, acyl carrier protein; G3P, glyc-
erol-3-phosphate; LPA, lysophosphatidic acid; ER, endoplasmic reticulum; PGP, phosphatidylglycerol phosphate; MGDG, monogalactosyldiacylglycerol;

DGDG, digalactosyldiacylglycerol.

identified. Transfer of a second acyl chain to the sn-2 position of
LPA forms PA, and several EST were identified for the plastidial
and ER isoforms of LPA acyltransferase. The occurrence of these
EST suggests that the synthesis of PA occurs in both the plastid
and ER of fiber cells. Of interest, 66 cotton fiber EST appeared
to encode acyltransferases of unidentified function.

PA serves as the precursor to most glycerolipids and is con-
verted to DAG or cytidine diphosphate:diacylglycerol
(CDP:DAG) for complex glycerolipid assembly (24). PA may
be dephosphorylated by PA phosphatase, forming DAG, and a
single EST predicted to encode this enzyme was present,
whereas four EST (two TC) for DAG kinase (which catalyzes
the reverse reaction) were identified. DAG also is used as a
substrate in the synthesis of plastidial galactolipids, MGDG
and DGDG. Only EST corresponding to DGDG synthase were
identified. DAG may also be acylated by DAG acyltransferase
to form TAG, but no EST were identified for this protein, nor
were any EST identified as encoding a phospholipid diacyl-
glycerol acytransferase, which catalyzes the transfer of an acyl
group from a phospholipid to DAG forming a TAG and a
lysophospholipid. These results might be expected since elon-
gating fiber cells are not primary sites for TAG biosynthesis,
but rather likely are more involved in the synthesis of mem-
brane glycerolipids.

In the ER, DAG acts as a direct precursor for synthesis of PC

and PE in the ER via the action of a phosphotransferase, displac-
ing cytidine monophosphate (CMP) from the nucleotide-acti-
vated amino alcohols, CDP-choline or CDP ethanolamine. The
amino alcohols are themselves produced in a series of reactions
in which they are first phosphorylated, and then reacted with
CTP to produce the CDP derivatives (24). Three cotton EST
were identified as candidate choline/ethanolamine kinase ho-
mologs. Four EST were annotated as encoding the cytidyltrans-
ferase enzyme, while 2 EST were predicted to encode an
aminoalcohol phosphotransferase. A single aminoalcohol phos-
photransferase catalyzes the final step, producing PC or PE (25).

PA may be converted to CDP:DAG by action of CDP:DAG
synthase, but surprisingly no EST encoding for this enzyme
were identified. CDP:DAG is the precursor for PG, PI, and PS
(26). Phosphatidylglycerol phosphate (PGP) synthase uses
CDP:DAG and G3P to form PGP, which is the precursor to PG,
and 2 EST were predicted to encode for the plastidial isoform
of PGP synthase, while a single EST in the 6 dpa library was
annotated as encoding for the ER isoform. However, no EST
were identified as encoding for PGP phosphatase, which pro-
duces PG from PGP. Additionally, no EST were predicted to
encode for PI synthase or PS synthase, which both use
CDP:DAG as a precursor.

Desaturation of glycerolipid acyl chains occurs in both the
plastid and ER and is catalyzed by different proteins in these
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organelles. Ten EST predicted to encode for the ER 3-12 desat-
urase [fatty acid desaturase 2 (FAD2)] were identified, while
only a single EST was annotated as encoding the plastidial iso-
form, FADG. Five EST were identified as an ER A-15 desat-
urase (FAD3), while eight EST were predicted to encode the
plastidial isoforms FAD7/FADS.

The large number of EST predicted to code for enzymes in-
volved in FA elongation and wax biosynthesis suggests that
elongating fiber cells are actively engaged in these processes.
The FA elongase system, which adds two carbons per cycle to
C,¢-acyl-CoA, consists of four components; B-ketoacyl-CoA
synthase, B-ketoacyl -CoA reductase, B-hydroxylacyl-CoA de-
hydratase, and enoyl-CoA reductase (23). A large number of
EST (150) were identified as encoding for B-ketoacyl-CoA
synthase, while15 EST were annotated as encoding for the re-
ductase, but no EST were identified for the latter two compo-
nents of the pathway. A surprisingly high number of EST were
identified for lipid transfer protein precursors, but this is a fea-
ture of many cDNA libraries. A total of 218 EST in the 7-10
dpa library and 379 EST in the 6 dpa library were annotated as
encoding for this type of protein. Lipid transfer proteins are
thought to have a role in cutin/wax deposition (27), and fiber-
specific transcripts of this enzyme that were highly expressed
during the stage of rapid elongation have been identified in cot-
ton (14,16).

Sphingolipids are constituents of membranes (particularly,
plasma membranes), and several EST for enzymes involved in
their biosynthesis were identified in the cotton fiber databases.
Four EST were annotated as encoding a serine palmitoyltrans-
ferase, which catalyzes the condensation reaction between ser-
ine and palmitoyl-CoA forming 3-ketosphinganine in the first
step of the pathway (28). Several EST were identified for 3-ke-
tosphinganine reductase, which forms sphinganine. Ceramide
synthesis is thought to occur either by acylation of sphinganine
with a free FFA or an acyl-Co A donor (28). Ceramide synthase
catalyzes the former reaction, and a single EST was identified
for this enzyme, while no EST were annotated as encoding for
sphinganine acyltransferase, which catalyzes the latter reac-
tion. A single EST predicted to encode a sphingolipid desat-
urase was identified.

Sterols are minor components of cotton fiber (29), and sev-
eral EST encoding enzymes involved in sterol biosynthesis
were identified in the cotton fiber databases. These include 21
EST for HMG-CoA reductase, a major precursor in sterol
biosynthesis, 14 EST for 24 sterol methytransferase, 2 EST for
sterol C, , reductase, 2 EST for the A 8, A 7 isomerase, 5 EST
for sterol 4-o. methyl oxidase, 6 EST for UDP-glucose: sterol
glucosyltransferase, and 8 EST annotated as a S-adenosyl-
methionine-sterol methyltransferase.

Plant lipids undergo membrane remodeling during growth
and development, as well as in response to various environ-
mental conditions, and lipases are involved in these processes
(30). PLD is known to hydrolyze phospholids producing PA
and a headgroup, and multiple isoforms of this enzyme have
been identified in plants (31). In the cotton fiber libraries, the
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most abundant PLD EST were those for PLD, for which 25
EST were identified, while only 2 EST were identified as en-
coding for PLDp and a single EST was identified for the PLD
d isoform. Eighty-four EST were grouped as homologs of
lysophospholipases. Two EST were specifically annotated as
encoding phospholipase A1, which cleaves phospholipids at
the sn-1 position, while 7 EST were predicted to encode phos-
pholipase A2, which cleaves phospholipids at the sn-2 posi-
tion. Additionally, 12 EST were annotated as encoding PI-spe-
cific phospholipase C, suggesting that PI-mediated signaling
may be a feature of cotton fiber cell elongation. Orthologs of
the recently discovered plant FA amide hydrolase (32) also
were expressed in developing cotton fibers.

FA are turned over in plant cells by the peroxisomal B-oxi-
dation pathway (33). Several EST for each of the enzymes in-
volved in this process were present in the cotton fiber data-
bases. These included 8 EST for acyl-CoA synthase, 4 EST for
acyl-CoA oxidase, 7 EST for enoyl-CoA hydratase, 3 EST for
3-hydroxybutyryl-CoA dehydrogenase, and 5 EST for 3-ketoa-
cyl-CoA thiolase. The expression of these genes in elongating
cotton fiber cells suggests that FA degradation occurs even at
the early stages of fiber development.

DISCUSSION

Cotton fibers are single cells that develop relatively synchro-
nously, forming extremely long cells in a period of a few days;
hence, they represent a good system for studying plant cell ex-
pansion (6). The rapid elongation of these cells requires sub-
stantial lipid synthesis to support the developing organelle and
membranes, and this was supported by estimates of acyl lipid
content at several stages of fiber development (Fig. 2). The
presence of several EST for enzymes involved in FA biosyn-
thesis indicated that this pathway is quite active at the early
stage of fiber development (Table 1). A large number of EST
were predicted to encode for subunits of acetyl-CoA carboxy-
lase, which is considered to be the major regulatory enzyme in
the pathway (34). Several EST were identified for ACP, which
carry the FA through the assembly process, as well as for KAS
I, which participates in fatty acyl chain elongation. Glyc-
erolipid synthesis usually begins with incorporation of 16:0 and
18:1 acyl chains onto a glycerol-3-phosphate backbone. KAS
II is responsible for the elongation of 16:0 to stearate (18:0),
and we hypothesize that some of the EST annotated as encod-
ing for KAS I may in fact be KAS II EST, owing to the high
sequence homology. Several EST for stearoyl-ACP desaturase,
which introduces a double bond in stearate (18:0) to form
oleate (18:1), were prevalent as well. These EST profiles indi-
cate that cotton fiber cells are capable of producing a substan-
tial amount of 16:0 and 18:1, and these FA are then incorpo-
rated into complex lipids during plastidial and extraplastidial
glycerolipid synthesis and modification. It should be empha-
sized that additional quantitative proteomics data (or western
blotting) will be required to provide information about actual
abundance of proteins in these pathways. Nonetheless, lipid
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and EST profiles do confirm the metabolic capacity of cotton
fiber cells for these pathways.

The molecular species composition of glycerolipids can be
used to gain information as to how these lipids might be syn-
thesized in cells. For example, glycerolipids are usually syn-
thesized in plants from a PA precursor via two pathways, the
prokaryotic and the eukaryotic pathway (35). In the prokary-
otic pathway, 16-carbon FA are found predominantly in the sn-
2 position. In the eukaryotic pathway, 16-carbon FA, when pre-
sent, are found at the sn-1 position, and 18-carbon FA can be
esterified to either position (36). Although acyl positions have
only been tentatively assigned to the species identified by ESI-
MS/MS, some conclusions can nonetheless be drawn from re-
sults such as those presented in Figure 5. DGDG (and MGDG)
contained 36:6 (18:3,18:3) as the most abundant molecular
species (Fig. SE); this points to the DAG moieties of these
lipids being synthesized via the eukaryotic pathway, since this
is the only mechanism by which 18-carbon acyl chains are
placed at both sn-1 and sn-2 positions. On the other hand, most
of the PG is likely to be synthesized by the prokaryotic path-
way, since the major molecular species of PG were 32:0 (16:0,
16:0) and 32:1 (16:0,16:1) (not shown).

In this same context, it is possible to deduce the scheme by
which the major phospholipid species are synthesized in cotton
fibers, and the EST occurrence supports the metabolic compart-
mentation scheme for PC (and PE) biosynthesis shown in Fig-
ure 6. As in most plant cell types, 16:0 and 18:1 FA are the
major FA synthesized in and exported from plastids to the ER
for complex lipid formation. These FA are incorporated via
CoA esters into the sn-1 and -2 position of G3P by G3P acyl-
transferase and LPA acyltransferase, respectively, to form PA.
Although not shown, 18:1 (or 18:0) could be incorporated into
either acyl position of PA. PA is dephosphorylated to yield
DAG, which is used for the synthesis of PC (and PE) via the
membrane-bound aminoalcohol phosphotransferase enzyme
with the appropriate CDP donor. The 18:1 acyl chains are mod-
ified by the A-12 (FAD2) and the A-15 (FAD3) desaturases to
yield 18:2 and 18:3 FA.

The principal molecular species of PC (16:0, 18:3) and PE
(16:0, 18:3) together were about 25 mol% of the total polar
lipid fraction (Figs. SA and 5B). These two lipids are likely to
be the principal phospholipid components of both vacuole and
plasma membranes of expanding cotton fiber cells, and they
are most likely synthesized by cooperation between the plas-
tidial and ER compartments via the scheme shown in Figure 6.
Additional molecular species for these two lipid classes
wherein 18-carbon FA are at both positions (36:6, 36:5, 36:4,
36:3) together were the majority of the remaining molecular
species of both PC and PE, and these metabolites are likely to
be synthesized by the same machinery. EST for all of these en-
zymatic steps were identified, so the molecular informatics and
metabolite profiles are consistent for the major phospholipid
biosynthetic pathways in elongating cotton fiber cells.

The major molecular species of PI was 34:3, and the acyl-
glycerol backbone could be synthesized using the same ma-
chinery for the major PC species described above. Less clear is
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Extraplastidial PC (16:0, 18:3)

PLASTID (FA synthesis)
ACCase(47), KAS(40), A9desaturase(22) FATA(3) FATB(11)
[16:0, 18:1FFA]
AcyICoA synthetase (11

16:9—COA 18:I1C0A
GCSP___L> LPA(16:0) ¥ » PA(16:0,18:1)_, DAG_, PCl16:0,18:1)

G3PAT (9) LPAAT (7) PAP (1) AAPT (2)
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PC(16:0,18:2)

lFADS )
ER (Glycerolipid assembly)

PC (16:0,18:3)

N

FIG. 6. Summary scheme for the cellular compartmentation and pro-
posed pathway leading to the synthesis of PC 34:3 (16:0, 18:3), a major
glycerolipid molecular species in both elongating and maturing fiber
cells. The diagram is based on both metabolite profiles (Figs. 1-5) and
expressed sequence tag (EST) occurrences (numbers in parentheses) for
enzymes in these pathways (Table 1), and is consistent with the syn-
thetic pathways described for extraplastidial PC in other types of plant
cells (35). The FA are assembled de novo in the plastids of fiber cells
and exported to the endoplasmic reticulum (ER) for glycerolipid assem-
bly and subsequent modification (e.g., introduction of additional dou-
ble bonds). The acylglycerol base for other phospholipids, such as PE
and PI, can be synthesized using the same machinery. ACCase, acetyl-
CoA carboxylase; KAS, ketoacyl ACP synthase; FatA, FA thioesterase A;
FatB, FA thioesterase B; G3P, glycerol-3-phosphate; G3PAT, G3P acyl-
transferase; LPA, lysophosphatidic acid; LPAAT, LPA acyltransferase;
PAP, PA phosphatase; AAPT, aminoalcohol phosphotransferase; FAD,
FA desaturase. Numerical designations for FA represent total number of
acyl carbons:total numbers of double bonds.

how the headgroup of PI is incorporated into this glycerolipid
class. No EST were predicted to encode for PI synthase (or PS
synthase), which uses CDP:DAG as a precursor. The DAG
base could be derived from the PC or PE pathway, but the head-
group metabolism is unclear since no CDP:DAG transferase
EST were identified. This is somewhat surprising given the
particular abundance of PI in fiber cells, and may indicate that
these enzymes have rare or substantially diverged messages not
yet identified in these libraries, or that PI, PS, and perhaps even
PG are produced via alternative pathways in cotton fiber cells.

From the lipid metabolite data, it is possible to make some
predictions about how lipid metabolism may be directed in
fiber cells as they shift from the rapid elongation phase to the
maturation phase. For example, there was a significant reduc-
tion in PE 34:3 and PE 34:6, whereas there was an increase in
PE 34:2 and a slight increase in PE 34:5. A similar increase was
noted in PC 34:2 with a decrease in PC 36:6. These results sug-
gest a reduction in FAD3 activity during the maturation phase
and could impart a subtle change in membrane fluidity to fiber
cells.

By combining lipid metabolite data with EST profiles it may
be possible to identify lipid metabolic pathways important in
fiber cells that have not been appreciated previously. For ex-
ample, saturated FA such as 16:0 and 18:0 are important for
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membrane stability, but they also may be elongated to very
long-chain FA that serve as precursors for the biosynthesis of
surface components such as waxes (27,37). A major amount of
16:0 FA was detected in fibers at all stages of elongation and
maturation (Fig. 1). Moreover, an abundance of EST for FA
elongation and wax biosynthesis enzymes indicated that elon-
gating fibers may be actively involved in these processes and
would certainly require the necessary acyl chain precursors.

Lipid profiling and EST data suggest that sterol metabolism
may be important to cotton fiber development, as has been sug-
gested by others (11). ASG levels were higher in maturing fiber
cells than in elongating fiber cells (Fig. 3), and ASG is mostly
associated with plasma membranes (10,38,39). Others have im-
plicated SG in the biosynthesis of cellulose (11). EST were
identified for several sterol/SG enzymes in the elongating
fibers, and these represent excellent targets to test the impor-
tance of sterol-containing lipids in the shift of fiber cells from
the synthesis of primary to secondary cell walls.

Likewise, lipid profiling and EST data may suggest that
PLD plays a role in cotton fiber development. PLD EST were
quite prevalent in elongating fiber libraries, and the rapid, al-
beit artifactual, production of PA in frozen fiber cell extracts
suggests that there is a substantial capacity for PLD-mediated
phospholipid metabolism in fiber cells. It is possible that this
signifies that PLD has an important function in the normal de-
velopment of cotton fiber cells. PLD are thought to interact
with cytoskeletal filaments and to influence cell expansion
(40-42), and their role in membrane trafficking in mammalian
systems is well documented (43). Perhaps the results gleaned
from these lipidomics approaches will prompt additional mo-
lecular and biochemical experiments to characterize the impact
of surface lipids, sterol metabolism, lipid hydrolases, and the
like on the development of cotton fibers.

To our knowledge these studies represent the first attempt to
reconcile detailed lipid metabolite profiles and EST profiles
from DNA databases for this unusual and economically impor-
tant cell type. It is anticipated that these results will provide the
basis for continued efforts to understand the coordinated regu-
lation of cotton fiber development at the molecular, biochemi-
cal and physiological levels, and that this approach, originally
applied to Arabidopsis seeds (17), will encourage additional
efforts to integrate metabolic and genomics information to im-
prove our understanding of the importance of lipid metabolism
to plant cell growth and development.
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