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Cis-acting regulatory elements of the wheat acetyl-CoA carboxy-
lase (ACC) gene family were identified by comparing the promoter
activity of 5� end gene fragments fused to a reporter gene in two
transient expression systems: wheat protoplasts and epidermal
cells of mature embryos. Expression of the plastid and the cytosolic
ACC genes is each driven by two nested promoters responsible for
the synthesis of two transcript types. The internal promoter is
located in an intron removed from transcripts originating at the
first promoter. These complex promoters, which are different for
the cytosolic and plastid ACC genes, control tissue-specific expres-
sion of the enzymatic activity supplying cytosolic, plastid, and
mitochondrial pools of malonyl-CoA. The activity of one such
complex promoter, driving expression of one of the cytosolic ACC
genes, was studied throughout development of transgenic wheat
plants carrying a full-length promoter–reporter gene fusion. High
activity of the promoter was detected in the coleoptile, in the
upper sheath section of the leaf, on the top surface of the ovary,
in some sections of the main veins in the lemma and glume, and in
abaxial epidermis hair cells of the lemma, glume, and rachis. The
findings are consistent with the developmental and environmental
requirements for very-long-chain fatty acids and flavonoids,
whose synthesis begins with the ACC reaction in the cytosol of
these specific cell types.

Modern bread wheat has a large hexaploid genome, making
molecular genetic studies difficult. We have been studying

the structure, evolution, and function of the family of genes
encoding the enzyme acetyl-CoA carboxylase (ACC) during
wheat development (1–7).

In plants, separate ACC isozymes supply the malonyl-CoA
pools used for de novo fatty acid (FA) biosynthesis in plastids and
mitochondria, and for FA elongation and flavonoid (FL) and
stilbene biosynthesis in the cytosol (8, 9). FAs are essential in
membrane biogenesis, lipoic acid synthesis, production of oil as
storage material, cuticular wax (CW) synthesis, signaling, and
pollen–stigma interaction. FLs play multiple roles in plants as
pigments and UV protectants, defense compounds, and as
signals (10). Malonyl-CoA is also used for protein and small-
molecule malonylation.

Our previous study (5) showed that significant regulation of
cytosolic and plastid ACC genes in young wheat plants is
accomplished at the transcript level. The number and identity of
transcribed genes were established by cDNA and genomic DNA
sequence comparisons. Transcription start sites and splicing
patterns of leader introns were identified for multiple genes,
including homoeologs and paralogs. We found that in wheat
seedlings, the plastid ACC mRNA level is high in the middle part
of the plant and low in roots and leaf blades. The three plastid
ACC-homoeologous genes are equivalent in their level of ex-
pression. Cytosolic ACC mRNA accumulates to a high level in
the lower sheath section of the plant. For the cytosolic ACC
genes, we found that transcripts of the three homoeologs had
similar tissue distribution and abundance, whereas a fourth gene,
a paralog, was hardly transcribed. The differences between
expression of plastid and cytosolic ACC genes were suggested to

reflect, respectively, the demand for long-chain FAs needed for
membrane lipids in dividing meristematic cells and during
chloroplast biogenesis, and for CW [derived from very-long-
chain FAs (VLCFAs)] and FL biosynthesis to provide protection
against biotic and abiotic stresses in newly emerging leaves.

To more effectively address the questions of structure and
function for multiple paralogs and homoeologs, we describe the
complex nature of the promoters and putative regulatory ele-
ments of the hexaploid wheat (Triticum aestivum) ACC genes.
We examined promoter-reporter fusions in three systems: (i)
transient expression in protoplasts prepared from cells grown in
culture; (ii) transient expression in bombarded epidermal cells of
mature wheat embryos; and (iii) organ-specific expression during
a complete cycle of development in transgenic wheat plants.

Materials and Methods
A series of fusions of the Acc promoters (GenBank accession
nos. AF029897, AF305204, AF305205, and AF305207) and the
�-glucuronidase (GUS) reporter gene (Figs. 1 and 2) was
prepared by using native and PCR-engineered restriction sites.
Transient expression of the GUS reporter gene in wheat proto-
plasts and in wheat embryos was measured by delivering plasmid
DNA by electroporation (11) and particle bombardment (12),
respectively. Transgenic wheat lines were generated by the
particle-bombardment method (12). GUS activity was deter-
mined fluorometrically (transient expression; ref. 13) or by
histochemical staining (transgenic plants; ref. 14). RT-PCR
experiments were performed as described (5). Additional infor-
mation about materials and methods used in this study is
provided in Supporting Materials and Methods, which is published
as supporting information on the PNAS web site.

Results
The three homoeologous chromosomes of hexaploid wheat
diverged only recently (4) and we assumed that a detailed
promoter analysis of one of the three homoeologs should be
sufficient to draw conclusions about all of them. Our previous
study showed that for each gene, Acc-2 and Acc-1, all three
homoeologs are active, have the same mRNA expression pattern
during seedling development, and accumulate mRNAs to a very
similar level. Acc-2,2 arose by gene duplication earlier in wheat
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evolution and may have already acquired new functions. There-
fore, we analyzed the promoter of only one of the Acc-1
homoeologs (Acc-1,1) and promoters of two Acc-2 paralogs:
Acc-2,1 and Acc-2,2. We also measured activity of the promoter
of gene Acc-2,4, an Acc-2,1 homoeolog.

The promoter analysis focused on the sequences upstream of
the ACC translation start and extended �2 kb upstream of the
transcription start sites. The constructs consisting of a series of
deletions and mutations are diagrammed in Figs. 1 and 2.
Promoter activity was assessed by monitoring GUS. We began
the analysis by testing the entire set of constructs in a transient
expression system using protoplasts derived from undifferenti-
ated cells grown in suspension culture.

Cytosolic ACC Genes Are Transcribed from Two Promoters. The
activity of promoters of two homoeologs, Acc-2,1 and Acc-2,4,
was low but was easily detectable above a no-promoter control,

whereas the activity of the promoter of gene Acc-2,2, their
paralog, was significantly higher (Fig. 1). The promoter activity
of construct 2,2-A confirms that the Acc-2,2 gene can be
transcriptionally active, at least in some cell types (represented
here by protoplasts), although it was not detected in wheat leaves
by using RT-PCR (5). Deletion of large 5� end fragments
(constructs 2,1-B, 2,1-C, 2,1-D, and 2,1-Ds, and 2,2-B, 2,2-C,
2,2-D, and 2,2-Ds) had little or no effect on the activity of the
Acc-2 promoters in protoplasts (Fig. 1), even though constructs
2,1-Ds and 2,2-Ds had deletions extending into the leader of the
previously identified transcripts. Mutagenesis of all three AUG
codons of the leader of transcript Acc-2A (constructs 2,1-A* and
2,2-A*) or deletion of conserved fragments encoding this part of
the leader (constructs 2,1-E to 2,1-I and 2,2-E to 2,2-I) had no
significant effect on GUS expression (Fig. 1). These results show
that neither the upstream AUG codons nor the conserved
sequence elements around them are involved in the regulation of
gene expression in protoplasts.

Fig. 1. Structure of the Acc-2,1, Acc-2,2, and Acc-2,4 promoter–GUS fusions and relative transient expression of GUS in wheat protoplasts. Numbers identifying
key features of the constructs correspond to nucleotide positions in cloned gene fragments (Supporting Materials and Methods). The approximate position of
leader AUG codons is indicated by asterisks. These triplets were changed to non-AUG codons in constructs 2,1-A* and 2,2-A*. P2A and P2B, alternative promoters.
5� terminal deletions are indicated by shortened black arrows, and internal deletions are marked with rectangles. The structure of the two transcript types (Acc-2A
and Acc-2B) is illustrated for gene Acc-2,1. Both transcript types were identified for gene Acc-2,4 as well. Only the most upstream 5� splice site found in transcript
Acc-2,1B is shown. Other sites used for splicing of the intron in Acc-2 genes are located 23 and 30 nucleotides further downstream. Activity of construct 2,2-A
was taken as 1.
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We postulated that two promoters are used to transcribe Acc-2
genes to produce transcript types Acc-2A and Acc-2B (5). We
have now determined the structure and approximate start site of
the second transcript type (Fig. 1) by using the primer-walking
RT-PCR approach. The promoter used for this transcript (P2B)
must be located in the 5� half of the leader intron of transcript
Acc-2A transcribed from promoter P2A. Comparisons of several
Acc-2 genes from different wheats revealed sequence conserva-
tion of the region containing the P2B promoter and the 5� splice
sites of the first intron of transcript Acc-2B (data not shown). The
location of the P2B promoter is supported by the results of the
deletion analysis: constructs 2,1-Dx and 2,2-Dx had significantly
lower activity than did constructs 2,1-Ds and 2,2-Ds, respectively.
This decrease was much more pronounced for the Acc-2,2 gene.
Deletion of the downstream promoter P2B in constructs 2,1-K
and 2,2-K, and 2,1-J and 2,2-J eliminated the activity entirely
(Fig. 1). We therefore conclude that in protoplasts the activity
of constructs 2,1-D and 2,2-D represents the activity of the
downstream promoter P2B. Thus, the ACC2 genes contain
nested promoters, of which the internal one lies within an intron
transcribed normally from the upstream promoter.

Two Promoters also Drive Expression of the Plastid ACC Genes.
Construct 1,1-A, derived from gene Acc-1,1, had the highest
activity of all of the constructs tested in protoplasts (Fig. 1 and
2). It was 7-fold higher than construct 2,2-A and 70- to 100-fold
higher than activity of constructs 2,1-A and 2,4-A. Deletion of 5�
end fragments lowered this activity gradually (Fig. 2, constructs
1,1-B, 1,1-C, 1,1-E, and 1,1-G). Construct 1,1-D, with both a 5�
end deletion and an internal deletion, showed activity interme-
diate between 1,1-C and 1,1-G. Two deletions within the putative
promoter P1A and leader region in constructs 1,1-H and 1,1-J
had no effect on the activity compared with construct 1,1-B,
from which they were derived. In contrast, a small deletion in
construct 1,1-I lowers the activity to the same level found for
either construct 1,1-E, in which the entire promoter region was
deleted, or construct 1,1-F, in which the putative promoter was
inserted in reverse orientation. These results indicate that the
core promoter P1A is located within a 100-bp fragment at the 5�
end of construct 1,1-D, which is immediately upstream of the
upstream transcription start site and that its essential portion is
located within a 40-bp fragment deleted in construct 1,1-I (Fig.
2). A sequence motif similar to the ‘‘TATA box’’ found in well

expressed plant genes (15) is present within an AT-rich sequence
found in this region (AATTTATTATTTTA). However, full
activity of the upstream promoter P1A requires additional
sequence elements located further upstream, some �500 base
pairs upstream, as suggested by the higher activity of construct
1,1-A.

Construct 1,1-E retained a significant level of activity despite
deletion of most of the sequences encoding the leader of
transcript Acc-1,1A (Fig. 3; ref. 5), as well as the core promoter
P1A described above. This result suggested that a second
promoter (P1B) located further downstream was used for the
Acc-1,1B transcript (Fig. 2) detected by the RT-PCR experi-
ments. Some sequence elements important for the activity of this
downstream promoter are located within a 100-bp fragment
present at the 5� end of the DNA fragment in construct 1,1-E
immediately upstream of the downstream transcription start site.
Its deletion (construct 1,1-G) reduces the promoter activity
significantly, although not completely. A second sequence motif
similar to the TATA box is present within an AT-rich sequence
found in this region (TCTATTTATCTCTTT). The spatial
arrangement of the two promoters suggests that utilization of the
two transcription start sites is coupled with alternative splicing

Fig. 2. Structure of the Acc-1,1 promoter–GUS fusions and relative transient expression of GUS in wheat protoplasts. Numbers identifying key features of the
constructs correspond to nucleotide positions in cloned gene fragments (Supporting Materials and Methods). P1A and P1B, alternative promoters. 5� terminal
deletions are indicated by shortened black arrows, and internal deletions are marked with rectangles. Fragment inversion in construct 1,1-F is marked with
an arrow facing left. The structure of the two transcript types (Acc-1,1A and Acc-1,1B) was determined (5). Activity of the construct 2,2-A construct (Fig. 1) was
taken as 1.

Fig. 3. Comparison of transient expression of GUS for selected Acc promoter
fusions in wheat protoplasts and in mature embryos. Activity of the construct
1,1-A was taken as 1 for each series. The protoplast results were calculated
from data shown in Figs. 1 and 2.
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of the first intron. The RT-PCR cloning experiments showed
that the upstream splicing site was used exclusively for transcripts
initiated at the upstream transcription start site and vice versa.
The differential accumulation of the two types of transcripts
established that in young wheat plants the upstream promoter
was stronger than the downstream one. This finding appears to
be the case in wheat protoplasts as well.

Relative Strength of Acc Promoters Is Different in Protoplasts and
Mature Wheat Embryos. In the next step, a group of constructs was
tested in imbibed mature wheat embryos at a very early germi-
nation stage (Fig. 3). These embryos included multiple cell types,
but the majority of the GUS activity measured in the particle
bombardment transient expression assay comes from the epi-
dermal cells. The purpose of this experiment was two-fold: (i) to
confirm conclusions of the promoter activity of the gene frag-
ments and the alternative promoters as defined in the protoplast
experiments, and (ii) to reveal new information on promoter
tissue specificity by contrasting dedifferentiated protoplasts with
embryo epidermal cells. All full-length promoter constructs
showed significant transient activity in embryos. The relative
promoter activity of constructs 1,1-A, 1,1-E, and 1,1-G was the
same in both transient expression systems. With regard to the
cytosolic gene promoters, the relative expression driven by
construct 2,1-A was significantly higher, and by construct 2,2-A,
was slightly higher in embryos than in protoplasts. The Acc-2,1
promoter (construct 2,1-A) showed relatively little activity in
protoplasts but in embryos the activity reached a level of 50% of
construct 2,2-A (Figs. 1 and 3). Deletion 2,1-D has no effect, but
deletion 2,1-K significantly reduces activity of the Acc-2,1 pro-
moter in embryos. A similar relationship was observed in
protoplasts. For the Acc-2,2 promoter, deletion in construct
2,2-D, removing the upstream promoter P2A and any upstream
regulatory sequence, increases GUS activity, suggesting that this
part of the gene contains an element repressing its expression in
the epidermis of imbibed mature embryos. This deletion has no
effect on the activity of the Acc-2,2 promoter in protoplasts.
Deletion in construct 2,2-K decreases the promoter activity in
embryos significantly, but not as much as in protoplasts (Figs. 1
and 3).

These results confirm the arrangement and relative activity of
the alternative promoters of each of the Acc genes. The activity
of the Acc-2,1 promoter increases �10-fold, relative to the
Acc-1,1 gene, when transient expression in embryos is compared
with that in protoplasts, suggesting an increased demand for
cytosolic malonyl-CoA for either FA elongation or FL biosyn-
thesis, or both, in epidermal cells. Protoplasts are not expected
to synthesize large amounts of VLCFAs, in contrast with epi-
dermal cells, where they are needed for biosynthesis of the wax
deposited on the surface of various plant organs. Furthermore,
it was reported previously that cells of a maize suspension
culture, which is similar to our wheat culture used for protoplast
preparation, do not accumulate FLs (16).

Activity of the Promoter(s) of the Acc-2,1 Gene in Transgenic Wheat:
Young Plant Development. Tissue specificity of the Acc-2,1 pro-
moter revealed by the transient expression experiments

prompted its analysis during a complete wheat developmental
cycle using transgenic plants carrying full-length promoter con-
struct 2,1-A. These results were reproducible in multiple lines of
transgenic plants and dependent on the presence of the trans-
gene.

Activity of the Acc-2,1 promoter was detected initially in the
coleoptile (marker 1, Fig. 6, which is published as supporting
information on the PNAS web site) when the seedlings were 5
days old (one-leaf stage). The highest expression level was
observed in coleoptiles of 8-day-old seedlings when the plant was
at the two-leaf stage and before formation of the collar on the
first full leaf. No expression was detected in the two leaves
developing inside of the coleoptile. GUS staining in the coleop-
tile decreased by day 12, when the plant was at the two-leaf stage
and after a collar was formed on the first full leaf, where GUS
activity was detected in the collar of the first leaf and immedi-
ately below it (marker 2, Fig. 6). No expression was observed in
the inner (second) leaf. By day 21, when the plant was at the
four-leaf stage with collars formed on the first, second, and third
leaf, GUS staining in the coleoptile, already undergoing senes-
cence, disappeared completely (Inset I, Fig. 6). Staining of the
upper sheath section was observed for all consecutive leaves with
the oldest leaves showing less intense staining covering a larger
section of the sheath. At the four-leaf stage, the highest expres-
sion level was observed in and below the collar of the second leaf.
Lower expression was detected in the collars of the first and third
leaf, and no expression was detected on the fourth leaf, which has
not yet formed its collar. A cross section revealed GUS staining
preferentially in and around the veins of the coleoptile (Inset II,
Fig. 6). Staining of the upper sheath section was diffuse and did
not allow identification of individual stained cells. No GUS
expression from construct 2,1-A was detected in any other part
of the young plant leaves or in roots.

Activity of the Promoter(s) of the Acc-2,1 Gene in Transgenic Wheat:
Flower and Seed Development. GUS expression driven by the
Acc-2,1 promoter can first be detected in the ovary 4 days before
pollination. The expression increases gradually and reaches a
maximum at pollination. Expression decreases as the seed
develops, with only weak GUS staining detectable 8 days after
pollination (marker 3, Fig. 4). The strong GUS expression is
confined to the stigma surface of the ovary (see cross sections,
Fig. 7, which is published as supporting information on the PNAS
web site). In contrast, GUS expression in the unpollinated ovary
(anthers removed before pollination) remains high for several
days and then decreases slowly as the unpollinated ovary shrinks
and dies (Fig. 4). No expression was observed in anthers, pollen,
or embryos.

Strong GUS expression was detected in different organs of the
developing spikelet (Fig. 5A) in the basal parts of epidermal hair
cells (small cells between long epidermal cells arranged in rows)
of the outer (abaxial) epidermis of the upper part of the glume
and lemma (marker 4, Fig. 5 B and C). Most of the hairs
themselves were not visible in our stained preparations, except
for a single row of large hairs along the edges of the glume and
lemma, which showed strong GUS staining (marker 6, Fig. 5D).

Fig. 4. Activity of the Acc-2,1 promoter during wheat flower and seed development. GUS staining of transgenic wheat plants transformed with construct 2,1-A.
Stamens showed no GUS staining and were removed from some flowers shown. Pl, pollinated; Un, unpollinated; pollination, day 0. Major site of GUS activity
is marked with a blue triangle.
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The highest number of stained hair cells was observed in areas
exposed to the environment; e.g., in areas of the glume not
covered by the lemma. Few stained cells were seen on the
internal surfaces (adaxial epidermis) and then only near the
edges of the organs. Compared with the glumes and lemma,
relatively few stained cells were seen in the outer epidermis of
the palea. A similar staining pattern of individual cells was seen
on the rachis, with the highest number of stained cells in those
parts of the epidermis fully exposed to the environment (marker
7, Fig. 5E). Stronger expression was detected in and around some
sections of the major veins of glumes and lemma (marker 5, Fig.
5B), which was similar to the staining of the veins in the upper
part of the coleoptile (Fig. 6). These stained sections of the veins
were often concentrated at the bottom of the glumes and lemma.
Expression in both locations of the glumes and lemma was
maximal at pollination (Fig. 8, which is published as supporting
information on the PNAS web site).

Correlation Between Acc Transcript Levels and Activity of the Acc-2,1
Promoter Revealed by GUS Staining in Transgenic Plants. We ob-
served previously that Acc-2 transcripts reach their maximum
level in the lower sheath section of young wheat plants (5). For
the Acc-2,1 gene, this pattern correlates well with the elevated
promoter activity detected by GUS staining in leaves of trans-
genic wheat plants carrying construct 2,1-A (Fig. 6).

We measured levels of both plastid and cytosolic ACC
mRNAs in three leaves of a 14-day-old plant (Fig. 9, which is
published as supporting information on the PNAS web site). The
overall pattern of expression of Acc genes is very similar in all
three leaves, and is similar to the patterns described (5). The
highest level of the plastid ACC mRNA is found at the base of
the third (youngest) leaf (Fig. 9A). The maximum level of the
cytosolic ACC mRNA is highest in the midsection of the third

leaf (Fig. 9B). This section also shows a relatively high level of
the plastid ACC mRNA. All three sections of the first (oldest)
and the second leaf show decreased levels of both ACC mRNAs.

There is a clear delay between the accumulation of Acc-2
mRNA (midsection of the youngest leaf) and GUS staining
(midsection of older leaves that already formed collar), presum-
ably caused by the time needed for GUS to accumulate. It is
likely that the promoter activity is high in cells 1–3 days before
GUS staining is actually detected. Cells of the middle section of
the third leaf in which Acc-2 mRNA level is the highest (Fig. 9B)
will be positioned in the upper sheath section of the third leaf a
few days later, which is where the GUS staining is the strongest
(Fig. 6). By contrast, no staining was observed in any part of the
leaf blade, where there was insufficient mRNA made earlier for
GUS to accumulate to a level detectable by staining.

GUS staining experiments reveal, with the delay discussed
above, specific Acc-2 gene expression in a small subset of cells of
each organ that transcribe this gene at a high level. These
properties are not reflected properly in the direct mRNA level
measurements by real-time PCR, which include all cells in each
section and therefore cannot reveal differences between cell
types, such as mesophyll and epidermal cells, and different times
in their development. For example, there is no difference in the
Acc-2 mRNA level in ovaries 9 days before and at the time of
pollination (Fig. 9B). GUS staining, however, indicates increas-
ing expression of the genes during this time, but only in the
epidermal cells on the top surface of the ovary (Fig. 4).

Discussion
Our transcription and promoter analysis revealed four levels of
structural and functional divergence among members of the Acc
gene family. First, the promoters of the Acc-1 and Acc-2 genes
are completely different. Acc-1 was created by duplication of an
ancestral Acc-2 gene shortly after divergence of the grass family
(6), a fact reflected in significant coding sequence similarity
between these paralogs. This gene acquired the plastid function
performed originally by the multisubunit ACC of endosymbiont
origin still found in dicots (8). Second, promoters of paralogous
Acc-2 genes (e.g., Acc-2,1 and Acc-2,2) share blocks of conserved
sequences, but in other parts, differ sufficiently to have an
altered specificity acquired during their extended divergent
evolution (1, 6). Third, both Acc-1 and Acc-2 genes have nested
alternative promoters with different tissue specificity. Fourth,
promoters of all three homoeologs of the Acc-1 and Acc-2 genes
retained their activity and specificity. Sequence differences
between them can be attributed primarily to the divergent
evolution of the wheat diploid ancestors, which did not affect
gene function. Fewer changes were introduced during the
evolution of tetraploid and hexaploid wheat. These polyploidiza-
tion events occurred �1 million and 10,000 years ago, respec-
tively (4).

What is the purpose of such divergent complex promoters? We
propose that a significant level of cell-specific expression of ACC
isozymes to supply the plastid, mitochondrial, and cytosolic
pools of malonyl-CoA is accomplished at the transcriptional
level. The composite nested promoters found in the Acc genes
may be commonly used in grasses; for the Acc genes, the core of
the downstream promoter is located in the first intron of
transcripts made from the upstream promoter. This arrangement
is also found in the well studied promoters of the rice �-tubulin
gene (17) and the maize ubiquitin gene (18), where the core
promoters and their associated cis-acting regulatory elements
are intertwined with translation signals encoded in the transcript
leaders and the splicing signals needed to remove the leader
introns.

Malonyl-CoA, which is derived from acetyl-CoA by the action
of ACC, is a key metabolite, a source of activated carbon units
for primary and secondary metabolism. This enzymatic activity

Fig. 5. Activity of the Acc-2,1 promoter in developing spikelets. GUS staining
of transgenic wheat plants transformed with construct 2,1-A. (A) Main struc-
tures of a mature spikelet. (B) Glume, lemma, and palea. (C) Enlargement of
the upper part of the glume. (D) Hairs at the edge of the lemma. (E) The rachis.
Major sites of GUS activity are marked with blue triangles and numbers: 4, hair
cells of the outer (abaxial) epidermis of the upper part of glume and lemma;
5, section of major veins of the glume and lemma; 6, large hairs at the edge of
the lemma; and 7, epidermis of the rachis.
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is essential for different subcellular compartments. Selective
herbicides kill grasses such as wheat by specific binding and
inhibition of the enzymatic activity in plastids (19), and possibly
also in mitochondria (9). Arabidopsis mutants in which the
cytosolic ACC gene is disrupted are embryo-lethal and deposit
triacylglycerides lacking VLCFAs (20). Finally, all current evi-
dence (8) implicates the ACC reaction as an important regula-
tory step, controlling metabolite flow during plant development
and in response to stress.

The demand for ACC activity in wheat is met by expression of
a small gene family encoding multidomain enzymes. Expression
of the plastid isozyme supplying malonyl-CoA for FA synthesis
for membrane lipids in dividing and fast growing cells, and
during chloroplast development in mesophyll cells, is a part of
one developmental program. In some cells (e.g., some epidermal
cells), a significant fraction of FAs made in plastids is further
elongated and used for CW synthesis in these cells. In this case,
expression of both plastid and cytosolic ACCs is likely to be
coordinated and under control of the regulatory circuits of
VLCFA synthesis. On the other hand, FL synthesis requiring
activity of the cytosolic ACC is likely to be regulated by different
developmental and environmental cues. Finally, the mitochon-
drial pool of malonyl-CoA in plants is either derived from the
cytosol, or, as recently suggested for grasses, is supplied by ACC
localized in the organelle (9). In grasses, the product of the same
Acc gene appears to be imported to both plastids and mitochon-
dria. We believe that much of the differential and coordinated
expression required to regulate ACC is provided by its nested
alternative promoters.

We noted the following correlations between the strong
activity of the cytosolic ACC promoter in specific cells of some
organs detected in the transgenic-wheat experiments and plant
developmental processes.

(i) The sheath section of the leaf. CW deposited on the
epidermal cells acts as a component of the protective barrier
against biotic and abiotic stresses, such as bacterial and fungal
pathogens, and water loss during drought. FLs add another layer
of protection to the plant, against UV radiation and possibly

against pathogen attack. Our observations are consistent with
earlier reports (21) from various studies of monocots; e.g., on
accumulation of CW on emerging leak leaves, secretion of CW
by cork cells of the leaf abaxial epidermis in sorghum, greatly
affected in bloomless mutants (22, 23), and on rapid accumu-
lation of FLs in young leaves of barley as they emerge from the
coleoptile (24).

(ii) The top surface of the ovary. VLCFA derivatives secreted
on the surface of pollen and stigma have been shown to
participate in pollen–stigma interaction in various plants (25–
27), including wheat (28) with the lipid-rich pollen coat playing
a role in plants with ‘‘dry stigmas’’ and lipid-rich secretions on
‘‘wet stigmas’’ playing the role in other plants. Our results show
a high level of expression of the cytosolic ACC gene on the top
surface of the ovary, suggesting an elevated rate of CW secretion
by epidermal cells in this part of the organ.

(iii) Hair cells in the abaxial epidermis of the lemma and
glume. Glumes and lemma are characterized by a very dense
cuticle layer on their epidermal cells. The accumulation of CW
on these organs adds to the protection of the developing seed in
a manner similar to that described above for the developing
leaves. A recent study on barley (29) suggested an additional role
for CW deposited on these organs: regulation of ear wetting and
prevention of ‘‘in-ear’’ sprouting. Our study extends these ob-
servations by implicating hair cells as important producers of
CW. Another observation is also revealing: the hair cells in the
abaxial epidermis of glumes and lemmas are active in this process
and mostly in those areas that are exposed to the environment.
A similar role could be assigned to specific cells in the exposed
parts of the rachis. Thus, all of our observations on the expres-
sion of the Acc gene family are consistent with the known
physiology of parts of developing wheat plants.
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