Fatty Acid and Lipid Biosynthetic Genes Are Expressed at
Constant Molar Ratios But Different Absolute
Levels during Embryogenesis’

Paul O’Hara, Antoni R. Slabas, and Tony Fawcett*
Department of Biological Sciences, University of Durham, South Road, Durham DH1 3LE, United Kingdom

In plants, fatty acid and complex lipid synthesis requires the correct spatial and temporal activity of many gene products.
Quantitative northern analysis showed that mRNA for the biotin carboxylase subunit of heteromeric acetyl-coenzyme A
carboxylase, fatty acid synthase components (3-oxoacyl-acyl carrier protein [ACP] reductase, enoyl-ACP reductase, and
acyl-ACP thioesterase), and stearoyl-ACP desaturase accumulate in a coordinate manner during Brassica napus embryogen-
esis. The mRNAs were present in a constant molar stoichiometric ratio. Transcript abundance of mRNAs for the catalytic
proteins was found to be similar, whereas the number of ACP transcripts was approximately 7-fold higher. The peak of
mRNA accumulation of all products was between 20 and 29 d after flowering; by 42 d after flowering, the steady-state levels
of all transcripts fell to about 5% of their peak levels, which suggests that the mRNAs have similar stability and kinetics of
synthesis. Biotin carboxylase was found to accumulate to a maximum of 59 fmol mg ™' total RNA in embryos, which is in
general agreement with the value of 170 fmol mg ' determined for Arabidopsis siliques (J.S. Ke, T.N. Wen, B.J. Nikolau, E.S.
Wourtele [2000] Plant Physiol 122: 1057-1071). Embryos accumulated between 3- and 15-fold more transcripts per unit total
RNA than young leaf tissue; the lower quantity of leaf 3-oxoacyl-ACP reductase mRNA was confirmed by reverse
transcriptase-polymerase chain reaction. This is in conflict with analysis of B. napus transcripts using an Arabidopsis
microarray (T. Girke, J. Todd, S. Ruuska, J. White, C. Benning, J. Ohlrogge [2000] Plant Physiol 124: 1570-1581) where similar

leaf to seed levels of fatty acid synthase component mRNAs were reported.

Fatty acids are synthesized by a common biochem-
ical pathway in all organisms. In plants, de novo
synthesis takes place in plastids, using two enzyme
systems: acetyl-CoA carboxylase (ACCase) and fatty
acid synthase (FAS). The type II FAS, of plants, is
composed of separate soluble enzymes that each
carry out a single enzymatic reaction (Caughey and
Kekwick, 1982; Hoj and Mikkelsen, 1982; Shimakata
and Stumpf, 1982) with the growing acyl chains at-
tached to acyl carrier protein (ACP). This is in con-
trast to the arrangement in animals and yeast where
the enzyme activities and ACP are located on one or
two multifunctional polypeptides (type I FAS).

Acetyl-CoA is carboxylated to malonyl-CoA in plas-
tids of non-graminaceous plants by a heteromeric
ACCase, which is encoded by four subunits (Sasaki et
al., 1993, 1995). The a-carboxyltransferase (a-CT) poly-
peptide is encoded in the plastid genome (Sasaki et al.,
1993), whereas the B-carboxyltransferase (B-CT), bi-
otin carboxyl carrier protein (BCCP) and biotin car-
boxylase (BC) subunits are nuclear encoded. Malonyl-
CoA undergoes a thiol-exchange reaction carried out
by malonyl-CoA:ACP transacylase (MCAT) to form
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malonyl-ACP, before condensation with acetyl-CoA.
The initial condensation reaction, catalyzed by
ketoacyl-ACP synthase (KAS) III, is unique in that
malonyl-ACP reacts with acetyl-CoA. Subsequent
condensations add two carbon units from malonyl-
ACP to the saturated acyl-ACP chain by the action of
KAS isoforms I and II. The 3-oxo group is sequentially
reduced to a methylene group by the action of
3-oxoacyl-ACP reductase (KR), hydroxyacyl-ACP de-
hydrase (DH), and enoyl-ACP reductase (ENR) via
hydroxyl and enoyl intermediates, before a further
condensation reaction takes place.

When the acyl chain is 16 or 18 carbons long,
several possible reactions occur in plastids. The sat-
urated acyl-ACP may have a double bond intro-
duced, between carbons 9 and 10, by acyl-ACP de-
saturase (DES). As an alternative, the acyl chain may
be transferred to glycerol-3-phosphate by glycerol-3-
phosphate acyltransferase (G3PAT) in the first step of
plastid glycerolipid biosynthesis or may be acted
upon by acyl-ACP thioesterase (TE), which removes
the ACP group in preparation for export of the acyl
chain from the plastid. These reactions are carried
out by soluble enzymes; membrane-associated en-
zymes in the plastid or endoplasmic reticulum carry
out further steps in the synthesis of complex lipids,
for membranes, signaling, and storage. In seeds of
many plants, the acyl chain is elongated in the cyto-
plasm before incorporation into storage triglycerides.
The malonyl units used in these condensation reac-
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tions are formed by the action of a homomeric
ACCase.

Plants face a considerable challenge in matching
the tissue-specific and temporal demands for acyl
chains and complex lipids with their supply. Regu-
lation of synthesis must be closely controlled at one
or more levels, either transcriptionally, at the point of
translation or post-translationally. Recent evidence
suggests that the B-CT domain of pea chloroplast
ACCase may be regulated by phosphorylation (Sav-
age and Ohlrogge, 1999). However, a significant reg-
ulatory mechanism for FAS and lipid biosynthetic
genes appears to be at the level of transcription (Slo-
combe et al., 1992; Elborough et al., 1994; Fawcett et
al., 1994).

The demand for tissue-specific and temporal in-
creases in FAS components is satisfied in different
ways. Multigene families encode some FAS and lipid
biosynthetic components. For example, ACP is en-
coded by at lease five genes in Arabidopsis; both
constitutive and tissue-specific patterns of expression
have been observed in Arabidopsis (Hlousek-
Radojcic et al., 1992; Baerson et al., 1994) and Brassica
napus (de Silva et al., 1990). ENR is conversely en-
coded by a single gene in Arabidopsis that is up-
regulated in embryos during increased demand for
fatty acids supply (de Boer et al., 1998). Promoter
analysis of the Arabidopsis ENR gene revealed that
high-level seed expression was maintained in a (—)47
promoter deletion, indicating that all of the cis ele-
ments necessary were present on this small region of
DNA (de Boer et al., 1999). In the related crop plant
B. napus, similar ENR expression patterns were ob-
served; here, ENR is encoded by four genes, each of
which is expressed in leaf tissue and also in embryos
at higher levels (Fawcett et al., 1994).

To ensure the availability of the necessary gene
products for lipid biosynthesis, it is likely that the
genes are coordinately expressed. It was recently
demonstrated that the components of chloroplastic
ACCase (BC, BCCP, a-CT, and B-CT) maintain a
constant molar stoichiometric mRNA ratio in siliques
throughout development. In addition, these ratios
are also maintained in other tissue, such as young
leaves and flowers, which are rapidly synthesizing
lipids (Ke et al., 2000). To use optimally the supply of
malonyl-CoA, other genes involved in fatty acid and
lipid metabolism may also be expressed with similar
tissue and temporal patterns.

In this report, we determine the temporal pattern of
ACP, KR, BC, TE, and ENR mRNA accumulation
during B. napus embryogenesis. These studies estab-
lish that FAS component mRNAs accumulate at a
constant ratio but at different absolute levels. The
central FAS components accumulate at similar low
levels, whereas those gene products that act upon
mature acyl-ACP substrates accumulate at higher
levels. The highest level of mRNA accumulation ob-
served was that of ACP. Coordinate expression of
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FAS components, lipid biosynthetic components, and
genes that encode heteromeric ACCase suggests that
the steady-state levels of mRNA is an important fac-
tor in developmental regulation of enzyme activities.

RESULTS

Hybridization of Probes to Lipid Biosynthetic Gene
Family Members

One aim of these experiments was to determine,
wherever possible, the mRNA abundances for all
members of the gene families investigated. To inves-
tigate whether this was possible, using single gene
family members as probes, a database search was
undertaken to determine the cDNA sequence simi-
larity of B. napus lipid biosynthetic gene family mem-
bers deposited in GenBank.

Complete data sets were available for the cDNA
sequences encoding all ENR and KR family members
from B. napus. The mature protein coding regions of
the ENR sequences (A]J243087-90) share greater than
89% identity. Similar high homologies exist between
the four cDNAs of the KR gene family (AJ243083-6),
with the coding regions being greater than 90% iden-
tical at the nucleotide level.

Data for the other B. napus lipid biosynthetic gene
families was not complete in GenBank; there were
two sequences for both DES and TE and single se-
quences for MCAT, BC, and ACCasel. Comparison of
these sequences with those from the related crucifer
Arabidopsis revealed greater than 85% sequence
identity over the region of the probes used. There-
fore, a washing stringency of 79% identity was cho-
sen to allow hybridization to all mRNAs in the ENR,
KR, BC, MCAT, SD, TE, and ACCasel gene families.

One known exception to the high sequence conser-
vation seen in lipid biosynthetic gene families is that
of ACP. Analysis of the mature coding regions of
Arabidopsis ACP-1, ACP-2, and ACP-3 genes shows
that they are more divergent, sharing a minimum of
69% identity (Hlousek-Radojcic et al., 1992). The
embryo-expressed ACP probe used in this study
shares greater than 85% identity to known B. napus
cDNA sequences, many of which were cloned from
an embryo cDNA library. These sequences represent
six unique genes (Safford et al., 1988) from the ACP
family of approximately 35 genes present per haploid
genome (de Silva et al., 1990). Therefore, it is possible
that the ACP probe would not hybridize to all mem-
bers of the B. napus ACP gene family; it would,
however, hybridize to all known embryo-expressed
sequences.

Accumulation of FAS mRNAs

An important means of regulation of FAS activity is
thought to be at the level of transcription (Elborough
et al., 1994; Fawcett et al., 1994; Slocombe et al., 1994).
Members of the fatty acid and lipid biosynthetic
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pathway were analyzed for coordinate accumulation
of their mRNAs (Fig. 1). The mass of each specific
sense MRNA was determined by comparison with
hybridization to in vitro generated antisense mRNA
standards of known concentration. These analyses
were carried out using RNA gel blots; each blot con-
tained standard amounts of KR mRNA and either
ACP or ENR, TE, and BC sequences. The RNA blots
indicated apparent coordination in the steady-state
levels of the five components tested (Fig. 1). Each of
the components exhibited high levels of mRNA ac-
cumulation in the 20 to 29 d after flowering (DAF)
period, which was followed by dramatic reductions
at 32 DAF. The increased demand for fatty acid syn-
thesis during embryogenesis was, therefore, initially
met by increased accumulation of FAS component
mRNAs.

The temporal expression pattern of FAS genes
markedly differed from that of the gene for the stor-
age protein napin. The napin protein starts to accu-
mulate approximately halfway through embryo de-
velopment, when storage oil synthesis is occurring at
a maximum rate, and continues to be synthesized
until the seed starts to desiccate (Murphy and Cum-
mins, 1989). The disparity in steady-state levels of
FAS and napin mRNAs can be explained by the fact
that napin encodes for a storage protein, whereas
FAS mRNAs encode catalytic proteins that require
smaller numbers of translated products.

After adjusting for RNA loading by comparing the
abundance of 18S rRNA transcript in each lane, the
mass of FAS mRNAs detected and their transcript
sizes were used to calculate the number of transcripts
per microgram of total RNA (Fig. 2A). The transcript
abundance of mRNAs for each of the catalytic pro-
teins (BC, KR, ENR, and TE) was found to be similar,

whereas the number of ACP transcripts was approx-
imately 7-fold higher than that of KR. In the 42 DAF
sample, the steady-state levels of all transcripts fell to
about 5% of the peak level. The decrease in transcript
levels occurred in a coordinate fashion, which sug-
gests that the mRNAs have similar stability and rates
of synthesis.

FAS Components Exhibit Constant mRNA Ratios

The coordinate nature of FAS mRNA accumulation
was analyzed by plotting the number of transcripts
for BC, ENR, TE, and ACP at each time point
throughout embryogenesis against the number of KR
transcripts (Fig. 2B). These plots revealed a linear
relationship between the numbers of lipid synthesis
components. The ratio between the mRNAs was cal-
culated to be KR:BC:ENR:TE:ACP = 1.0:0.6:1.2:0.4:
6.9; the regression coefficients for these data were
greater than 0.88 in each case. This indicates that
mRNAs involved in lipid biosynthesis accumulate at
a constant molar ratio throughout embryo
development.

Quantitative RNA blots were also used to deter-
mine the amount of transcripts present in B. napus
embryos. Repeat blots using RNA standards gener-
ated from different reverse transcriptase (RT) reac-
tions give a range for the maximum accumulatlon of
KR mRNA of between 40 and 99 fmol mg™' total
RNA. Data were generally consistent with the higher
value, which was used to calculate the number of KR
transcripts.

The maximum concentration of BC mRNA was 59
fmol mg ™" total RNA. This value is in general agree-
ment with that for Arabidopsis silique, which has

Figure 1. Steady-state mRNA levels during em- A DAF B DAF
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mRNA (5-1,000 pg) that was loaded into a sec- “. . .

ond series of wells before electrophoresis was
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Figure 2. Coordinate changes in accumulation of mRNAs. A, The
concentration of KR, ACP, ENR, TE, and BC mRNAs in each sample
was determined by comparing with hybridization intensity of RNA
standards and was used to calculate the number of transcripts. B, The
number of KR transcripts at each time point in embryogenesis was
plotted against the number of transcripts for ENR (H), BC (#), TE (@),
and ACP (A). Values are X10° per microgram of total RNA. Analysis
of the data indicates linear relationship to the number of KR tran-
scripts with 2 values of 0.90 (ENR), 0.88 (BC), 0.92 (TE), and 0.92
(ACP).

been reported to contain a maximum of 170 fmol BC
mRNA mg ' total RNA (Ke et al., 2000).

DNA Array Analysis of FAS and Lipid
Biosynthesis Genes

To screen a larger number of lipid biosynthetic
components at one time and to verify the RNA-blot
data, we employed a DNA filter array containing
nine cDNA sequences (present in the plasmid vector
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pBluescript SK ") involved in lipid biosynthesis and a
cDNA encoding napin. Duplicate nylon membranes,
each containing 50 and 250 ng of target cDNA clones
were probed with first-strand cDNA from 23 DAF
embryos. Figure 3A shows a portion of the filter
array. It is clear that the steady-state level of DES is
much higher than that of TE, and the level of hybrid-
ization of ENR was qualitatively similar to that of
DH. The filters were subsequently probed with a
labeled B-lactamase sequence (Fig. 3A). Because this
was present on each plasmid in a 1:1 ratio with the
cDNA, the results were used to normalize for target
loading. Transcript abundances of the genes, relative
to the level of KR are shown in Figure 3B; the two
different levels of target cDNA gave similar results.

There was good correlation between the array anal-
ysis and results from quantitative northern blots (Ta-
ble I), for example, the ACP:KR ratio from the array
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Figure 3. Filter-array analysis of FAS and lipid biosynthetic genes. A,
Sections of the filter showing high expression of DES compared with
TE. The filters were hybridized with first-strand cDNA from 23 DAF
embryo mRNA and B-lactamase, which was used as a loading con-
trol. Analysis was carried out on duplicate blots containing 50 and
250 ng of each target sequence. B, Transcript abundance of compo-
nents of lipid biosynthesis, relative to KR = 1.0. Filled bars represent
50 ng and white bars 250 ng of each target sequence.
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Table I. Comparison of experimentally determined transcript abundance with corresponding entries

in dbESTs

Each transcript is represented as a ratio to the abundance of KR. The numbers of entries analyzed

from plant dbESTs are given in parentheses.

Gene Macro-Array Quantitative Northern Plant dbEST Seed EST
(23 DAF) (23 DAF) Entries® Data®

ACCasel 0.1 0.6 (12)
BC 0.6 0.6 0.8 (16) 0.125(2)
MCAT 0.3 0.5 (10)
KR 1.0 1.0 1.0 (20) 1.0 (16)
DH 0.6 0.4 (8) (0)
ENR 0.7 1.2 1.15 (23) 0(0)
TE 0.3 0.4 0.35(7)
DES 5.3 2.65 (53) 1.06 (17)
ACP 8.1 6.9 4.45 (89)
Napin 60

2 From Mekhedov et al. (2000).

b From White et al. (2000).

was 8.1:1 and the northern analysis gave a result of
6.9:1. The FAS components KR, DH, and ENR that
are involved in the reduction of oxo-groups before
further condensation reactions, and the reactions that
supply malonyl-ACP (BC and MCAT) have similar
steady-state levels of mRNA using either method
(Table I). Two transcripts were seen to accumulate at
a higher level: ACP, which exhibited the highest
steady-state level, and DES, whose gene product car-
ries out reactions on mature acyl-ACPs.

Experimental versus Digital Northern Analysis of
Gene Expression

Large-scale single-pass sequencing projects have
generated a wealth of data concerning the expression
of genes in particular organisms. Databases com-
posed of such expressed sequence tags (dbESTs) have
recently been interrogated as a means of estimating
relative gene expression levels (Mekhedov et al.,
2000; White et al., 2000). These analyses have been
termed digital or electronic northerns, and it has been
suggested that EST abundance represents gene ex-
pression patterns that may be used to determine the
existence of metabolic regulons (White et al., 2000).

Analysis of the plant dbESTs (Mekhedov et al.,
2000) indicated that the electronic data compiled
from all plant sources showed a remarkable correla-
tion with that derived experimentally in this study.
Table I presents the data from each method relative
to the abundance of KR mRNA. Comparison of
mRNA abundance levels for BC, KR, ENR, and TE
revealed that for these genes there was no more than
a 2-fold difference. In the electronic data, the relative
levels of DES and ACP were approximately 2-fold
lower, whereas the level of type I ACCase was 6-fold
higher than when experimentally determined. This
was surprising because most plant ESTs are derived
largely from vegetative tissue that may under-
represent the abundance of lipid synthetic mRNAs.
To address this problem, White et al. (2000) recently
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reported a new set of Arabidopsis ESTs derived from
developing seed tissue. The correlation previously
seen between experimental and electronic northerns
in the relative abundance levels of lipid synthetic
mRNAs was not apparent in this data set. ESTs for
DH and ENR were not detected at all in the seed
ESTs, whereas the abundance of these mRNAs rela-
tive to KR was found experimentally to be approxi-
mately 0.5 and 1.0, respectively.

A significance test has been developed to account
for the random fluctuations and sampling size on the
reliability of EST data (Audic and Claverie, 1997).
Using this statistical method, the 16 KR ESTs se-
quenced from seed tissue (White et al., 2000) cannot
be distinguished from between 5 and 34 ESTs at the
99% confidence limit. Because no mRNAs for ENR
were sequenced in the EST data set, this indicates
that there is a significant difference between the
steady-state levels of KR and ENR mRNAs in the
seed EST library.

Relative Levels of FAS Component mRNAs in
Embryo and Leaf Tissue

To determine the relative abundance of FAS tran-
scripts in vegetative and oil storing tissues, we car-

BC ENR KR

Embryo . . . .

Leaf o

aly

Figure 4. Relative mRNA abundance in leaf and embryo. The con-
centration of BC, ENR, KR, TE, and ACP mRNAs was determined by
comparing the intensity of hybridization with that of gene-specific
RNA concentration standards. The gel contained approximately 15
pg of total RNA from each tissue; after normalization of the signal by
reprobing with an 18s rRNA sequence, the embryo to leaf signal was
calculated to be: 3.4:1 (BC), 8.1:1 (ENR), 15.4:1 (KR), and 6.2:1 (TE).
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Table 1. FAS component transcript abundance and ratio in
embryo and leaf RNA

The maximum number of transcripts detected in embryo RNA and
young, expanding leaf RNA samples were used to calculate the
abundance ratio in these two tissues.

Maximum No. of

FAS Transcripts (X10°) per Embryo to Leaf
Component pg Total RNA Ratio
Embryo Leaf
KR 59.6 3.9 15.4
BC 47.4 14 3.4
ENR 89.0 11 8.1
TE 29.0 4.7 6.2

ried out quantitative northern analysis on total RNA
from expanding leaves and developing embryos.
RNA was extracted from the fourth true leaf of B.
napus plants, 4 d after emergence. At this time the
level of KR activity is almost at its maximum level
(O’Hara et al., 2001). By comparison with the kinetics
of mRNA accumulation and enzyme activity in em-
bryos, we predicted that KR (and other FAS compo-
nent) mRNAs would be at their maximum abundance.

Approximately 15 ug of total RNA from each tissue
was used for the analysis; the blots clearly demon-
strate large differences in relative abundance of each
mRNA in embryo over leaf material (Fig. 4). After
adjusting for RNA loading, the numbers of FAS tran-
scripts in leaf were calculated and compared with the
maximum number of transcripts measured in em-
bryos (Table II). The abundance of the catalytic com-
ponents in embryos ranged from 3- to 15-fold greater
than in leaves. Although it is not possible to make
direct comparisons between different tissues, the
maximum rate of fatty acid synthesis in a single leaf
is 14.5 ug d~! (O’'Hara et al., 2001), whereas that of a
single seed is 60 ug d~' (determined from this em-
bryo series; results not shown). This suggests a much
greater pathway flux in the storage tissue.

The steady-state mRNA ratio of components was
maintained throughout embryogenesis. However,
unlike the genes encoding heteromeric ACCase (Ke
et al., 2000), the ratio of FAS components in leaf RNA
was different than that observed in embryo. The ratio
between the mRNAs in leaf was KR:BC:ENR:TE =
1.0:3.6:2.8:1.2, representing a 6-fold increase in the
ratio of BC, and 2- and 3-fold increases in the levels
of ENR and TE relative to KR. The reasons for the
different relative abundances of BC and FAS compo-
nents in the leaf RNA is not immediately clear, but
was determined from the mass of each component
(Fig. 1; Table II). Analysis of heteromeric ACCase
component ratios was done by a single linear regres-
sion analysis of mRNA abundance from different
tissues (Ke et al., 2000), and, therefore, a single value
for the ratios of the four components was determined
from the slope of the regression line and applied to
all tissues. Combining data from different tissues in
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this way may mask any tissue-specific differences in
mRNA levels.

RT-PCR Analysis of Leaf KR mRNA Levels

In young, expanding leaves of B. napus the mea-
sured steady-state levels of FAS mRNAs was low.
We, therefore, sought an alternative estimate of tran-
script abundance for one FAS component by
RT-PCR.

A competitive mimic of KR (KR() was created by
removal of an Ndel restriction site from clone
AJ243083 and was used to spike total leaf RNA be-
fore RT reactions. Preliminary experiments were car-
ried out to establish the number of PCR cycles that

A

PCR 30 28 26 30 30
cycles

Lane 1 2 3 4 5
bp
782

430
405

291

vy}

Fraction of hybridisation due to
3-oxoacyl-ACP reductase

0.1 1 10 100

In of mimic (pg)

Figure 5. Quantitative RT-PCR of KR mRNA in young leaf tissue. A,
RT-PCR products for isoforms of KR (AJ243083-6) and a competitive
mimic (KRc) were digested with Ndel and Hpal, transferred to a Zeta
filter (Bio-Rad), and hybridized to a 5’ fragment of AJ243083 under
conditions to ensure hybridization to all four isoforms. KR remained
undigested at 782 bp. The 5’ digestion products of AJ243084-6 ran
at 405 to 430 bp and of AJ243083 at 291 bp. Lanes 1 through 4
contained PCR products from 1.0 ug of total RNA and 0.15 pg of KR¢
(lane 1), 1.5 pg of KR¢ (lane 2), 15 pg of KR¢ (lane 3), and no KR¢
control (lane 4). Lane 5 contained 15 pg of KR only control. B, After
densitometry, the integrated density of KR isoforms as a fraction of all
hybridizing bands was plotted against the In of the amount of mimic
added. Linear regression of the data gave an r* value of 0.994.

315



O’Hara et al.

resulted in a linear increase in detectable products
when adding different amounts of mimic (0.15, 1.5,
or 15 pg) to a fixed quantity of total RNA. After
treatment with Ndel and Hpal, which resulted in
digestion of the four KR isoforms but not the KR
mimic, the RT-PCR products were separated by aga-
rose gel electrophoresis and hybridized to a probe
from the 5’ region of KR (Fig. 5A). The KR band was
782 bp, whereas those of the KR mRNAs were 291,
405, and 430 bp. A plot of the signal detected from
KR isoforms, expressed as a fraction of the total
signal in the lane, plotted against the In of the
amount of mimic present, gave a linear relationship
(Fig. 5B; y = —0.1998 In[x] = 0.611; * = 0.994). From
the equation of the regression line it was possible to
determine the amount of KR mRNAs in the original
sample at y = 0.5 to be 1.74 pg ug ' leaf total RNA.
Using a transcript length of 1,200 nucleotides for KR
mRNA this converts to 4.4 fmol rng*l total leaf RNA,
which agrees very well with the estimate from quan-
titative northern analysis of 6.4 fmol mg ™! total RNA.

DISCUSSION

Investigations to date have suggested that major
influences on the tissue and temporal modulations of
ACCase and FAS component activities are the con-
sequence of pretranslational processes. It was dem-
onstrated recently that mRNAs encoding the four
subunits of heteromeric ACCase accumulate at a con-
stant molar ratio throughout silique development in
Arabidopsis. The ratios were found to be CACI:
CAC2:CAC3:(accD-A and accD-B) = 0.14:1.0:0.17:0.06
(Ke et al., 2000). There is presently no report of the
stoichiometric relationships of ACCase subunits in
the mature enzyme, although it is unlikely that the
ratios closely follow those of mRNA accumulation.
Differences in the absolute numbers of transcripts
probably reflect post-transcriptional events, e.g.
mRNA stability, translation, or protein stability
rather than the quaternary structure of the ACCase
enzyme.

All of the FAS components tested in this study
exhibited similar profiles of mRNA accumulation
throughout embryogenesis. Quantitative analyses in-
dicate that ACP mRNA shows the highest steady-
state levels of all those tested. It accumulates to levels
about 7-fold higher than ENR and KR and approxi-
mately twice that of DES. Given the possibility that
not all ACP sequences would hybridize to the probe
used, these figures should be regarded as an under-
estimate for ACP steady-state transcript levels. The
levels of accumulation of FAS components (KR, DH,
and ENR) were similar to each other, but somewhat
lower than that of DES that acts upon mature acyl-
ACP substrates.

Analysis of the temporal expression of G3PAT
mRNA throughout embryogenesis showed a differ-
ent profile to that of FAS components. There was a
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basal expression level throughout embryo develop-
ment, similar to that found in young expanding
leaves. However, there was an increase in accumula-
tion of G3PAT mRNA between 23 and 29 DAF, be-
fore reduction to base levels by 32 DAF (results not
shown). The maximum level of embryo G3PAT
mRNA accumulation was only twice that seen in
young expanding leaves. Although there is no
known role for plastidial G3PAT in triglyceride bio-
synthesis, the gene responds to the same embryo
cues as FAS component genes with the accumulation
of higher steady-state levels of mRNA during the
lipid deposition phase. The mass of G3PAT mRNA
was less than the lowest in vitro generated standard
used (equivalent to <5 pg 15 ug ' total RNA) and
was, therefore, 1 to 2 orders of magnitude less abun-
dant than FAS component mRNAs.

One of the proposed uses of dbESTs is as a means
of quantitative estimation of gene expression levels
to aid the understanding of metabolism (Ohlrogge
and Benning, 2000; White et al., 2000). Such an anal-
ysis has been carried out for lipid biosynthetic genes
using the data for all plant dbESTs available at that
time (Mekhedov et al., 2000). Comparison of the dig-
ital northern data with experimental quantitative
steady-state mRNA analysis (Table I; Ke et al., 2000)
highlights many similarities and also some inconsis-
tencies in the electronic data. There is close agree-
ment between digital and experimental quantifica-
tion for the BC component of heteromeric ACCase
(CAC2), MCAT, KR, DH, ENR, and TE. The data for
DES and ACP show approximately 2-fold variation
between these two methods.

Digital northern analysis showed less similarity to
experimental results for the sequences of the nuclear-
encoded subunits of heteromeric ACCase (CACI,
CAC2, and CAC3). These mRNAs were present in the
plant EST database in a ratio of 1.6:1.0:0.6 (Mekhedov
et al., 2000), whereas quantitative analysis of tran-
script abundance in Arabidopsis silique RNA re-
vealed a ratio of 0.14:1.0:0.17 for these three genes (Ke
et al., 2000). It is unlikely that this discrepancy arose
because of differences in tissue or temporal expres-
sion because the three genes have been reported to be
coordinately expressed at constant molar ratios
throughout silique development and also in young
expanding leaves, flower buds, and flowers (Ke et al.,
2000). The differences may, therefore, arise because
of artifacts in the construction/screening of EST li-
braries or in the quantification of RNA from northern
blots.

One concern for biologists studying a tissue-
specific phenomenon, such as triglyceride synthesis,
is that the sequences of interest may be absent or
under-represented in EST libraries synthesized
largely from vegetative tissues. To remove this pos-
sibility, White et al. (2000) generated a database of
approximately 10, 500 new Arabidopsis ESTs from a
developing seed library; approximately 40% of the
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sequences had no match in dbEST and may, there-
fore, be seed-specific sequences. This shows the gen-
eral utility of a tissue- and temporal-specific EST
program, and the sequences will be a valuable re-
source for understanding seed metabolism. How-
ever, an unexpected imbalance in the number of ESTs
that encode components of fatty acid and lipid bio-
synthesis is apparent in this data set (Table I; White
et al.,, 2000). No sequences for DH or ENR were
present, and those for DES and BC are under-
represented when compared with all plant ESTs and
our quantitative RNA-blot data. The reason for such
disparate results may be due to the numbers of se-
quences involved in the two EST data sets. Such
discrepancies mean that considerable care will be
required when using database searches to make in-
ferences about the presence or absence of metabolic
routes and their regulation.

The Arabidopsis seed ESTs set has been used to
make a microarray for the broad analysis of gene
expression levels in developing seeds and to analyze
the seed to leaf and seed to root expression ratios of
many genes (Girke et al., 2000). In this analysis, 20% of
lipid biosynthetic genes were expressed at ratios of
=2-fold higher in seeds than in leaves or roots. How-
ever, inspection of the primary data highlights some
major differences between the expression ratios for
specific genes when compared with quantitative
northern analyses. Microarray analysis of B. napus
transcripts gave a seed to leaf ratio of: BC, —2; ENR, 1;
KR, 1 to 2; and ACP, —2 to 2 (http://www.bpp.msu.
edu/Seed/SeedArray.htm). The quantitative north-
ern analyses presented herein show between 3- and
15-fold higher expression of FAS components in em-
bryos over leaf tissue (Table II). The reasons for such
large differences in the values of the relative abun-
dance of these specific nRNAs from the two methods
is not clear, although it may be, in part, due to the
tissue source. In our experiments, embryos dissected
from seeds were used, whereas the microarray analy-
sis used seeds; the use of whole seeds may lead to an
underestimate of the abundance of transcripts encod-
ing proteins involved in storage triglyceride synthesis
in the embryo.

Using quantitative mRNA analysis, we have exper-
imentally demonstrated that several mRNAs in-
volved in fatty acid and lipid metabolism accumulate
at constant molar ratios throughout embryogenesis.
Furthermore, the use of in vitro generated mRNA
standards has allowed comparison of absolute levels
of different transcripts.

There is good agreement in the relative transcript
abundances between of the experimental and digital
data in large EST collections (Mekhedov et al., 2000)
but less correlation with a smaller seed-specific EST
set (White et al., 2000).

The percentage representation of two ACCase com-
ponents in mRNA populations has been determined
independently with similar outcomes. In Arabidop-
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sis, the maximum level of BC mRNA was calculated
to be 1 mol % (Ke et al., 2000), and in B. napus, the
value was found to be 0.35 mol % (this study). Sim-
ilarly, two estimates of the abundance of BCCP
mRNA have been reported for Arabidopsis: 0.14 mol
% in siliques (Ke et al., 2000) and 0.1% to 0.5% of
mRNA in developing leaves and siliques (Thelen et
al., 2001). These estimates were all made using the
assumption that mRNA was present as 1% of the
total RNA. However, this may be an underestimate
of the level of mRNA in developing embryos. In our
hands, embryo RNA eluted from either oligo(dT)
columns or polyATRACT mRNA isolations (Pro-
mega, Madison, WI) in zero salt represented approx-
imately 3% of total RNA loaded (results not shown).
These preparations were not checked for contamina-
tion with poly(A™) RNA, but this data may indicate
that estimations of transcript representations as a
percentage of all mRNAs are up to 3-fold too high.
Analysis of all plant dbEST (Mekhedov et al., 2000)
identified 17 BC transcripts from a database of ap-
proximately 160,000 ESTs, an abundance of 0.01%.
This represents 35-fold fewer BC transcripts regis-
tered in the electronic databases than determined
experimentally in this study. Discrepancies have also
been noted previously in the transcript abundance of
two Arabidopsis isoforms of another subunit of the
heteromeric ACCase, BCCP (AtBCCP; [Thelen et al.,
2001]). The Arabidopsis EST database contained two
AtBCCP1 and 11 AtBCCP2 transcripts. Analysis of
transcript expression by northern blots estimated the
AtBCCP1 mRNA to represent 0.1% to 0.5% of mRNA
in developing leaves and that AtBCCP2 levels were
approximately 4-fold lower than AtBCCP1 (Thelen et
al., 2001). These data support the notion that EST
libraries may be under-represented in certain se-
quences, possibly because of differential efficiency in
the reverse transcriptase step of cDNA synthesis.

MATERIALS AND METHODS
Growth and Harvesting of Plant Material

Brassica napus (cv Westar) plants were grown in M3
Levington compost in individual 20-cm pots with a 16-h
light period (20°C) and an 8-h dark period (15°C) at 60%
humidity. Illumination, measured with a quantum radiom-
eter/photometer (Macam, Livingston, Scotland), was at a
photon flux density of 250 wE m 2 s~ '. Flowers were
tagged when fully open, and embryos were collected from
14 to 48 DAF; mature seeds were harvested when fully dry
(at more than 50 DAF). All plant material was frozen in
liquid nitrogen before storing at —80°C until required.

c¢cDNA Sequences

The following cDNAs were used: homomeric ACCase
(X77382); BC (AY034410); stearoyl-ACP desaturase
(X63364); TE (X73849); ACP (X13128); ENR (S60064); KR
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(A]243085); DH (AF382146); MCAT (AJ007046); and napin
(102586).

RNA Extraction

Total RNA were extracted from 4-d-old true leaves or 50
to 100 staged embryos, depending on developmental stage,
using Trizol reagent essentially by the manufacturers pro-
tocol (Invitrogen, Carlsbad, CA). Poly(A™) mRNA was pre-
pared from total RNA by separation on freshly prepared
oligo(dT) columns (Collaborative Biomedical Products,
Bedford, MA). Antisense RNA was synthesized from lin-
earized plasmid preparations of cDNA clones of KR, BC,
TE, ACP, and ENR using the Riboprobe in vitro transcrip-
tion system (Promega). RNA concentrations were deter-
mined spectrophotometrically using undiluted samples.
The A4, readings were between 0.1 and 1.0.

Filter Array Analysis

Alkaline denatured samples (50 and 250 ng) of each
¢DNA (in pBluescript SK*) were applied to Zeta-Probe GT
nylon membranes using a dot-blot apparatus (Bio-Rad,
Hercules, CA). Labeled first-strand cDNA was synthesized
as follows: 7.0 ug of oligo(dT),5 (Boehringer Mannheim/
Roche, Basel) was annealed to 0.5 to 1.0 pg of poly(A™)
mRNA by heating the reaction to 70°C for 15 min and then
chilling on ice.

The reaction mixture was completed to a total volume of
50 pL by adding (final concentration) 1X Superscript II
buffer, 0.1 M dithiothreitol, 40 units of RN Asin (Promega);
0.5 mwm each of dATP, dGTP, and dTTP and 50 um dCTP
(Amersham-Pharmacia Biotech, Uppsala); 50 uCi of
[@-*?P]dCTP (NEN Life Science Products, Boston); 600
units of Superscript II RNase H-reverse transcriptase (In-
vitrogen); and incubated at 42°C for 60 min. At the end of
first-strand synthesis, the reaction was stopped by heating
at 70°C for 20 min and RNA removed by incubating with 5
units of RNaseH at 37°C for 15 min. For second-strand
synthesis, 16 ug of random hexanucleotide primers (Boehr-
inger Mannheim/Roche) was added before heat denatur-
ation. The labeling reaction was completed by the addition
of 1X Klenow buffer, dNTPs (equimolar mixture) to a final
concentration of 0.2 mM, 10 units of Klenow (Boehringer
Mannheim/Roche), 50 uCi of [a->**P]dCTP, and incubated
at 37°C for 3h or overnight. Unincorporated activity was
removed by chromatography on a Biogel P-6 microspin
column (Bio-Rad). Incorporation was typically of the order
10* to 10° d.p.m. after first-strand synthesis and 10” to 10°
d.p.m. after random priming. RT-PCR and alkaline gel
electrophoresis was used to check the effectiveness of first-
strand synthesis.

Filters were prehybridized with linear denatured empty
pBluescript SK™ vector (>200 pg per filter) and 5 pg of
denatured poly(dA)-(dT) to reduce nonspecific binding.
The probe was hybridized with the filters in fresh buffer
after denaturation in a boiling bath at 100°C for 10 min and
brief chilling on ice. All hybridizations were made at 65°C,
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and post-hybridization washes were made at high strin-
gency after the Zeta-Probe protocol.

After removal of the first probe, the filters were rehy-
bridized with a B-lactamase DNA sequence, labeled using
the Rediprime DNA Ilabeling system (Amersham-
Pharmacia Biotech), to determine the equivalence of sam-
ple loading and DNA transfer to the filter. In each plasmid,
B-lactamase was present at the same copy number as the
insert.

Northern Analysis

Gel preparation and northern blotting was carried out by
standard procedures (Sambrook et al., 1989). Total RNA
(approximately 15 ug) from each time point in the embryo
series and for developing leaves was electrophoresed
through a denaturing gel before blotting to a Hybond N
(Amersham-Pharmacia Biotech) nylon membrane. For
quantitative analysis, dilutions of antisense RNA (0.005-1
ng) were loaded into a second series of wells before elec-
trophoresis was completed. Probes were prepared from 25
ng of purified insert from each cDNA and labeled using the
Rediprime DNA labeling system (Amersham-Pharmacia
Biotech). Unincorporated activity was removed by chroma-
tography on a Biogel P-6 microspin column.

Hybridization and Washing Conditions

Hybridization was performed in (5X SSPE, 5X Den-
hardt, 0.5% [w/v] SDS, 50% [v/v] formamide, and 20 ug
mL ™! herring sperm DNA) at 42°C overnight. Membranes
were then washed (twice in 2X SSC, 0.1% [w/v] SDS at
25°C for 10 min; once in 1X SSC, 0.1% [w/v] SDS at 50°C
for 15 min; and twice in 0.1X SSC and 0.1% [w/v] SDS at
50°C for 10 min).

The mole fraction G plus C composition, monovalent
cation concentration, the length of the probe, and the se-
quence similarity of the probe to the target determine
whether a hybridizing signal is detected. Using the rela-
tionship determined by Meinkoth and Wahl (Meinkoth and
Wahl, 1984) and the mole fraction G plus C residues of
47.6% for the coding region of the B. napus genome (http://
www.kazusa.or.jp), we determined a melting temperature
0f 70.9°C for a 1-kb probe in 0.0165 Na ™. Using the rule that
a 1% mismatch results in a drop in melting temperature of
1°C (Meinkoth and Wahl, 1984), the washes used would
remove hybrids with less than approximately 79% identity.

Competitive RT-PCR

KR transcript abundance in leaf total mRNA was deter-
mined by RT-PCR. A KR mimic (KRc) was produced from
the AJ243083 sequence by filling in the Ndel site cohesive
ends after digestion with this enzyme and blunt-end
ligation.

Approximately 30 ug of total leaf RNA was incubated
with 2 units of RQ1 DNase (Promega) at 37°C for 20 min.
The LiCl-precipitated pellet was washed twice in 70%
(v/v) ethanol, and 25 pg was recovered in 40 uL of sterile
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distilled water. The RT reaction was primed using a con-
sensus sequence from the 3'-untranslated region of the KR
isoforms (5'-AACAGAAATCCGACCAAGTGCCAGA-3").
Primer and total RNA were first prepared as a cocktail and
aliquots, containing 1.0 ug of total RNA, and 20 pmol of
primer was then spiked with 0.15, 1.5, or 15 pg of sense KRc
mRNA. RT reactions were as previously described.

PCR components were prepared as a cocktail to which
2.0 puL of each RT reaction was added. The primers con-
formed to consensus sequences in the four isoforms of KR.
Forward primer, 5'-GTGAGATCCGTCAGGTCCGTCAA-
TGG-3'; reverse primer, 5'-CTACCAAGCCAGCCACAT-
CTTCAGG-3'. The PCR parameters were one cycle at 94°C
for 5 min and 24 to 30 cycles at 94°C for 40 s, 62°C for 1 min,
and 72°C for 1 min and 30 s. Only reactions that showed a
linear response with increased cycles were used in subse-
quent analyses.

Ethanol-precipitated products were digested with Ndel
(site in AJ243083) and Hpal (sites in AJ243084—-6, but absent
in AJ243083 and KR() before separation on a 2% (w/v)
agarose gel. DNA fragments were alkaline transferred onto
a nylon membrane and UV cross-linked. The filter was
hybridized with an EcoRI/Ndel fragment from the 5" end of
the AJ243083, labeled as previously described. Prehybrid-
ization and hybridization was done as described previ-
ously, except that no formamide was included in the
buffer, and hybridization was performed at 65°C. The filter
was washed (twice with 2X SSC, 0.1% [w/v] SDS at 25°C
for 10 min; and once with 1X SSC, 0.1% [w/v] SDS at 48°C
for 15 min). At this stringency, all KR isoforms hybridized
to the probe.

Data Analysis

Filter arrays and northern blots were analyzed using a
Molecular Imager System and quantification performed
with the Molecular Analyst (Bio-Rad) software. Results for
northern blots were normalized after reprobing with a
heterologous 18S rDNA sequence from pea (Pisum sati-
vum). Transcripts were quantified by reference to a regres-
sion line fitted to the corresponding antisense dilution
series present on the same blot.
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