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The first committed step in fatty acid synthesis is mediated by acetyl-CoA carboxylase (ACCase), a biotin-dependent enzyme
that carboxylates acetyl-CoA to produce malonyl-CoA. ACCase can be feedback regulated by short-term or long-term exposure
to fatty acids in the form of Tween 80 (predominantly containing oleic acid), which results in reversible or irreversible ACCase
inhibition, respectively. Biotin attachment domain-containing (BADC) proteins are inactive analogs of biotin carboxyl transfer
proteins that lack biotin, and their incorporation into ACCase down-regulates its activity by displacing active (biotin-containing)
biotin carboxyltransferase protein subunits. Arabidopsis (Arabidopsis thaliana) lines containing T-DNA insertions in BADC1,
BADC2, and BADC3 were used to generate badc1 badc2 and badc1 badc3 double mutants. The badc1 badc3 mutant exhibited
normal growth and development; however, ACCase activity was 26% higher in badc1 badc3 and its seeds contained 30.1% more
fatty acids and 32.6% more triacylgycerol relative to wild-type plants. To assess whether BADC contributes to the irreversible
phase of ACCase inhibition, cell suspension cultures were generated from the leaves of badc1 badc3 and wild-type plants and
treated with 10 mM Tween 80. Reversible ACCase inhibition was similar in badc1 badc3 and wild-type cultures after 2 d of Tween
80 treatment, but irreversible inhibition was reduced by 50% in badc1 badc3 relative to wild-type plants following 4 d of Tween
80 treatment. In this study, we present evidence for two important homeostatic roles for BADC proteins in down-regulating
ACCase activity: by acting during normal growth and development and by contributing to its long-term irreversible feedback
inhibition resulting from the oversupply of fatty acids.

Acetyl-CoA carboxylase (ACCase; EC 6.4.1.2) is the
enzyme responsible for the first committed step in fatty
acid (FA) synthesis, the carboxylation of acetyl-CoA to
produce malonyl-CoA (Ohlrogge and Jaworski, 1997;
Cronan and Waldrop, 2002). The reaction comprises
two sequential partial reactions (Guchhait et al., 1974a,
1974b; Polakis et al., 1974; Blanchard and Waldrop,
1998; Cronan and Waldrop, 2002): the first involves the
ATP-dependent carboxylation of a biotin moiety, and
the second involves transfer of the activated carboxyl
group to acetyl-CoA to produce malonyl-CoA.

There are two distinct classes of ACCase. Most plant
chloroplasts and bacteria contain a multisubunit, or

heteromeric, ACCase that is readily dissociated into its
component proteins (Kondo et al., 1991; Li and Cronan,
1992a, 1992b; Choi et al., 1995). By contrast, the plant
cytosol, mammals, and fungi contain a single large
multifunctional, homomeric, polypeptide (Wei and
Tong, 2015; Hunkeler et al., 2016). In this study, we use
ACCase to refer to the dissociable heteromeric ACCase.
In plants, the plastid-localized heteromeric ACCase
primarily contributes malonyl-CoA to de novo FA syn-
thesis, whereas the cytosolic homomeric formcontributes
malonyl-CoA to a number of other processes, including
FA elongation and polyketide biosynthesis.

The heteromeric ACCase is composed of four distinct
subunits: biotin carboxyl transfer protein (BCCP), biotin
carboxylase (BC), anda- andb-carboxyltransferases (CT).
These subunits are organized in two separable sub-
complexes, one comprising BCCP and BC, which medi-
ates the carboxylation of biotin, and a second a-CT/b-CT
complex that catalyzes the carboxyltransferase reaction.

Since it catalyzes the rate-limiting step in FA synthesis,
ACCase is tightly regulated by a variety of mechanisms
(Salie and Thelen, 2016). For example, the BCCP2 sub-
unit is transcriptionally regulated by the WRINKLED1
transcription factor (Maeo et al., 2009). ACCase also has
been shown to be biochemically regulated by multiple
independent mechanisms, including pH change and
thioredoxin activity, which results in the reduction of
a disulfide bond between the a- and b-CT subunits
(Kozaki and Sasaki, 1999; Kozaki et al., 2001). A small
protein, PII, which exists as a homotrimer, has been
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shown to reversibly bind to the BCCPbiotin cofactor in an
ATP-dependent manner and to down-regulate ACCase
activity. The PII-BCCP association can be destabilized by
2-oxoglutarate (Feria Bourrellier et al., 2010; Rodrigues
et al., 2014; Gerhardt et al., 2015; Hauf et al., 2016).
Another class of proteins, annotated as biotin attach-

ment domain-containing (BADC) proteins, also associate
withACCase (Olinares et al., 2010). All three Arabidopsis
(Arabidopsis thaliana) BADC isoforms interact with BCCP
isoforms 1 and 2 (Salie et al., 2016). While BADC proteins
share 25% to 30% sequence similarity to BCCP subu-
nits, their sequences show significant divergence with re-
spect to the biotinylationmotif such that they are unable
to bind biotin, rendering them inactive (Salie et al.,
2016). The displacement of competent BCCP subunits
in ACCase with inactive BADC subunits thereby re-
duces the enzyme’s capacity to perform the carboxyl-
ation half reaction (Shintani and Ohlrogge, 1995).
Feedback inhibition of ACCase was initially demon-

strated in tobacco (Nicotiana tabacum) suspension cell
cultures fed with Tween-oleic acid (18:1; Shintani and
Ohlrogge, 1995). We subsequently used a Brassica napus
embryo-derived cell culture to characterize the feedback
inhibition of ACCase and demonstrated that it occurs in
two distinct phases (Andre et al., 2012). The first phase is
the reversible inhibition of ACCase, which occurs in re-
sponse to short-term exposure of cells to Tween-18:1 and
results from the allosteric inhibition of ACCase by 18:1-
acyl carrier protein. The second phase of inhibition oc-
curs upon exposure to Tween-18:1 for several days and is
not reversible upon transfer to Tween-free medium.
In this work, we characterize the physiological con-

sequences of null mutations in various combinations of
the three individual BADC isoforms using available
Arabidopsis T-DNA insertion lines. We crossed these
lines to create badc1 badc2 and badc1 badc3 double mu-
tants and used the single and doublemutants to quantify
the effect of BADC on seed oil accumulation. These
studies revealed that badc1 badc3, which grows simi-
larly to the wild type, produces seeds containing 15% to
20% higher total fatty acids (TFAs) and triacylglycerol
(TAG) than the wild type. To test the hypothesis that
BADC isoforms contribute to the feedback inhibition of
ACCase, cell suspension cultures were prepared from
wild-type and badc1 badc3 leaves. While the reversible
phase of inhibition did not differ between wild-type
and badc1 badc3 lines, irreversible inhibition was miti-
gated significantly in the double mutant, demonstrating
a role for BADC1 and BADC3 in the irreversible feed-
back inhibition of ACCase.

RESULTS

[14C]Acetate Incorporation into Total Lipids of Arabidopsis
Cell Suspension Culture Demonstrated Reversible and
Irreversible Inhibition of ACCase by Tween 80

Tween 80, which contains primarily 18:1, was uti-
lized as a delivery system for FAs into T87 Arabidopsis

cell suspension culture. The rate of [14C]acetate incor-
poration into FAs was determined by in vivo labeling
using [14C]acetate, followed by total lipid extraction
and scintillation counting. Supplementation of the
NT-1 medium to 10 mM with Tween 80 resulted in a
reduction in the rate of [14C]acetate incorporation
within 3 h.

Cell cultures were maintained in NT-1 medium sup-
plemented to 10 mM Tween 80 for either 3 h to induce
short-term reversible ACCase inhibition or 4 d to in-
duce long-term irreversible ACCase inhibition (Fig. 1).
The rates of [14C]acetate incorporation into FAs were
reduced by approximately 25% to 40% after both short-
term (Fig. 1A) and long-term (Fig. 1C) exposure to
Tween 80. Two days after the transfer of cells to Tween
80-free medium following a short-term exposure to
Tween 80, rates of ACCase returned to those of the
untreated controls (Fig. 1B). In contrast, cells trans-
ferred to Tween 80-free medium for 2 d after a 4-d ex-
posure to Tween 80 displayed irreversible inhibition
(Fig. 1D).

Irreversible Inhibition of ACCase by Tween 80 Is Not the
Result of Transcriptional Control

To determine if irreversible inhibition resulting from
long-term treatment of Tween 80 is regulated through
transcriptional control, RNAs were extracted from T87
cells exposed to long-term (4 d) Tween 80 treatment
(Fig. 2A) and from those exposed to Tween 80 for 4 d

Figure 1. [14C]Acetate incorporation into total lipids demonstrated re-
versible and irreversible inhibitions of ACCase by Tween 80 in Arabi-
dopsis T87 cell suspension culture. Following short-term treatment (A),
the inhibition of [14C]acetate incorporation was completely reversible
in the absence of Tween 80 (B), but following long-term treatment (C), it
persisted in the absence of Tween 80 (D). + or 2 indicates with or
without Tween 80 treatment for the number of hours (hr)/days (D)
specified. Asterisks indicate significant differences compared with the
Tween 80-free controls, which were determined by Student’s t test (P,
0.05). Values are presented as means6 SD of three biological replicates.
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followed by a 2-d incubation in Tween 80-free medium
(Fig. 2B). This RNA was subjected to quantitative re-
verse transcription PCR (RT-qPCR) to estimate the
transcript abundance of ACCase subunit-encoding genes,
along with those of BADC1, BADC2, and BADC3.
Despite the significant reduction in ACCase activity
observed after 4 d of Tween 80 exposure, and after 4 d
of Tween 80 exposure followed by 2 d of incubation in
Tween 80-free medium, transcript levels of individ-
ual ACCase subunit and individual BADC subunits
did not differ significantly (P , 0.05) from those of
non-Tween 80-exposed controls using relative ex-
pression (REST)-specific analysis (Pfaffl et al., 2002).
The levels of transcripts corresponding to these genes
were not significantly affected, suggesting that irre-
versible inhibition is not the result of transcriptional
control.

Molecular Characterization of badc1, badc2, and badc3
T-DNA Insertion Mutants and Combinations Thereof

T-DNA insertion mutants of BADC1, BADC2, and
BADC3 were genetically characterized. We confirmed
that badc1 (Salk 000817C), badc2 (Salk 021108C), and
badc3 (CS2103834) contain T-DNAs inserted in the
fifth exon, seventh exon, and first intron, respectively
(Fig. 3A). RT-qPCR of total RNA extracted from
14-d-old leaves confirmed that these T-DNA insertion
lines were null mutants for the corresponding genes
(Supplemental Fig. S1). In an attempt to create double
mutants, homozygous badc1, badc2, and badc3 lines
were crossed using pollen donors in both directions.

The genotypes of the F3 lines were determined using
gene-specific primer pairs in combination with T-DNA-
specific primers. Two of the three possible homozygous
double mutant lines (i.e. badc1 badc2 and badc1 badc3)
were identified (Fig. 3B), while a homozygous badc2
badc3 line was not identified despite extensive attempts.
However, the genotyping did identify multiple lines
that were homozygous for one mutation and hetero-
zygous for the other mutation. For example, badc2 badc3
line 21was homozygous for badc2 and heterozygous for
badc3, and badc2 badc3 line 79 was homozygous for
badc3 and heterozygous for badc2 (Fig. 4A).

Figure 2. Expression levels of ACCase-encoding genes in Arabidopsis
T87 cells were not significantly affected 4 d after exposure to 10 mM

Tween 80 (A) or after 4 d of exposure to Tween 80 followed by 2 d of
incubation in Tween 80-freemedium (B). RT-qPCR values are presented
as percentages of untreated controls normalized as described in “Ma-
terials and Methods.” All data are means 6 SD (n = 3), and no values
were found to differ significantly (P , 0.05) from controls using mean
crossing point deviation analysis computed by the relative expression
(REST) software algorithm (Pfaffl et al., 2002).

Figure 3. Genotyping of BADC1, BADC2, and BADC3. A, Genomic
organization of the T-DNA insertion knockout line in the Columbia-0
(Col-0) background. The positions of T-DNA insertions are indicated by
triangles. The positions of primers used for genotyping are indicated by
arrows. B, Individual plants were determined to be either heterozygous
or homozygous using PCRwith the indicated gene-specific primer pairs
and combinations with T-DNA-specific primers. Wild-type (WT) Col-0
was used as a positive control for the gene-specific primer pairs and as a
negative control for T-DNA-specific primer pairs.
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A possible explanation for the failure to identify ho-
mozygous badc2 badc3 plants (Fig. 4B) is that they are
embryo lethal. To test this hypothesis, we visually
inspected siliques from the homozygouswild type, badc
single and double mutants, along with badc2 badc3 line
21 and badc2 badc3 line 79. Analysis of the seeds in de-
veloping siliques of badc2 badc3 line 79 and badc2 badc3
line 21 (for representative siliques, see Fig. 4A) revealed
viable:aborted seed ratios of 699:213 and 489:157, re-
spectively, under conditions where no aborted seeds
were observed in siliques of single badc mutants or the
wild type (Fig. 4A). The observed values for viable:
aborted seed ratios are consistent with the expected 3:1
ratio predicted for the embryo lethality of homozygous
badc2 badc3 (using a x2 test and 0.05 level of significance;
Supplemental Table S1).

Phenotypes of the Homozygous badc Single and Available
Double Mutant Lines

Homozygous badc1, badc2, badc3, badc1 badc2, and
badc1 badc3 plants exhibited growth and development
similar to those of wild-type plants grown under
equivalent conditions (Fig. 5A). We next investigated
the impact of these mutations on seed fill and ob-
served that desiccated seeds harvested from the badc1
and badc2mutants showed no significant differences in
weight relative to the wild type. However, badc3
showed a small significant increase in desiccated seed
weight (2.46 mg per 100 seeds) compared with the wild
type (2.32 6 0.04 mg per 100 seeds), whereas the
two homozygous double mutants (badc1 badc2 and
badc1 badc3) showed small significant (Student’s t test,
P , 0.05) decreases in weight, 1.96 6 0.06 mg per
100 seeds for badc1 badc2 and 1.94 6 0.09 mg per
100 seeds for badc1 badc3, relative to the wild type
(2.32 6 0.04 mg per 100 seeds; Fig. 5B).

TFA and TAG Levels Increased in badc1 badc2 and
badc1 badc3

Previous work provided biochemical evidence for
the negative regulation of ACCase by BADC and
demonstrated a significant elevation in oil content
in BADC1 RNA interference transgenic Arabidopsis

Figure 4. Phenotypes of developing siliques of badc mutants. A, No
aborted seeds were observed in siliques of the wild type (WT) or single
badcmutants, while the doublemutant badc2 badc3 resulted in embryo
abortion. B, Individual plants were determined to be either heterozy-
gous or homozygous using PCR with the indicated gene-specific primer
pairs and combinations with T-DNA-specific primers. Wild-type Col-0
was used as a positive control for the gene-specific primer pairs and as a
negative control for T-DNA-specific primer pairs. No badc2 badc3
homozygous line was obtained.

Figure 5. The badc mutants grew similarly to wild-type plants. A,
Phenotypes of 3-week old badc mutants and wild-type (WT) plants. B,
Seeds of double mutants (badc1 badc2 and badc1 badc3) were signif-
icantly smaller than those of the wild type. Asterisks indicate significant
differences comparedwith wild-type plants, whichwere determined by
Student’s t test (P , 0.05). Values are presented as means 6 SD of five
biological replicates.
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(Salie et al., 2016). Here, we quantify the effect of ho-
mozygous null mutations in each individual BADC
gene, and in homozygous badc1 badc2 and badc1 badc3
lines, on TFA and TAG. Our data showed that the badc1
mutation, either alone or in combination with the badc2
or badc3 mutation, resulted in significant increases of
15% to 30% dry weight for FA (Fig. 6, A and B) and 18%
to 30% dry weight for TAG (Fig. 6, C and D). Wild-type
TFA, wild-type TAG, badc1 badc3 TFA, badc1 badc3
TAG, badc1 badc2 TFA, and badc1 badc2 TAG are 41.2%
dry weight, 28.9% dry weight, 53.6% dry weight, 38.3%
dry weight, 48.3% dry weight, and 35.5% dry weight,
respectively. TFA in badc1 badc3 also was signifi-
cantly higher than in wild-type plants (Student’s t test,
P , 0.05). We also observed that, despite the smaller
size in seeds of badc1 badc3 compared with the wild
type, TFA and TAG per seed were significantly higher
than in wild-type plants (Student’s t test, P , 0.05;
Fig. 6, B and D).

Arabidopsis Cell Suspension Cultures of Wild-Type Col-0
and badc1 badc3 as Models for Irreversible Inhibition by
Tween 80

Ten-day-old wild-type (Col-0) and badc1 badc3 leaves
were used to create callus cultures. These were trans-
ferred to liquid NT-1 medium to initiate cell suspension
cultures. Both cell cultures were subcultured simulta-
neously and maintained in NT-1 medium in the ab-
sence or presence of 10 mM Tween 80 for 8 d to evaluate
their relative growth rates. Cells were collected and
weighed at the beginning of the experiment (day 0) and

on days 2, 4, 6, and 8. Both wild-type and badc1 badc3
cell cultures grew at similar rates in the absence and
presence of Tween 80 (Supplemental Fig. S2). In addi-
tion, wild-type and badc1 badc3 cell suspension cultures
grown in NT-1 medium in the absence of Tween 80 for
6 d showed no significant difference in their FA profiles
(Supplemental Fig. S3), validating both wild-type and
badc1 badc3 genotypes of cell suspension culture as
suitable models for a long-term Tween 80 treatment
under these conditions.

BADC Contributes to the Irreversible Phase of Inhibition
of ACCase

Wild-type and badc1 badc3 suspension culture cells
were maintained in NT-1 medium containing 10 mM

Tween 80 for 4 d and subsequently transferred to fresh
medium lacking Tween 80 for an additional 2 d. During
the experiments, medium with and without Tween
80 was refreshed every 48 h. The rate of [14C]acetate
incorporation into FAs was determined by in vivo la-
beling using [14C]acetate followed by scintillation
counting of lipid extracts. Wild-type culture cells
showed approximately 39% irreversible inhibition
compared with control cells in Tween 80-free medium
(Fig. 7). In contrast, badc1 badc3 showed only 19% in-
hibition compared with the respective control cells in
Tween 80-free medium (Fig. 7). These results suggest
that BADC1 and BADC3 contributed approximately
50% of the observed Tween 80-induced irreversible
inhibition observed in wild-type cultures. The overall
irreversible inhibition of ACCase observed in the badc1
badc3 double mutant resulted in changes in the FA
profile, with larger decreases in wild-type cultures
(Supplemental Fig. S4A) relative to badc1 badc3 cul-
tures as determined by Student’s t test (P , 0.05;
Supplemental Fig. S4B).

DISCUSSION

In this study, we quantified the effects of T-DNA
knockouts of BADC1, BADC2, and BADC3, as well as
the badc1 badc2 and badc1 badc3 double mutants, on the
seed FA and TAG contents in Arabidopsis. The BADC1
knockout resulted in a significant increase in seed FA as
a percentage dry weight, which has been observed
previously in BADC1 RNA interference lines (Salie
et al., 2016), whereas the badc2 and badc3 mutants
showed smaller increases in FA relative to the wild
type. However, the seed weights of badc1 and badc2
were similar to that of wild-type plants, whereas badc3
showed a significant increase in seed weight. In con-
trast, badc1 badc2 and badc1 badc3 showed significant
decreases in weight per seed. The increase in seed
weight for badc3 seeds was reflected in its significant
increase in FA per seed relative to those of badc1, badc2,
and the wild type. The large increase in percentage FA
dry weight in badc1 badc3 is sufficient to overcome the

Figure 6. TFA and TAG increases in badc1 badc2 and badc1 badc3
double mutant seeds. A, TFA contents per dry weight. B, TFA contents
per seed. C, Total TAG contents per dry weight. D, Total TAG contents
per seed. Asterisks indicate significant differences from the wild type at
the level of P , 0.05 as determined by Student’s t test. Values are pre-
sented as means 6 SD of five biological replicates.
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reduction in seed weight, and the FA per seed is sig-
nificantly higher than that of wild-type plants. TAG, on
the other hand, is significantly higher as a percentage
dry weight in badc3 than in badc1 and badc2, as it is in
both badc1 badc2 and badc1 badc3. However, the dry
weight of TAG per seedwas significantly higher than in
the wild type for badc3 compared with badc1 and badc2,
again due to the increase in seed weight for badc3. Only
badc3 and badc1 badc3 contained more TAG per seed
than wild-type seeds.
At present, we do not have an explanation for the in-

creased seed weight of badc3; however, the decreased
weight of badc1 badc2 and badc1 badc3 along with our
inability to obtain badc2 badc3 seeds suggest that BADC
proteins play a currently undefined role in normal seed
development. The consistently higher TAG and TFA
in badc1 badc2 and badc1 badc3 seeds compared with
wild-type seeds indicate the presence of constitutive
BADC-dependent inhibition of ACCase under normal
physiological conditions. Indeed, this is consistentwith the
identification of BADC subunits from ACCase pull-down
experiments (Olinares et al., 2010). Constitutive down-
regulation of ACCase by BADC is further supported by
the observation that rates of FA synthesis in the double
mutant were 26% higher in badc1 badc3 than in wild-type
plants.Alleviation ofACCase suppression byBADCcould
allow free FAs in excess of cellular needs to accumulate to
toxic levels, which have well-documented negative meta-
bolic consequences, including alterations in longitudinal
cell growth (Li et al., 2011) and cell death (Fan et al., 2013;
Yang et al., 2015). It is also possible that unchecked FA
synthesis could critically reduce the levels of ATP and re-
ductant necessary for other critical cellular processes.
Previously, tobacco and B. napus somatic embryo cell

suspension lines were used to characterize the inhibi-
tion of the heteromeric plastidial ACCase when cells

were cultured in Tween-containing medium (Shintani
and Ohlrogge, 1995; Andre et al., 2012). Here, we ex-
tend this approach to include Arabidopsis leaf sus-
pension cell lines to exploit the available Arabidopsis
T-DNA gene disruption lines. Similar to badc1 badc3
mutant plants, badc1 badc3 cell suspension cultures
exhibited normal growth compared with wild-type
cultures. Furthermore, the results presented here
show that, when grown on Tween 80-containing me-
dium, Arabidopsis leaf-derived cell lines mirror the
responses of B. napus somatic embryo cell lines in dis-
playing two phases of inhibition of ACCase: a short-
term reversible phase and a longer-term irreversible
phase. This allowed us to test the hypothesis that BADC
is involved in the long-term irreversible phase of
ACCase regulation. The observation that long-term
inhibition of ACCase was reduced by approximately
50% in the badc1 badc3 cell line establishes a role for
BADC in the long-term irreversible ACCase feedback
inhibition. The absence of significant changes in the
transcription of the BADC genes suggests the existence
of other mechanisms for the inclusion of BADC into
ACCase, possibly involving posttranslational modifi-
cation.

ACCase activity did not fully recover to non-Tween
80-fed control levels in the badc1 badc3 mutant, sug-
gesting that a factor other than BADC1 and BADC3 is
responsible for the remainder of the irreversible inhi-
bition. A likely candidate is BADC2, because the indi-
vidual badc2 mutant showed elevation in the levels of
FA dry weight in seeds and badc1 badc2 showed sig-
nificantly elevated FA dry weight relative to both wild-
type and badc1 plants. However, our inability to obtain
a homozygous badc2 badc3 and, therefore, badc1 badc2
badc3 triple mutants precludes our ability to test this
hypothesis directly. Another formal candidate is the PII
protein,which inhibitsACCase under low-2-oxoglutarate
conditions; however, this is unlikely because this inter-
action is reversible, whereas the inhibition under study is
irreversible (Gerhardt et al., 2015; Hauf et al., 2016).
However, PII could potentially play a role in the dis-
placement of BCCP subunits by BADC, because it has
been shown to directly bind BCCP, possibly favoring
subunit exchange. Alternatively, another proposed, but
yet to be identified, factor could contribute to a portion of
the irreversible inhibition by altering ACCase partition-
ing between the stroma and envelope fractions of the
plastid (Thelen and Ohlrogge, 2002).

CONCLUSION

In this work, we show that T-DNA insertions into
each of the three BADC genes resulted in increased FA
accumulation in seeds and that badc1 badc2 and badc1
badc3 seeds show FA increases of 15% to 30% and 18%
to 30% for TAG, whereas the double mutant badc2 badc3
results in embryo abortion. Under normal physiological
conditions, ACCase activity is partially repressed by
BADC. BADC1 and BADC3 account for approximately

Figure 7. [14C]Acetate incorporation into total lipids showed that the
persistence of inhibitions of ACCase by Tween 80 is stronger in the wild
type (WT) than in badc1 badc3 in cell suspension culture. + or 2 in-
dicate with or without Tween 80 treatment for the number of days (D)
specified. Different letters indicate significant differences at the level of
P , 0.05 as determined by Student’s t test. Values are presented as
means6 SD of three biological replicates. A level of 100% corresponds
to the wild type, 11.3k cpm; badc1 badc3, 14.3k cpm.
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50% of the irreversible inhibition of ACCase resulting
from long-term exposure to Tween 80. These data
provide direct evidence for the involvement of BADC in
the homeostatic feedback regulation of ACCase.

MATERIALS AND METHODS

Plant Growth Conditions

Wild-typeArabidopsis (Arabidopsis thaliana; ecotypeCol-0), badc1 (Salk 000817C),
badc2 (Salk 021108C), and badc3 (CS2103834) were used in this study. For growth on
solid medium, seeds were surface sterilized with 70% (v/v) ethanol, followed by
30% (v/v) bleach containing 0.01% (v/v) Tween 20, and rinsed three times with
sterile water. Seedswere stratified for 3 d at 4°C in the dark and germinated on one-
half-strength Murashige and Skoog (MS) medium supplemented with 1% (w/v)
Suc in an incubator with a light/dark cycle of 18 h/6 h at 23°C, photosynthetic
photon flux density of 250 mmol m22 s21, and 75% relative humidity.

Generation of Double Mutants and Genotyping Analysis

Homozygous single mutants were confirmed by PCR using gene-specific
primer pairs and a combination of T-DNA-specific primers. The genotyping
primers (59 to 39) were as follows: BADC1 LP, TTCATTTTGCTGGTTAATGCC;
BADC1 RP, TTCTGCTCCTCTGAAACTTGC; BADC2 LP, GTGGGAG-
GAGCTCCATTAATC; BADC2 RP, CAAAGGTAATGGTACGGACAAAG;
BADC3 LP, GTTGTCCAGCCTTTTCACC; BADC3 RP, CTCATCAATTA-
GATTAGCTTGGC; LBb1, GCGTGGACCGCTTGCTGCAACT; and LB1,
GTAAGGTAATGGGCTACACTG. Double mutants were generated by cross-
ing the corresponding mutant lines. Homozygous double mutant lines were
identified by genotyping using gene-specific primers.

RNA Isolation and RT-qPCR

Total RNAwas isolated from 14-d-old leaves using the RNeasy PlantMini Kit
(Qiagen), and cDNA was prepared using SuperScript IV VILOMaster Mix (with
ezDNase exzyme; Invitrogen). SsoAdvanced Universal SYBR Green Supermix
(Bio-Rad) was used in the reaction mix. RT-qPCR was carried out on the CFX96
Real-time PCR Detection System (Bio-Rad). Gene-specific primers (59 to 39) used
in the analysis were as follows: a-CT forward, GGTTGCACGTGAAGTAGCTG,
and a-CT reverse, TTTTGTTGTTTCAAGCGAAGTGG; b-CT forward, ATCTC-
CTACTACCGGTGGGG, and b-CT reverse, CTTGTGAACCTTCAGGCACG;BC
forward, TATGGGATCCGTAGTAGGCG, and BC reverse, ACCAAAACTT-
GCTGTCACCC; BCCP1 forward, AGAAACTTCCTAGGATTGAAAGAGG,
and BCCP1 reverse, CAGAGGCTGTAGTCACACCA; BCCP2 forward, TCTA-
TCTCTATCCTCGCCGGT, and BCCP2 reverse, TGACGCTTCAAGGCACGAT;
BADC1 forward, CAGTTGGGAACAGAACTTCCA, and BADC1 reverse, GC-
AACCAGAGGATCTCCATAAC; BADC2 forward, CGACTCTGCGATCTGT-
GAAA, and BADC2 reverse, TGCTACATACAGGCGGAAAC; and BADC3
forward, CGAATGGATCAGCTTCCTCTAC, and BADC3 reverse, GGATCTC-
CTGAAGAACCCTACT. The primers used for reference genes were as follows:
F-box forward, GGCTGAGAGGTTCGAGTGTT, and F-box reverse, GGCTGT-
TGCATGACTGAAGA; and UBQ10 forward, ACCATCACTTTGGAGGTGGA,
and UBQ10 reverse, GTCAATGGTGTCGGAGCTTT. Statistical analysis of
RT-qPCR data was carried out with REST2009 (Pfaffl et al., 2002).

Arabidopsis T87 Cell Culture

Arabidopsis ecotype Col-0 cell line T87 was obtained from the Arabidopsis
Biological Resource Center at Ohio State University. Cells were maintained as a
suspension culture in NT-1 medium (4.3 g L21 MS salt, 30 g L21 Suc, 0.18 g L21

KH2PO4, 1 mg L21 thiamine, 0.44 mg L21 2,4-dichlorophenoxyacetic acid [2,4-
D], and 100 mg L21 myoinositol, pH adjusted to 5.8 with NaOH). The cell
suspension culture was then maintained at 24°C on a rotary shaker (120 rpm)
under constant light. Cell suspensions were subcultured into 100-mL Erlen-
meyer flasks containing fresh NT-1 medium (1:20, v/v) every 7 d.

Callus Production from Leaves

Leaves harvested from wild-type and badc1 badc3 double mutant seedlings
10 d after germination were lightly abraded with sterile surgical forceps and

placed onto solid callus growth medium. Plates were incubated at 22°C in the
dark until calluses formed. Callus growth medium consisted of MS medium
supplemented with 30 g L21 Suc, 0.2 g L21 myoinositol, 0.5 mg mL21 nebzy-
laminopurine, 1 mgmL21 naphthaleneacetic acid, 1 mgmL21 indole acetic acid,
and 1 mg mL21 2,4-D (Encina et al., 2001).

Cell Culture Growth Conditions

Calluses obtained from solid callus growth medium plates were transferred
to and maintained as suspension cultures in NT-1 medium. The cell suspension
culture was then maintained at 24°C on a rotary shaker (120 rpm) under con-
stant light. Approximately 1 mL of suspension culture cells were subcultured
into 20 mL of medium in 100-mL Erlenmeyer flasks containing fresh NT-1
medium every 7 d. For Tween 80 treatment experiments, a stock solution of
150 nM Tween 80 (Sigma-Aldrich) was filter sterilized (Andre et al., 2012) and
added to NT-1 medium at room temperature. The mediumwas refreshed every
48 h by replacing half of the volumewith freshmedium. For lipid extraction and
RNA isolation, cells were rinsed with water, harvested by filtration, flash fro-
zen, and stored at 280°C.

[14C]Acetate Incorporation Assay

[1-14C]Acetic acid, sodium salt, was purchased from PerkinElmer. Suspension
culture cells were labeled 1 week after subculturing with a cell weight of ap-
proximately 40 mg. Cells were labeled by incubating in 0.2 mCi of [14C]acetate for
20 min at room temperature with constant shaking. Cells were subsequently
rinsed three times with water. Total lipids were extracted with 500 mL of meth-
anol:chloroform:formic acid (20:10:1, v/v). The organic phase was then extracted
with 370 mL of 1 M KCl and 0.2 M H3PO4 and suspended in 2 mL of Ultima Gold
liquid scintillation cocktail (PerkinElmer). The incorporated radioactivity was
measured in cpm with a scintillation counter (Packard BioScience).

Lipid Extraction and Quantification

Total lipidswere extracted fromapproximately 100mg freshweight of frozen
suspension culture cells or 100 desiccated seeds.Materialswere homogenized in
350mL ofmethanol:chloroform:formic acid (20:10:1, v/v) andmixed repeatedly
by shaking at room temperature for 1 h. The organic phase was added to 370mL
of 1 M KCl and 0.2 M H3PO4 and centrifuged at 12,000g for 1 min for phase
separation. The organic phase was dried under an N2 stream and resuspended
in chloroform. For TFA analysis, total lipid extracts were transmethylated into
fatty acidmethyl esters (FAMEs) by incubation in 1mL of 1 Nmethanolic HCl at
80°C for 60 min (for suspension culture cells) or incubated in 1 mL of boron
trichloride-methanol at 80°C to 85°C for 2.5 h (for desiccated seeds). For TAG
quantification, total lipid extracts were separated by thin-layer chromatogra-
phy using a hexane:diethyl ether:acetic acid (70:30:1, v/v/v) solvent system on
Silica Gel 60 plates (EMDMillipore). Lipids were visualized by spraying 0.05%
(w/v) primuline (in 80% [v/v] acetone). TAG fractions were identified under
UV light, excised from the plate, and transmethylated into FAMEs by incuba-
tion in 1 mL of boron trichloride-methanol. FAMEs were extracted into hexane
and dried under an N2 stream prior to resuspending in 100 mL of hexane. The
quantification of FAMES was carried out on Agilent GC 7890A/MSD 5975C
systemusing a capillary DB23 column (60m3 0.250mm;Agilent Technologies)
in full mass scan mode (Nguyen et al., 2010). Heptadecanoic acid (5 mg) was
used as an internal standard.

Statistics

Pairwise comparisons were performed using Student’s t test at P , 0.05
significance level. Phenotypic proportions of mutant seeds of F3 plants resulting
from crossing between badc2 and badc3 were analyzed using x2 goodness of fit
at P , 0.05 significance level. Gene expression calculated from RT-qPCR data
was analyzed using REST2009 software at P , 0.05 significance level.

Accession Numbers

Accession numbers for the genes employed in this study are as follows:
BADC1, AT3G56130; BADC2, AT1G52670; BADC3, AT3G15690; a-CT,
AT2G38040; b-CT, ATCG00500; BC, AT5G35360; BCCP1, AT5G16390; and
BCCP2, AT5G15530.
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Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. RT-qPCR analysis of 10-d-old leaves confirming
that the T-DNA insertion lines were null mutants for the corresponding
genes.

Supplemental Figure S2. Addition of Tween 80 did not affect the growth
rates of both wild-type and badc1 badc3 cell suspension cultures.

Supplemental Figure S3. FA profile of badc1 badc3 cell cultures did not
differ significantly from the wild type, which was determined by Stu-
dent’s t test (P , 0.05).

Supplemental Figure S4. FA synthesis inhibition in badc1 badc3 was less
compared with the wild type.

Supplemental Table S1. Mutant seeds of F3 plants resulting from crossing
between badc2 and badc3.
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