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The metabolic intermediate acetyl-CoA links anabolic and catabolic processes and coordinates metabolism with cellular
signaling by influencing protein acetylation. In this study we demonstrate that in Arabidopsis (Arabidopsis thaliana), two
distinctly localized acetate-activating enzymes, ACETYL-COA SYNTHETASE (ACS) in plastids and ACETATE NON-
UTILIZING1 (ACNT1) in peroxisomes, function redundantly to prevent the accumulation of excess acetate. In contrast to the
near wild-type morphological and metabolic phenotypes of acs or acnl mutants, the acs acn1 double mutant is delayed in growth
and sterile, which is associated with hyperaccumulation of cellular acetate and decreased accumulation of acetyl-CoA-derived
intermediates of central metabolism. Using multiple mutant stocks and stable isotope-assisted metabolic analyses, we
demonstrate the twin metabolic origins of acetate from the oxidation of ethanol and the nonoxidative decarboxylation of
pyruvate, with acetaldehyde being the common intermediate precursor of acetate. Conversion from pyruvate to acetate is
activated under hypoxic conditions, and ACS recovers carbon that would otherwise be lost from the plant as ethanol.
Plastid-localized ACS metabolizes cellular acetate and contributes to the de novo biosynthesis of fatty acids and Leu;
peroxisome-localized ACNI1 enables the incorporation of acetate into organic acids and amino acids. Thus, the activation of
acetate in distinct subcellular compartments provides plants with the metabolic flexibility to maintain physiological levels of
acetate and a metabolic mechanism for the recovery of carbon that would otherwise be lost as ethanol, for example following

hypoxia.

Acetyl-CoA is a metabolic intermediate juxtaposed
between anabolic and catabolic processes (Oliver et al.,
2009; Pietrocola et al., 2015). Anabolic processes include
the biosynthesis of energy-dense biochemicals (i.e. fatty
acids, hydrocarbons, and terpenes) and many bioactive
compounds (e.g. polyketides and flavonoids). As an
acetyl-group donor, acetyl-CoA also plays a role as a
“sentinel” molecule that links metabolism with cellu-
lar signaling by influencing the prevalence of protein
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acetylation modifications (Wu et al., 2011; Galdieri
et al., 2014). Catabolic processes that generate acetyl-
CoA include B-oxidation of fatty acids (Graham, 2008)
and catabolism of acetogenic amino acids (e.g. Leu;
Hildebrandt et al., 2015). Because the structure and
dynamics of the acetyl-CoA metabolic network are
highly compartmentalized in eukaryotic organisms, it
is far from being fully understood (Oliver et al., 2009;
Krivoruchko et al., 2015). Therefore, to better exploit the
metabolic diversity and flexibility of plants, there is a
need to better understand how acetyl-CoA generation
and utilization are genetically and biochemically coor-
dinated among different cellular and subcellular com-
partments in the context of the broader metabolic and
genetic networks.

Due to the impermeability of membranes to acetyl-
CoA, this key intermediate is independently generated
and metabolized in distinct subcellular compartments
(Oliver et al., 2009; Schwender and Ohlrogge, 2002).
The first acetyl-CoA-generating enzyme to be charac-
terized in plants was acetyl-CoA synthetase (ACS),
which activates acetate to its CoA-ester (Huang and
Stumpf, 1970). ACS was implicated as the dominant
source of acetyl-CoA for fatty acid biosynthesis be-
cause ['*CJacetate is efficiently incorporated into fatty
acids by isolated chloroplasts (Roughan et al., 1979).
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The identification of a plastidic pyruvate dehydrogen-
ase complex (ptPDHC; Williams and Randall, 1979)
and the rapid in vivo incorporation of label from carbon
dioxide into fatty acids (Bao et al., 2000) suggest that
plastidic acetyl-CoA is generated from pyruvate derived
from photosynthesis. Reverse genetic characterizations
of ptPDHC and ACS established the importance of the
former, whereas mutations in the latter minimally affect
fatty acid biosynthesis and normal plant growth (Lin
et al., 2003).

Several other acetyl-CoA-generating enzymes/
pathways have been identified as essential to plant
survival. These include ATP-citrate lyase (ACL), which
generates the cytosolic acetyl-CoA pool (Fatland et al.,
2002; Fatland et al., 2005); the mitochondrial isozyme of
pyruvate dehydrogenase complex (mtPDHC), which
generates the mitochondrial acetyl-CoA pool (Yu et al.,
2012); and the fatty acid B-oxidation cycle, which gen-
erates the peroxisomal acetyl-CoA pool (Graham, 2008).

The Arabidopsis (Arabidopsis thaliana) genome encodes
a large number of acyl-activating enzymes (the AAE su-
perfamily) that activate carboxylates through the inter-
mediate, acyllAMP (EC 6.2.1; Shockey et al., 2003;
Shockey and Browse, 2011). Two of these, ACS and AC-
ETATE NON-UTILIZING1 (ACN1; Hooks et al., 2004;
Turner et al., 2005), are distantly related members of this
superfamily, and both preferentially activate acetate to
generate acetyl-CoA (Turner, et al., 2005; Lin and Oliver,
2008; Sofeo et al., 2019). ACS is plastid-localized (Kuhn
et al, 1981), whereas ACN1 is localized in peroxi-
somes (Turner, et al., 2005). These characterizations
raise questions regarding the role of compartment-
specific acetyl-CoA generation from acetate in plas-
tids and peroxisomes of plant cells. Integrated with
that question is the limited knowledge concerning the
endogenous origin of the acetate substrate (Liedvogel
and Stumpf, 1982; Bao et al., 2000).

The aim of this study was to characterize the func-
tions and interplay of ACS and ACN1 in compartment-
specific acetate/acetyl-CoA metabolism in Arabidopsis.
A combination of stable isotope labeling studies and
metabolomics analysis in the context of genetic mutants
demonstrates that the plastidic ACS and peroxisomal
ACN1 provide redundant functions to prevent hyper-
accumulation of acetate, which affects normal growth,
development, and central metabolism.

RESULTS
Characterization of acs and acnl Mutants

The physiological roles of the ACS and ACN1 genes
were explored by characterizing plants that carry
Transfer DNA (T-DNA)-tagged mutant alleles at each
locus, and plants that simultaneously carry these two
mutations (Supplemental Fig. S1A). Reverse-transcription
PCR (RT-PCR) analysis of RNA isolated from wild-type
(ecotype Columbia of Arabidopsis [Col-0]) and mutant
plants confirmed that each mutant line carries a null
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allele, and that mutations in the ACS gene do not affect
ACN1 expression and, vice versa, mutations in the
ACN1 gene do not affect ACS expression (Supplemental
Fig. S1B).

Phenotypically, the individual acs or acnl homozy-
gous mutants did not exhibit any discernable defects in
growth and development, with normal root growth
and elongation, rosette expansion, time to flowering,
and stem elongation (Fig. 1; Supplemental Table S1). By
contrast, all homozygous double mutant plants showed
highly pleiotropic defects with extremely delayed veg-
etative and reproductive growth and development (Figs.
1 and 2A). x? statistical tests confirmed the linkage be-
tween the abnormal phenotype and the simultaneous
homozygosity for the recessive mutant alleles at the two
unlinked genes (Supplemental Table 52). Because the
four double mutant lines that were evaluated (i.e. acs-
1 acnl-4, acs-1 acnl-5, acs-2 acnl-4, and acs-2 acnl-5)
consistently exhibited near-identical phenotypes,
detailed data are presented only from the acs-1 acn1-5
double mutant line as representative of the double
mutants. Therefore, the conclusions described below
robustly establish that the simultaneous loss of both
ACS and ACNI1 functions is associated with many
growth defect phenotypes.

Homozygous acs-1 acnl-5 double mutant plants did
not develop normally (Fig. 2A) and were ultimately in-
fertile. Therefore, for characterization purposes, double
mutant homozygous plants were identified from the
progeny of sesquimutant parents, namely plants that are
homozygous mutant at either the acs or acnl locus and
heterozygous at the other locus. As with the single
mutants, each of these sesquimutant lines (i.e. acs-1/
acs-1 acnl-5/ACN1-5 and acs-1/ACS-1 acnl-5/acnl-5)
displayed a normal, wild type-like morphological
phenotype, and the selfed progeny segregated the
heterozygous allele with the expected 1:2:1 Mendelian
ratio for a recessive allele (Supplemental Table S3).
Therefore, gamete formation, fertilization, embryo-
genesis, and seed development are unaffected in the
presence of at least one functional ACS or ACN1 wild-
type allele.

The first visible trait that differentiated double-mutant
plants from single-mutant, sesquimutant, or wild-type
plants was the delayed expansion of the first pair of
leaves (Supplemental Fig. S2); in our growth conditions
this process was delayed by 6 d in the double mutant.
Additional phenotypes became increasingly apparent as
these plants aged. These aberrations manifested slower
root elongation and rosette expansion (Supplemental
Table S1). Furthermore, rosette leaves exhibited an al-
tered morphology, marked by an irregular shape, short
petioles, serrated margins, and curled edges (Fig. 2A).
The transition from vegetative to reproductive pha-
ses (time to bolting and flowering) was substantially
delayed in the double mutants; these plants bolted
32 d after the wild type (Supplemental Table S1), after
they had produced at least 30-50 leaves, whereas
wild-type plants bolted after producing 8-10 leaves.
Moreover, the double mutants showed reduced apical

1257


http://www.plantphysiol.org/cgi/content/full/pp.19.01162/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01162/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01162/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01162/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01162/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01162/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01162/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01162/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01162/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01162/DC1

Fu et al.

Figure 1. Vegetative and reproductive
growth of acs and acnT single mutants, WT
acs-1 acn1-5 sesqui-mutants, and acs-

Single mutants

Double

Sesqui-mutants ——

1 acn1-5 double mutants. Images of the
wild type (WT) alongside the indicated
mutant genotypes were captured at
defined growth periods (days [d]) after
planting. All plants were simulta-
neously grown in adjoining positions in
a growth room under continuous illu-
mination. Statistical analysis of the root
length, rosette diameter, height of ma-
ture bolt, and time to floral transition of
these mutants are shown in Supplemental
Table ST.

acs-1

dominance, which led to the “bushy appearance” of
these plants. Additionally, the double mutants exhibited
significantly delayed leaf senescence, and thus these
plants remained green for up to 150 d, whereas wild-
type plants had senesced by 90 d (Fig. 2A). The result-
ing dwarf-like phenotype of the double mutant resulted
in a final bolt height that was only 10% of the wild-type
height (Supplemental Table S1).

The infertility of the acs-1 acn1-5 double mutants was
shown to be due to aberrant flower inflorescences
(Fig. 2B) and defects in floral development (Fig. 2C).
Compared to the wild-type flowers, the flowers of the
double mutants were smaller, with smaller anthers,
shorter filaments, and malformed pistils, and no pollen
was released from the anthers (Fig. 2D).

Alterations in Central Metabolism

The in planta metabolic consequence of eliminating
the ACS and/or ACNI function(s) was explored by
profiling the metabolomes of the shoot and root tissues
of wild-type, acs-1 and acnl-5 single-mutant, and acs-
1 acn1-5 double-mutant seedlings grown for 16 d on a
defined medium. A total of 51 metabolites of central
metabolism were identified, including 14 amino acids, 9
organic acids, 4 sugars, 3 phosphorylated intermedi-
ates, 3 amines, and 17 lipids. The volcano plots shown
in Figure 3 identify those metabolites that were differ-
entially accumulated in the mutant tissues with respect
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ACN1-5/acn1-5 acn1-5/acn1-5 acni-5

to the wild-type tissues. Consistent with the silent
phenotypic nature of the acs-1 and acnl-5 single mu-
tants, there were very few statistically significant dif-
ferences in the metabolomes of either of these mutants.
The most significant differences were associated with
the roots of acnl-5 mutant plants; levels of seven me-
tabolites were decreased, with the greatest alteration a
40% reduction in Fru and Glc-6-phosphate levels
(Supplemental Dataset S1). Similar but more substantial
decreases in the levels of sugars, organic acids, and
amino acids have previously been reported in such a
mutant (Allen et al., 2011). The somewhat subtle dif-
ferences between this study and Allen et al. (2011) may
be associated with the fact that they gathered meta-
bolic profiles from principal growth stage 0.7 (Boyes
et al., 2001), using an acn1-2 mutant allele that is in the
Col-7 ecotype background (Nottingham Arabidopsis
Stock Centre stock N21343 or Arabidopsis Biological
Resource Center [ABRC] stock CS21343). The data in
the current study were generated from older seedlings
(principal growth stage 1.06), using the acnl-5 allele
that is in the Col-0 ecotype background (ABRC stock
(CS903402).

In contrast to the single mutants, the acs-1 acnl-5
double mutant exhibited profound and distinct altera-
tions in the metabolomes of shoots and roots. In shoots,
the levels of 24 metabolites differed significantly from
the wild type (8 increased and 16 decreased), and in
roots, the levels of 43 metabolites were significantly
reduced compared to the wild type (Fig. 3; Supplemental
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Dataset S1). Based on the number of metabolites that
were altered in the two organs, we conclude that al-
though the metabolic impact is similar in shoots and
roots, the effect is more pronounced in the roots than in
the shoots of seedlings. The specific metabolites that
showed altered levels indicate that processes such as
fatty acid metabolism and gluconeogenesis are affected
by the acs acnl double mutation. These conclusions are
based on the identification of the most dramatically al-
tered metabolites: (1) Glc, Glc-6-phosphate, and Fru,
which were decreased 5-fold from wild-type levels; (2)
plastid-generated fatty acids (i.e. 14:0, 16:0, and 16:3) and
endoplasmic reticulum-generated fatty acids (i.e. 20:0,
22:0, and 24:0) that were decreased between 2- and
5-fold; and (3) citrate and malate, which were decreased
by ~5-fold (Supplemental Dataset S1).

Alterations in Acetate Metabolism

Consistent with the ability of both ACS and ACNI to
preferentially utilize acetate as the substrate to produce
acetyl-CoA, compared to the wild-type seedlings, the
in vivo concentration of acetate was about 2-fold higher
in either of the acs-1 or acnl-5 single mutants and
was further increased in the double mutant by ~10-
fold, to reach 250 wmol g~! dry weight (Fig. 4A).
Based on these observations we hypothesized that the
hyperaccumulation of acetate is causative of the growth
phenotypes associated with the acs-1 acnl-5 double
mutant. We tested this hypothesis by growing wild-type
plants on medium containing different concentrations of
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Figure 2. Phenotypic characterization
of the acs-1 acni-5 double mutant
plants. A, Wild-type (WT) and acs-
1 acn1-5 double mutant plants imaged
at the indicated intervals after planting.
The altered phenotypes include ser-
rated leaf margins and short petioles (at
30 d); increased number of rosette
leaves and delayed bolting (at 90 d);
shorter and branched axillary inflo-
rescences (at 120 d); and dwarfing
and delayed senescence (at 150 d). B,
Abnormal inflorescence architecture
expressed by the acs-7 acn1-5 double
mutant. C, Magnified view of the de-
fective floral structure of a senescing
acs-1 acnl-5 double mutant flower.
D, Comparison of wild-type and acs-
1 acni1-5double mutant flowers at the
closed flower bud (left), half-open
flower (middle), and open flower
(right) stages. In each image, one se-
pal was removed to reveal the interior
organs.

acetate (Fig. 4B). The inclusion of 1 mm acetate in the
media resulted in inhibition of growth of both the shoots
and roots, and increasing the concentration of acetate in
the medium further increased the growth inhibition.
Direct evaluation of these tissues confirmed that the
exogenous acetate was taken up, resulting in increased
acetate concentration in the tissue (Fig. 4A). Moreover,
when the acs-1 or acnl-5 single mutants were grown on
this medium, the growth inhibition by acetate was more
pronounced than with the wild type, but not as pro-
nounced as the acs-1 acn1-5 double mutant (Figs. 4, C and
D). Thus, the presence of a functional ACS or ACN1 is
needed to metabolize acetate to acetyl-CoA and thus
reduce the impact of acetate on plant growth. This
growth inhibition caused by external acetate parallels
the increased endogenous acetate levels in the plant tis-
sue (Fig. 4A), and these results are consistent with prior
observations of the toxicity of acetate to plant growth
(Lin and Oliver, 2008; Turner et al., 2005).

Kinetics of 13C Labeling of the Plastidic and Cytosolic
Acetyl-CoA Pools

The flux though acetyl-CoA metabolism in plant
cells was monitored by incubating seedlings with
13C-labeled precursors (acetate or Glc). By comparing
the kinetic labeling data obtained with acs-1 or acn1-5
mutants to the data obtained with wild-type plants,
we could discriminate those processes that are de-
pendent on plastidial ACS from those that are de-
pendent on the peroxisomal ACN1.
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Figure 3. Metabolomic alterations in the acs- A Shoot Metabolome B Root Metabolome
1 and acni-5 single mutants and the acs-1 acn1-
5 double mutant. Volcano plot visualization of
statistically significant changes in metabolite levels 61 6
in the acs-7 and acni-5 single mutant and acs- a a
1 acn1-5 double-mutant shoots (A) and roots (B), B E
as compared to the levels in wild-type (WT) tissues. § . @ -
. . . 3 4 2 4
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identified in Supplemental Dataset S1, and 6 61
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The labeling of plastidic and cytosolic acetyl-CoA was
inferred by examining labeling of fatty acids, specifically
the McLafferty mass spectrometry (MS) fragment ions
(McLafferty, 1959) recovered from fatty acid methyl es-
ters. The McLafferty fragment ion (i.e. m/z 74) is a typical
fragment ion generated by the electron ionization that
occurs during MS of these molecules, and this fragment
contains the two carboxy-terminal carbon atoms of the
fatty acid. Thus, the fractional abundance of the [M + 2]*
ion of the McLafferty ion with a mass shift of 2 atomic
mass units (i.e. #/z 76) represents the metabolic origins of
the acetyl-CoA unit that was used in the final elongation
cycle of the fatty acid synthase or fatty acid elongase
reaction, which generates that fatty acid metabolite.

The contribution of ACS to the plastidic acetyl-CoA
pool was revealed by analyzing the labeling of the
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McLafferty ion recovered from the methyl ester of
hexadecanoic acid (16:0), which is a product of de novo
fatty acid synthesis in plastids (Fig. 5A). Incorporation
of label into this ion was unaffected by the acnl muta-
tion, reaching ~10% enrichment, as in the wild-type
plants, whereas it was almost completely blocked by
the acs mutation (Fig. 5B; Supplemental Dataset S2).
This is a finding consistent with prior radioisotope
studies that identified ACS as the acetate-activating
enzyme in plastids (Kuhn et al., 1981).

Similar studies evaluated the flux of label from ace-
tate through the cytosolic acetyl-CoA pool, which was
tracked by analyzing the McLafferty fragment ion
generated from the methyl ester of docosanoic acid
(22:0). This fatty acid is considered to be generated by
an endoplasmic reticulum-localized fatty acid elongase

Plant Physiol. Vol. 182, 2020
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Figure 4. Effect of acetate on the growth of seedlings and on endogenous acetate levels. A, Acetate content in wild-type (WT) and
mutant seedlings grown on media with or without 1 mm acetate. Values are means = st (n > 3). B, Wild-type Arabidopsis
seedlings grown for 16 d on media supplemented with the indicated concentrations of acetate. C, Shoot weight of wild-type and
mutant seedlings grown for 16 d on media with or without T mm acetate. Values are means * st (n > 14). D, Root length of the
wild-type and mutant seedlings grown for 16 d on media with or without T mm acetate; values are means = st (n > 14). In A, C,
and D, different letters above the data bars denote statistically significant differences among genotypes treated without acetate
(lowercase letters) and among those treated with 1 mm acetate (uppercase letters) at P < 0.05 (calculated using one-way ANOVA
followed by Tukey’s test for multiple pairwise comparisons). Asterisks indicate statistically significant differences between plants
treated with and without T mm acetate (*P < 0.05, ***P < 0.001; evaluated with Student’s t test).

(Li-Beisson et al., 2010), which utilizes a preexisting
acyl-CoA and elongates it with malonyl-CoA, gener-
ated from the cytosolic acetyl-CoA pool (Fig. 5A;
Fatland et al., 2005). Figure 5B shows that label from
acetate was incorporated more rapidly and more
comprehensively into the cytosolic acetyl-CoA pool
than the plastidic acetyl-CoA pool, and whereas the
acnl mutation did not affect this incorporation, the acs
mutation reduced the rate of incorporation by 50%.
These data indicate that ACN1 does not contribute to
the labeling of the cytosolic acetyl-CoA pool, but flux to
this pool is partially attributable to ACS.

Analogous experiments tested whether plastidic
ACS and peroxisomal ACNT1 are involved in activating
acetate generated from glycolytic intermediates. Simi-
lar to the acetate-labeling experiments, we evaluated
whether the acs or acnl mutations affect the rates at
which label is incorporated from [U-'3Cg4]Glc into the
McLafferty fragment ions generated from the fatty
acids 16:0 and 22:0. Unlike the acetate labeling patterns,
these experiments demonstrated that there is no dif-
ference in these rates among the three genotypes tested

Plant Physiol. Vol. 182, 2020

(Supplemental Fig. S3; Supplemental Dataset S3), in-
dicating that neither ACS nor ACNI is involved in
generating the in vivo pool of plastidic and cytosolic
acetyl-CoA pools from glycolytic intermediates. This is
consistent with prior studies that established the in vivo
physiological sources of these two acetyl-CoA pools, a
plastid-localized pyruvate dehydrogenase complex
(Bao et al., 2000; Lin et al., 2003) and a cytosol-localized
ATP-citrate lyase (Fatland et al., 2005), respectively.

Kinetics of 13C Labeling of Organic Acids and
Amino Acids

The above [U-13C,Jacetate- and [U-13Cg4]Glec-labeled
seedlings were analyzed in parallel to evaluate the ki-
netics of label-incorporation into 19 amino acids and
four organic acids. Compared to the wild type, the acs
and acnl mutations did not affect any of the labeling
patterns of amino acids and organic acids from [U-13C]J-
Glc (Supplemental Figs. 54-56; Supplemental Datasets
54 and S5), indicating that the metabolism of acetyl-CoA
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derived from the glycolytic pathway is not dependent on
ACS and ACN1 functionality.

By contrast, both the acs-1 and the acnl-5 mutations
inhibited the labeling kinetics of these amino acids and
organic acids from [U-13CJ-acetate (Fig. 6; Supplemental
Figs. S7 and D§; Supplemental Datasets S6 and S7). The
most profound genetic modulator of these labeling pat-
terns was the acnl mutation, which reduced the rate of
labeling by 50% or more for many of these metabolites,
including four organic acids (i.e. succinate, citrate, ma-
late, and fumarate) and nine of the analyzed amino acids
(i.e. Ser, Gly, Ala, Asp, Glu, Gln, GABA, Pro, and Orn).
Previously, Allen et al. (2011) reported a similar re-
duction in labeling of GIn in the acnl-2 mutant.
We surmise from these observations that the ACN1-
generated acetyl-CoA pool is a substrate for the glyox-
ylate cycle, labeling succinate, citrate, malate, and
fumarate, and these organic acids can serve as substrates
for amination or transamination reactions that generate
amino acids such as Asp, Glu, GIn, GABA, Pro, and Orn
(Owen et al., 2002; Hildebrandt et al., 2015). This sup-
position is consistent with the finding that the labeling
patterns of the organic-acid precursors are similar to that
of the amino acid products. In addition, the labeling
patterns of the two photorespiratory intermediates (Ser
and Gly) represent another mode for exporting the
acetyl-unit from peroxisomes, in the form of acetyl-CoA
(Reumann and Weber, 2006).

The single effect of the acs mutation was to reduce
the rate of Leu labeling, which was not affected by the
acnl mutation (Fig. 6). This Leu labeling was associ-
ated with the lower abundance of [M + 2] ion
(Supplemental Fig. S8), indicating that the acetyl
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group of the plastid-generated acetyl-CoA is di-
rectly incorporated into Leu, consistent with the fact
that Leu is synthesized from plastidic pyruvate and
acetyl-CoA (Binder, 2010).

Acetate Production via the Oxidation of Ethanol

Although the above genetic and labeling experiments
defined the important roles of ACS and ACN1 for me-
tabolizing acetate, the metabolic origin of this acetate is
unclear. One potential source may be by oxidation of
ethanol via the intermediate acetaldehyde, which is also
associated with the PDH-bypass (Boubekeur et al.,
1999). This potential was addressed by comparing the
response of the wild-type and acs-1 and acn1-5 mutant
seedlings grown in the presence of ethanol. The growth
of wild-type and acnl-5 mutant seedlings was unaf-
fected by exposure to 20 mm ethanol, and the concen-
tration of endogenous acetate was unaffected by this
treatment. However, the response of the acs-1 mutant
was dramatically different. These seedlings showed
significant growth phenotypic defects (Fig. 7A), and
this was coupled with a 7-fold increase in endogenous
acetate levels (Fig. 7B); both of these effects mirror the
morphological and biochemical phenotypes presented
by the acs-1 acn1-5 double mutant (Figs. 1 and 4A). The
coupling of growth aberrations with increased endog-
enous acetate levels was illustrated by titrating the
ethanol exposure of the acs-1 mutant seedlings. The
data presented in Supplemental Figure S9 shows
the direct correlation between the exposure to increas-
ing ethanol concentration and a growth penalty, as well
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as increasing endogenous acetate concentration. These
data therefore indicate the predominant contribution of
ACS in the removal of excess acetate produced from the
oxidation of ethanol.

Further evidence that ethanol is a metabolic precur-
sor of acetate was gained by using mutants in other
enzymes required in this oxidation pathway, namely
alcohol dehydrogenase (ADH), which generates acet-
aldehyde from ethanol, and aldehyde dehydrogenase
(ALDH), which converts acetaldehyde to acetate. Spe-
cifically, we genetically combined the acs mutation
with either adh or aldh mutations to generate double
mutant stocks. This experiment was complicated by the
fact that whereas ADH is encoded by a single gene
(Atlg77120), the Arabidopsis genome encodes poten-
tially 14 ALDH isozymes (Stiti et al., 2011; Song et al.,
2016). We specifically focused on the mitochondrial
ALDH?2B4 isozyme, which appears to be the major
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contributor to this pathway (Wei et al., 2009). Figure 7A
shows that in plants carrying the combination of acs and
aldh2b4 mutations, the hyperaccumulation of acetate
was blocked when these seedlings were challenged
with exogenous ethanol. These results therefore es-
tablish the importance of ALDH2B4 in forming ace-
tate from ethanol-derived acetaldehyde. However,
the finding that the acs-1 adh-1 double mutant only
suppresses acetate hyperaccumulation from ethanol
by ~30% (Fig. 7B) suggests that there is an alternative
source of acetaldehyde.

Additional experiments were thus conducted to test
whether this alternative source of acetaldehyde is via
the nonoxidative decarboxylation of pyruvate, cata-
lyzed by pyruvate decarboxylase (PDC), i.e. the PDH
bypass (Boubekeur et al., 1999). Among the four
genes encoding PDC in Arabidopsis, PDC1 and PDC2
are associated with hypoxic tolerance that generates
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ethanol (Ismond et al., 2003; Mithran et al., 2014).
Hence, we evaluated whether the incorporation of
label into acetate from [U-13C4]Glc is affected by
mutations in these PDC genes (Fig. 8A). With wild-
type seedlings, the proportion of labeled acetate from
[U-13C4]Glc was doubled when the seedlings were
exposed to hypoxia (Fig. 8B). The involvement of
PDC and ALDH in this conversion is indicated by
the fact that the pdc mutation (specifically pdc1) and
the aldh mutation (specifically aldh2b4) reduced this
conversion by ~50% and ~80%, respectively, whereas
the pdc2 mutation did not have such an inhibitory effect
(Fig. 8B). Further evidence supporting the involvement
of PDC1 and ALDH2B4 in this conversion of Glc to
acetate in hypoxia was obtained by the similarity in
labeling patterns obtained with the acs-1 aldh2b4-2
double mutant and the acs-1 pdcl-1 pdc2-1 triple mu-
tant (Fig. 8B).

DISCUSSION
Acetate Activation to Acetyl-CoA

The high-energy thioester bond that covalently links
acetate and CoA to form acetyl-CoA has attributes that
facilitate the role it plays as a key intermediate in me-
tabolism, juxtaposed between anabolic and catabolic
processes and linking central metabolism with spe-
cialized metabolism (Pietrocola et al., 2015). Indeed, it
has been hypothesized that acetyl-CoA may have pre-
ceded the role of ATP as the common energy carrier in a
so-called “thioester world” (de Duve, 1995).
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Because of the cellular and subcellular compart-
mentalization that occurs in multicellular organisms,
and because CoA-esters are membrane-impermeable
molecules, the generation and utilization of acetyl-
CoA is generally distributed in separate subcellular
compartments to meet the dynamic physiological de-
mands of the cell in response to different develop-
mental and environmental cues. This is particularly
apparent in plants, where multiple metabolic processes
regulate the flux through acetyl-CoA pools in at least
four subcellular compartments (Oliver et al., 2009).
Although considerable research has been devoted to
identifying the acetyl-CoA generation mechanisms in
plastids (Huang and Stumpf, 1970; Ke et al., 2000;
Schwender and Ohlrogge, 2002; Lin and Oliver, 2008),
mitochondria (Thompson et al., 1977; Yu et al.,, 2012),
peroxisomes (Hooks et al., 2004; Turner et al., 2005;
Graham, 2008), and the cytosol (Fatland et al., 2002,
2005), the presence of redundant acetyl-CoA-generating
enzymes and the difficulty of analyzing compart-
mentalized metabolism have posed a challenge of
understanding the spatially and temporally regulated
acetyl-CoA metabolism in separate subcellular com-
partments. In this study, we generated multimutant
plant stocks and applied metabolomic profiling and
stable isotope labeling strategies to characterize two
distinctly localized acetate-activating systems (ACS
and ACNI1) and addressed their importance in the
physiology and metabolism associated with growth
and development.

The initial demonstration in the 1950s that isoto-
pically labeled acetate can be incorporated into fatty
acids (Newcomb and Stumpf, 1953) suggested that
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Figure 8. Effect of hypoxia on the incorporation of label from [U-13C]
Glc into acetate. A, Schematic representation of the metabolic process
for the '3C incorporation into acetate from [U-"3C¢]Glc. [U-13C]GClc
will generate ['3C;]pyruvate through glycolysis. B, Wild-type (WT) and
mutant Arabidopsis seedlings were cultured for 24 h in media supple-
mented with 10 mm [U-"3Cg]Glc in the presence or absence of hypoxia
treatment. The '3C enrichment of cellular acetate was quantitated with
GC-MS. Values are means = st (n = 3-6). Different letters above the
data bars denote statistically significant differences among the geno-
types under control (lowercase letters) or hypoxia conditions (uppercase
letters); P < 0.05 (calculated by one-way ANOVA followed by Tukey’s
test for multiple pairwise comparisons). Asterisks indicate statistically
significant differences between the plants under control and hypoxia
treatment (*P < 0.05, **P < 0.01; ns, not significant; evaluated by
Student’s t test).

AMP-forming ACS played a role in generating acetyl-
CoA in plant cells. However, the in planta physio-
logical role of this mechanism for generating this fatty
acid precursor is unclear, because both genetic (Lin
et al., 2003) and isotope labeling experiments (Bao
et al, 2000) have established that the plastidic
acetyl-CoA is predominantly generated from pyru-
vate, a reaction catalyzed by ptPDHC (Williams and
Randall, 1979). More recently, ACN1 has been char-
acterized as a peroxisomal enzyme that catalyzes the
same AMP-forming activation of acetate, forming
acetyl-CoA (Hooks et al., 2004; Turner et al., 2005).
Allen et al. (2011) proposed that ACN1 prevents the
loss of free acetate from peroxisomes during lipid
mobilization. This is certainly possible, and if one
assumes that this acetate is generated from the hydrol-
ysis of acetyl-CoA (the product of B-oxidation of fatty
acids), which would constitute an energy-consuming
futile cycle. These findings therefore have left a di-
lemma concerning the physiological role of these two
distinctly localized, acetate-activating enzymes.

The existence of two isozymes of ACSs in different
subcellular locations has been characterized in many
eukaryotes, including fungi and mammals (Fujino
et al., 2001; Lee et al., 2011; Schug et al., 2016). In the
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case of Saccharomyces cerevisiae, the mitochondrial and
cytosolic ACS isozymes are needed for growth on ace-
tate and Glc, respectively, providing cells greater met-
abolic flexibility to changing environmental stimuli
(Van den Berg and Steensma, 1995).

Combined Action of ACS and ACNT1 Is Required for
Maintaining Acetate Homeostasis and Normal
Plant Growth

Prior genetic characterizations established that plants
carrying either acs or acn1 mutations are viable, without
any obvious abnormal growth phenotype (Turner et al.,
2005; Lin and Oliver, 2008). In this study, we un-
equivocally demonstrate that the combined function-
ality of the plastidic ACS and peroxisomal ACNT1 are
required for normal plant growth and development.
Thus, the genetic loss of either isozyme can be com-
pensated by the overlapping function(s) of the other
enzyme, but genetically losing both enzymes is dele-
terious to normal growth. This parallels the findings in
yeast, where the simultaneous disruption of both mi-
tochondrial and cytosolic ACS isozymes is lethal (Van
den Berg and Steensma, 1995), and this lethality may
be associated with the inability to metabolize acetate, as
overexpression of ACS in wild-type strains increases
yeast tolerance to exogenous acetic acid (Ding et al., 2015).

The metabolic alterations that were displayed by the
acs-1 acnl-5 double mutant include the drastic reduc-
tion in the levels of many intermediates of central me-
tabolism (i.e. amino acids, organic acids, sugars, and
lipids) and the hyperaccumulation of acetate. These
metabolic alternations were not observed in either the
acs-1 or acnl-5 single mutants. Because neither of these
mutations affects the normal acetyl-CoA-generating
systems in plastids, via PDHC (Lin et al., 2003), or
peroxisomes, via the B-oxidation pathway (Graham,
2008), the simultaneous absence of these two acetate-
activating enzymes is unlikely to cause these growth
and metabolic alterations due to lack of acetyl-CoA
generation, but rather due to build-up of the substrate
acetate. Indeed, the elevated accumulation of acetate in
the acs-1 acn1-5 double mutant is clear indication that,
in combination, ACS and ACNI are required to main-
tain acetate homeostasis and avoid the build-up of high
levels of this carboxylate. The fact that high levels of
exogenous acetate provided to wild-type plants causes
a growth phenotype similar to that of the acs-1 acnl-5
double mutant further supports this supposition that
the build-up of acetate levels is causative of the growth
defect. Consistent with this explanation are observa-
tions that the sensitivity to exogenous acetate is en-
hanced in both the acs-1 and acn1-5 single mutants, and
even more enhanced in the double mutant, compared to
the wild type.

Apparent inhibition of growth by acetate has previ-
ously been reported in seedlings (Turner et al., 2005)
and cultured embryos (Pollard et al., 2015), and it is not
an attribute unique to plants. High concentrations of
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acetate inhibit growth of Escherichia coli (Luli and
Strohl, 1990), Saccharomyces cerevisiaze (Pampulha and
Loureiro-Dias, 1989), and Chlamydomonas reinhardtii
(Chen and Johns, 1994). Several mechanisms have been
inferred from experiments with these microbial sys-
tems, including cellular acidification (Luli and Strohl,
1990; Jarboe et al.,, 2013), the induction of reactive
oxygen species (Giannattasio et al., 2013), the inhibition
of amino acid biosynthesis (Roe et al., 2002), and the
reduction in intracellular ATP levels (Ding et al., 2013).
In the acs-1 acnl-5 double mutant, a rise in acetate level
to ~20 mM on a plant-water basis would likely cause the
cytoplasmic pH to fall by ~1 pH unit, assuming a
buffering capacity of 15-30 mm per pH unit (Oja et al.,
1999). Cytoplasmic acidification would activate pyru-
vate decarboxylase (Joshi et al., 2019), which enhances
the formation of acetaldehyde that could potentially
lead to induced acetate production.

The fact that acetate levels are elevated in both the
acs-1 and acnl-5 single mutants, and are elevated to
even more extreme levels in the acs-1 acnl-5 double
mutants, suggests that acetate can move across plasti-
dic and peroxisomal membranes and be metabolized
by the available acetate-activating enzyme in the al-
ternate organelle in each single mutant. The interpre-
tation of the results presented in this study has been
guided by the findings that both the undissociated (i.e.
acetic acid) and anionic forms of acetate can move
across chloroplast membranes (Jacobson and Stumpf,
1972), but the acetate anion would dominate at physi-
ological pH and may require active transporters to fa-
cilitate the transportation process. Monocarboxylate
transporters that can facilitate the translocation of ace-
tate have been commonly found in bacteria, yeast, and
mammals (Paiva et al., 2004; Moschen et al., 2012; Sun
et al, 2018), and the Arabidopsis ABC transporter
COMATOSE (CTS) has been invoked in the transport of
acetate into peroxisomes (Hooks et al., 2007).

Metabolic Origin of Acetate in Plants

When the acs-1 acnl-5 double mutant seedlings are
grown in the absence of exogenous acetate, the en-
dogenous acetate level is increased 10-fold compared to
that in the wild-type seedlings, which implies that ac-
etate generation is a process that normally occurs dur-
ing growth and development. This study provides
evidence that one potential and possibly major mech-
anism for acetate production is through the oxidation of
acetaldehyde, catalyzed by ALDH2B4, and additional
ALDH isozymes could also contribute to this flux.
Furthermore, there are two potential metabolic sources
of acetaldehyde, ethanol oxidation catalyzed by alcohol
dehydrogenase (Bicsak et al., 1982) or nonoxidative de-
carboxylation of pyruvate catalyzed by pyruvate de-
carboxylase (Ismond et al., 2003).

Evidence for the former mechanism is the accumula-
tion of acetate in the acs-1 mutant fed with ethanol, in-
dicating the role of ACS in metabolizing ethanol-derived
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acetate. Although it is unclear why ACNT1 is less efficient
at detoxifying ethanol-derived acetate, exposure to in-
creased concentrations of ethanol leads to toxic accu-
mulation of acetate in the acs-1 mutant. In contrast to the
acs-1 mutant, lowering of acetate levels in the ethanol-fed
acs-1 aldh2b4-2 double mutant establishes the key role of
ALDH?2B4 in converting ethanol-derived acetaldehyde
to acetate. The involvement of ACS and ALDH in me-
tabolizing ethanol to fatty acids via acetate has been
implicated from prior observations of the incorporation
of label from 4C-ethanol into fatty acids (Cossins and
Beevers, 1963; Mellema et al., 2002), and has been further
substantiated by the observation that this rate of isotope
labeling is reduced in the acs-1 and aldh2b4-2 mutants
(Lin and Oliver, 2008; Wei et al., 2009).

Evidence for the second mechanism of acetalde-
hyde generation from pyruvate is supported by our
13C-Glc labeling experiments highlighting the key
roles of PDC1 and ALDH2B4 in this conversion, partic-
ularly during hypoxia. Prior observations detected a burst
of acetaldehyde accumulation when plants are reintro-
duced to oxygen after a hypoxia treatment (Kreuzwieser
etal.,, 1999; Boamfa et al., 2003; Copolovici and Niinemets,
2010). Thus, the ability of plants to convert acetaldehyde
to acetate may be related to posthypoxic recovery
(Nakazono et al., 2000; Tsuji et al., 2003). The labeling
of acetate from [U-13C¢]Glc in ambient conditions
suggests that acetate formation via the PDH bypass
occurs during normal aerobic conditions. The opera-
tion of the PDH bypass in such ambient conditions has
been inferred in pollen (Tadege et al, 1999) and
seedlings (Wei et al., 2009), and could occur in devel-
oping seeds with low internal oxygen concentrations
(Rolletschek et al., 2005). In addition, the operation of
the PDH bypass in aerobic tissues could be an adap-
tative response to episodic organellar thiamin diphos-
phate deficiency (Joshi et al., 2019).

Metabolic Fate of Acetate in Plant Cells

The metabolic fate of acetate catalyzed by either
ACS- or ACN1-dependent activation to acetyl-CoA
was delineated by tracing the dynamic incorporation
of 13C-labeled acetate into various downstream me-
tabolites, as affected by mutations in each enzyme-
coding gene. The acetyl-CoA pool generated by ACS
can support the de novo synthesis of fatty acids and
Leu, confirming prior characterizations of plastidic
acetyl-CoA metabolism (Kuhn et al., 1981; Binder,
2010). On the other hand, the ACN1-generated acetyl-
CoA pool provides the carbon backbones for synthesis
of many organic acids (succinate, citrate, malate, and
fumarate), as well as amino acids, many of which (Asp,
Glu, Gln, GABA, Pro, Orn, Gly, and Ser) are derived
from these organic acids. Because ACNI1 is localized in
peroxisomes, and these amino acids are not synthesized
in this organelle, it is likely that the translocation of
peroxisome-derived acetyl units is through the sequen-
tial action of peroxisomal citrate synthase, isocitrate
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lyase, and malate synthase (Pracharoenwattana et al.,
2005; Lingard et al., 2009), which generates anaplerotic
substrates for the mitochondrial tricarboxylic acid cycle
and thus leads to the labeling of amino acids from
peroxisome-derived acetate.

Finally, our labeling experiments suggest the exis-
tence of an additional acetate-activating route in the
cytosol that is independent of ACS and ACN1 func-
tionality. This uncharacterized route is inferred to ex-
plain the incorporation of label from '3C-acetate into
cytosolic acetyl-CoA-derived fatty acids in both the acs-
1 and acnl-5 single mutants. The near-identical labeling
pattern of cytosolic acetyl-CoA-generated downstream
metabolic products between the wild type and acnl-5
mutants rules out the possibility that cytosolic acetyl-
CoA is labeled from !3C-acetate via peroxisomally
generated citrate (Fatland et al., 2005), which can be
labeled from the ACN1-generated acetyl-CoA pool.
Thus, one potential source of a cytosolic acetyl-CoA-
generating mechanism could be provided by the other
61 members in the acyl-activating enzyme superfamily,
many of which display broad substrate ranges, in acti-
vating different carboxylic acids (Shockey and Browse,
2011). Indeed, Turner et al. (2005) reported acetyl-CoA
synthetase enzymatic activity in extracts devoid of or-
ganelles, but one cannot discount the possibility that
this was due to organelle disruption during the physical
fractionation of the plant tissue extracts. Such an
uncharacterized potentially cytosolic acetate-activating
route could make use of the CTS transporter that uti-
lizes the energy from ATP hydrolysis to translocate
acyl-CoAs into peroxisomes (Hooks et al., 2007; Nyathi
et al., 2010).

In summary, this study has revealed the important
role of acetate metabolism in plants by genetically and
metabolically characterizing two distinctly located
acetate-activating enzymes (i.e. plastidic ACS and per-
oxisomal ACN1). Combined loss of the two enzymes
leads to a dramatic increase in free acetate levels and
decreases in the levels of many acetyl-CoA-derived
downstream products of metabolism. These two re-
dundant acetate-activating enzymes are thus required
to prevent plants from accumulating deleterious levels
of acetate, which can be mimicked by feeding either
acetate or ethanol to wild-type plants. The results pre-
sented in this study provide further insights on inter-
relationships among different acetyl-CoA metabolic
processes that are distributed among different sub-
cellular compartments. Evidence presented herein
integrates dynamic data (i.e. metabolic fluxes) with
steady-state data (i.e. metabolite concentrations),
which are consistent with prior studies indicating
that maintaining acetate levels is critical to morpho-
logical stability (Pampulha and Loureiro-Dias, 1989;
Luli and Strohl, 1990; Chen and Johns, 1994; Turner
et al., 2005; Pollard et al., 2015). We suggest, there-
fore, that the evolutionary pressure to maintain
acetate-activating enzymes (at least ACS and ACN1)
is for sustaining acetate homeostasis, and to recover
carbon that would otherwise be “lost” to metabolism
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as products of the PDH bypass and/or recovery from
hypoxia stress conditions. Understanding the appar-
ent toxic effect of disrupting this acetate homeostasis
will require additional studies to directly assess the
effects of altered in vivo pH due to acetate hyper-
accumulation and altered compartment-specific acetyl-
CoA metabolism caused by the inability to directly
generate acetyl-CoA from acetate, and to distinguish
between these effects.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Seed stocks of wild-type Arabidopsis (Arabidopsis thaliana, ecotype Col-0)
and T-DNA insertional mutant lines were obtained from the ABRC (http://
abrc.osu.edu/). The single knockout line acs-1 (SALK_015522) has been de-
scribed earlier (Lin and Oliver, 2008), and alleles acs-2 (SALK_131620), acn1-4
(SALK_009373C), and acn1-5 (CS903402) are described herein. The two acnl
mutant alleles used in this study are different from those previously charac-
terized (i.e. acnl-1, acn1-2, and acn1-3; Hooks et al., 2004; Turner et al., 2005;
Allen et al, 2011). In addition, the previously characterized pdcl-
1 (SALK_090204), pdc2-1 (CS862662), adh-1 (SALK_052699), and aldh2bd-2
(SALK_078568) mutants were used for the ethanol feeding and hypoxia treat-
ment experiments (Mithran et al., 2014; Song et al., 2016; Wei et al., 2009). All
mutant alleles are in the Col-0 background.

Seeds were surface sterilized and scattered on one-half strength Murashige
and Skoog agar medium supplemented with a vitamin mixture (Sigma-
Aldrich). In the acetate and ethanol feeding experiments, the agar medium was
supplemented with different concentrations of sodium acetate and ethanol,
respectively. All media were adjusted to pH 5.7 before sterilization. Seeds were
imbibed and stratified for 48 h at 4°C in darkness, and plants were grown under
continuous illumination (100 umol photons m~2 s~ 1) at 22°C and 60% relative
humidity. For the hypoxia treatment experiment, 16-d-old seedlings grown on
agar plates were transferred into one-half strength Murashige and Skoog liquid
medium containing 10 mm [U-13C¢]Gle. Hypoxia was induced by flushing the
liquid medium with nitrogen for 24 h to remove dissolved oxygen. As controls,
a parallel set of plants was kept in the same liquid medium but under aerobic
conditions for the duration of the experiment.

PCR-Based Genotyping and RT-PCR Analysis

PCR-based genotyping was conducted with template plant genomic DNA
extracted from rosette leaves of individual plants as described previously
(Sussman et al., 2000) and adapted to 96-well plate format. PCR reactions were
conducted with GoTaq Green Master Mix (Promega) with allele-specific primer
pairs (Supplemental Table S4). The resulting PCR products were analyzed by
agarose gel electrophoresis. The precise T-DNA insertion positions in each allele
of the ACS and ACN1 genes were identified as the 18th intron for acs-1, the 12th
intron for acs-2, the third exon for acnl-4, and the second exon for acnl-5
(Supplemental Fig. S1A).

RT-PCR analysis was conducted on RNA isolated from plants using TriZol
(Invitrogen). Contaminating DNA was removed by using a TURBO DNA-free
kit (Invitrogen). RNA concentration was determined spectroscopically using a
NanoDrop ND1000 Spectrophotometer (Thermo Fisher Scientific). Comple-
mentary DNA (cDNA) synthesis was conducted with a cDNA EcoDry Kit
(Clontech) using 2 ug of RNA as the precursor. The resulting cDNA was used as
the template for semiquantitative RT-PCR, performed with gene-specific
primer pairs (Supplemental Table S5) and the GoTaq Green Master Mix
(Promega).

Meiotic Recombination to Generate Multimutant Stocks

Double mutants targeting the ACS and ACN1 genes were generated by
crossing homozygous plants carrying each of the acs mutant alleles with homo-
zygous mutant plants carrying each of the acn1 alleles. The acs acn1 homozygous
double mutant lines (i.e. acs-1 acnl-4, acs-1 acn1-5, acs-2 acnl-4, and acs-2 acnl-5
double mutants) were detected in the F2 selfed progeny of the four pairwise
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combinations of crosses, and these stocks were confirmed by PCR genotyping. For
each of the four double mutant lines, families of >500 F2 plants were individually
screened for aberrant phenotypes. Segregation ratios were determined by PCR
genotyping of 200 individual F3 plants generated from the self-pollination of
stocks that carried sesqui-mutant combinations of alleles. A statistical y? good-
ness-of-fit test was used to determine whether the observed segregation ratios
differ from the expected Mendelian segregation ratios. Similar intermating strat-
egies were used to generate the acs-1 adh-1 and acs-1 aldh2b4-2 double mutant, and
the acs-1 pdc1-1 pdc2-1 triple mutant stocks.

Plant Phenotyping

Images of emerging seedlings and freshly opened flowers were obtained with
a stereomicroscope (Macrozoom). Mature plants were imaged with a Nikon
digital camera. Root length and rosette diameter were determined by quanti-
fying the images using ImageJ software (http://imagej.nih.gov/ij/). Time to
floral transition is defined as the interval from germination to the day of flower
bolting. All measurements were carried out on 16 biological replicates. The
significance of differences between the mutant plants and the wild type were
assessed by ANOVA, followed by Dunnett’s test for multiple comparisons of
means using the R package “Ismeans” (Lenth, 2016).

Metabolite Profile Analysis

Leaves and roots of 16-d-old Arabidopsis seedlings from the mutant lines
and wild type were rapidly collected, flash-frozen in liquid nitrogen, and ly-
ophilized. Metabolites were extracted from preweighed dry tissues using the
methanol/chloroform/water extraction protocol, as described previously
(McVey et al., 2018). Known concentrations of nor-Leu and nonadecanoic acid
were spiked onto the tissue, and these were used as internal quantification
standards for polar and nonpolar fractions, respectively. The extracts were
separated into two phases, facilitated by centrifugation, and the upper
methanol-water phase (polar fraction) was removed, dried, and derivatized
with methoxyamine hydrochloride and N,O-Bis(trimethylsilyl)trifluoroacetamide
(BSTFA) with 1% (w/v) trimethylchlorosilane. The trimethylsilyl-derivatized polar
samples were analyzed by a gas chromatography (GC)-MS system (an Agilent 6890
GC equipped with an Agilent HP-5ms column and interfaced to an Agilent 5973
MS) as described previously (McVey et al., 2018). The bottom, chloroform phase
(nonpolar fraction) was dried separately and derivatized using 1 N methanolic HCI
as described by Lu et al. (2008). The recovered fatty acid methyl esters (FAMEs) were
quantified using a GC coupled to a flame ionization detector system (an Agilent
6890 GC equipped with an Agilent DB-1ms column). The chemical identity of each
FAME was confirmed by MS with an Agilent 5973 MS. All peak areas were nor-
malized relative to the peak areas of the internal standards (nor-Leu and non-
adecanoic acid) and per sample dry weight. The averages from at least four
biological replicates were used to determine the fold changes between each mutant
line and the wild type. Student’s f test was performed to identify the metabolites that
changed concentrations between each mutant line and the wild type. The resultant
P-values were corrected using the method of Benjamini and Hochberg (1995) to
control the false discovery rate at 0.05, using R.

Quantification of Acetate

Seedlings were harvested, quenched in liquid nitrogen, and lyophilized.
Preweighed dry samples were homogenized for 1 min at 30 Hz, using a Mixer
Mill 301 (Retsch) with five Zirconia beads (2.3 mm; Biospec.com). Following
addition of the internal standard [U-13C,]sodium acetate (99 atom % [w/w] 13C;
Sigma-Aldrich) at a rate of 4 ug/mg dry tissue, the tissue was extracted with
200 uL of HPLC-grade water. After sonication for 15 min and centrifugation at
16,000¢ for 10 min, 50 uL of the supernatant was diluted with an equal amount
of HPLC-grade isopropanol, and the mixture was adjusted to pH 2-3 by the
addition of 4 N HCI. The extracts were analyzed using a GC-MS system
(an Agilent 6890 GC coupled to an Agilent 5975C MS) equipped with a
nitroterephthalic acid-modified polyethylene glycol column (HP-FFAP; 30 m,
0.25-mm internal diameter, 0.25-um film thickness; Agilent Technologies). An
aliquot of the sample extract (2 uL) was injected in splitless mode with a helium
carrier gas flow set at 2 mL/min, and the injector and transfer line temperatures
were set to 260°C. The oven temperature was initially held at 60°C for 1 min,
then raised to 120°C at 7.5°C/min, ramped to 240°C at 30°C/min, and kept at
this temperature for 2 min. The MS was operated in selective-ion mode (electron
impact at 70 eV, ion source temperature at 240°C), monitoring ions at m/z values
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of 60-62. Peak areas of unlabeled acetate (1/z 60) and the '3C-labeled internal
standard (m/z 62) were processed using Agilent ChemStation software. The
amount of plant endogenous acetate was calculated using the standard isotope
dilution method (Rittenberg and Foster, 1940). The fractional abundance of
13C,-labeled acetate in the hypoxia-treatment experiment was determined with
[1-13C;]sodium acetate (99 atom % [w/w] 3C, Sigma-Aldrich) as the internal
standard. The amount of unlabeled acetate (m/z 60) and '*C,-labeled acetate
(m/z 62) were calculated based on the 1*C;-labeled internal standard (m/z 61)
using the isotope dilution method.

B3C-Isotope Kinetic Labeling

A liquid culture seedling system was utilized to monitor the kinetics of the
incorporation of stable isotope from a defined substrate to downstream me-
tabolites. This system enabled the rapid switch of the substrate of interest from
the 12C-labeled substrate to the >C-labeled substrate (Yuan et al., 2008; Evans
et al., 2018). Specifically, sterilized seeds were germinated in 125-mL sterile
Erlenmeyer glass flasks containing 50 mL of one-half strength Murashige and
Skoog liquid medium at pH 5.7 (adjusted as needed with KOH) supplemented
with either 1 mm sodium 2C-acetate or 10 mm '2C-Glc. These flasks were
arranged in a randomized complete block design on a platform shaker
(120 rpm) under continuous illumination (100 wmol photons m~2 s™!) at a
temperature of 22°C. After a 15-d incubation period, seedlings were rapidly
switched into flasks containing medium that was identical except that it in-
cluded either 1 mm [U-13C,]sodium acetate or 10 mm [U-13C4]Glc. This medium
switch was staggered so that after 60 h, seedlings in different flasks were ex-
posed to the isotope labeled medium for 12, 24, 36, 48, or 60 h. The whole
seedlings were then quickly collected by filtration, washed three times with
one-half strength Murashige and Skoog medium, quenched by flash-freezing in
liquid nitrogen, lyophilized, and stored at —80°C until analysis.

GC-MS Analysis of Isotopic Labeling Patterns

Extraction of intracellular metabolites and analysis by GC-MS was per-
formed as described above (“Metabolite Profile Analysis”) using an Agilent
6890 GC equipped with an Agilent HP-5ms column and coupled to an Agilent
5973 MS. All measurements were carried out on whole seedlings with four
biological replicates. The fatty acids recovered in the nonpolar fraction were
converted to FAMEs as described previously (Lu et al., 2008). The McLafferty
fragment ions (m/z 74) from individual FAMEs contained the C1 and C2 of
saturated fatty acids. The fractional labeling of these two terminal carbon
atoms of each fatty acid was determined by analysis of the m/z 74-76 ion
cluster (Schwender and Ohlrogge, 2002). Amino acids and organic acids re-
covered in the polar fraction were derivatized in anhydrous pyridine with
N-(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide and 1% (w/v)
tert-butyldimethylchlorosilane as described by Young et al. (2014). The
resulting tert-butyldimethylsilyl derivatives produce characteristic mass-
spectrometric fragment ions, as described earlier (Antoniewicz et al., 2007;
Young et al., 2014). Supplemental Table S6 identifies these characteristic
fragment ions that were used for the isotopomer analysis and the number of
carbon atoms that could be labeled in the evaluated amino acids and or-
ganic acids. Extracted ion chromatograms for each isotopomer were inte-
grated using DExSI 1.11 (Dagley and McConville, 2018) to generate mass
isotopomer distribution, which describes the fractional abundances of each
mass isotopomer for a metabolite (Buescher et al., 2015). A metabolite with
x carbon atoms can have x mass isotopomers with the m/z range from M to
M + x; the sum of the fractional abundances from M to M + x is 100%. The
measured mass isotopomer distributions were corrected for natural isotope
abundance using Fluxfix 0.1 (Trefely et al., 2016). The mean '3C enrichment
for each metabolite is the weighted sum of the fractional abundance of each
mass isotopomer, as described earlier (Schwender and Ohlrogge, 2002;
Szecowka et al., 2013).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: At5g36880 (ACS; gene iden-
tification [ID] 833655); At3g16910 (ACN1; gene ID 820946); Atlg77120 (ADH;
gene ID 844047); At3g48000 (ALDH2B4; gene ID 823955); At4g33070 (PDCI;
gene ID 829444); and At5g54960 (PDC2; gene ID 835587).
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Supplemental Materials

The following supplemental materials are available.
Supplemental Figure S1. Identification of acs and acnl mutant alleles.

Supplemental Figure S2. Development of progeny from acs-1 acnl-5
sesqui-mutant seedlings.

Supplemental Figure S3. Kinetics of the isotope incorporation from
[U-13C4]Glc into the McLafferty fragments of methyl ester derivatives
of hexadecanoic acid (16:0) and docosanoic acid (22:0) by wild-type, acs-
1, and acnl-5 mutant seedlings incubated on media containing 10 mm
[U-13C4]Gle.

Supplemental Figure S4. Pathway view of [U-'3C¢]Glc labeling kinetics of
amino acids and organic acids.

Supplemental Figure S5. Time course of mass isotopomer distribution of
13C-labeled organic acids from [U-'3C¢]Gle.

Supplemental Figure S6. Time course of mass isotopomer distribution of
13C-labeled amino acids from [U-'3C4]Gle.

Supplemental Figure S7. Time course of mass isotopomer distribution of
13C-labeled organic acids from [U-'3C,Jacetate.

Supplemental Figure S8. Time course of mass isotopomer distribution of
13C-labeled of amino acids from [U-13C,]acetate.

Supplemental Figure S9. Effect of ethanol dose on growth of seedlings and
endogenous acetate levels.

Supplemental Table S1. Growth characteristics of acs and acnl single mu-
tants, and acs-1 acnl-5 sesqui- and double mutants.

Supplemental Table S2. Phenotype segregation in the F2 generation from
acs acnl heterozygous double mutant parents.

Supplemental Table S3. Segregation analysis of F3 progeny from two
sesqui-mutant lines.

Supplemental Table S4. Sequences of the DNA primer pairs used in PCR
analyses in this study.

Supplemental Table S5. Sequences of the DNA primer pairs used for RT-
PCR analysis.

Supplemental Table S6. GC-MS fragments of tert-butyldimethylsilyl-
derivatized amino acids and organic acids.

Supplemental Dataset S1. Metabolite profiling revealed differential meta-
bolic changes of acs-1 and acnl-5 mutant seedlings.

Supplemental Dataset S2. Differences in '3C enrichment of terminal acetyl
groups of 16:0 and 22:0 fatty acids after labeling with [U-13C;Jacetate.

Supplemental Dataset S3. Differences in 13C enrichment of terminal acetyl
groups of 16:0 and 22:0 fatty acids after labeling with [U-3C4]Glc.

Supplemental Dataset S4. Differences in average percent of *C enrich-
ment of organic acids and amino acids after labeling with [U-13C4]Glc.

Supplemental Dataset S5. Differences in percent abundance of each iso-
topomer in organic acids and amino acids after labeling with [U-13Cq4]
Glc.

Supplemental Dataset S6. Differences in average percent *C enrichment
of organic acids and amino acids after labeling with [U-13C;]acetate.

Supplemental Dataset S7. Differences in percent abundance of each iso-
topomer in organic acids and amino acids after labeling with [U-13C,]
acetate.
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