
Mitochondrial Fatty Acid Synthase Utilizes Multiple Acyl
Carrier Protein Isoforms1[OPEN]

Xinyu Fu,a,b,c Xin Guan,a,b,c Rachel Garlock,a and Basil J. Nikolaua,b,c,2,3

aRoy J. Carver Department of Biochemistry, Biophysics, and Molecular Biology, Iowa State University,
Ames, Iowa 50011
bCenter for Biorenewable Chemicals (CBiRC), Iowa State University, Ames, Iowa 50011
cCenter for Metabolic Biology, Iowa State University, Ames, Iowa 50011

ORCID IDs: 0000-0003-4178-238X (X.F.); 0000-0002-7983-2103 (X.G.); 0000-0002-4672-7139 (B.J.N.).

Acyl carrier protein (ACP) is a highly conserved cofactor protein that is required by Type II fatty acid synthases (FASs). Here, we
demonstrate that up to three mitochondrial ACP (mtACP) isoforms support the Arabidopsis (Arabidopsis thaliana) mitochondrially
localized Type II FAS. The physiological importance of the three mtACPs was evaluated by characterizing the single, double, and
triple mutants. The mtACP1 (At2g44620), mtACP2 (At1g65290), and mtACP3 (At5g47630) single mutants showed no discernible
morphological growth phenotype. Functional redundancy among the three mtACPs was indicated by the embryo-lethal phenotype
associated with simultaneous loss of all three mtACP genes. Characterization of all double mutant combinations revealed that although
themtacp1 mtacp3 andmtacp2 mtacp3 double mutant combinations showed no observable growth defect, themtacp1 mtacp2 double mutant
was viable but displayed delayed growth, reduced levels of posttranslationally lipoylated mitochondrial proteins, hyperaccumulation
of photorespiratory Gly, and reduced accumulation of many intermediates in central metabolism. These alterations were partially
reversed when the mtacp1 mtacp2 double mutant plants were grown in a nonphotorespiratory condition (i.e. 1% CO2 atmosphere) or
in the presence of 2% Suc. In summary, mtACP, as a key component of mitochondrial fatty acid biosynthesis, is important in generating
the fatty acid precursor of lipoic acid biosynthesis. Thus, the incomplete lipoylation of mitochondrial proteins in mtacp mutants,
particularly Gly decarboxylase, affects the recovery of photorespiratory carbon, and this appears to be critical during embryogenesis.

At least three enzyme systems, each localized in
distinct subcellular compartments, generate fatty acids
in plants. The majority of these fatty acids are used as
building blocks for cellular lipids (e.g. glycerolipids in
membranes and triacylglycerol in seeds). These are
primarily produced by a plastid-localized Type II fatty
acid synthase (ptFAS), which produces acyl chains of
16–18 carbon atoms (Ohlrogge and Browse, 1995).
These fatty acids can be further elongated by the en-
doplasmic reticulum-localized fatty acid elongase
(FAE) system to generate the very-long-chain fatty
acids (i.e. acyl chains with .18 carbon atoms), which
are primarily used to assemble the epicuticular lipids
and sphingolipids (Samuels et al., 2008; Markham et al.,
2011). The primary contribution of the mitochondrially

localized Type II fatty acid synthase system (mtFAS)
appears to be the generation of the fatty acid precursor
of lipoic acid, an essential cofactor of several key en-
zymes in metabolism (Wada et al., 1997; Guan et al.,
2015, 2017; Guan and Nikolau, 2016).
Both ptFAS and mtFAS systems utilize acyl carrier

protein (ACP) as a cofactor protein that shuttles acyl
intermediates between active sites of the catalytic com-
ponents of each FAS system (White et al., 2005). TheACP-
dependent function cannot be accomplished without
converting the inactive apo form into the active holo form
via the posttranslational phosphopantetheinylation of
a conserved Ser residue (Lambalot et al., 1996). The ter-
minal thiol of the ACP-carried phosphopantetheine
arm covalently binds to the acyl intermediates via a high-
energy thioester bond (Lambalot et al., 1996).
Prior characterization of the Arabidopsis (Arabidopsis

thaliana) mtFAS system has identified individual en-
zymatic components of this system, including phos-
phopantetheinyl transferase (mtPPT; Guan et al., 2015),
malonyl-CoA synthetase (mtMCS; Guan and Nikolau,
2016), b-ketoacyl-ACP synthase (mtKAS; Ewald et al.,
2007), and 3-hydroxyacyl-ACP dehydratase (mtHD;
Guan et al., 2017), and these studies have established
the essential role of mtFAS in plant growth and devel-
opment. However, the genetic machinery that encodes
the mitochondrial ACP component (mtACP) has not
been elucidated.
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ACP was initially isolated from plant and bacterial
sources in the 1960s (Simoni et al., 1967). Subsequent
characterization identified multiple ACP isoforms in
plastids (Ohlrogge and Kuo, 1985; Guerra et al., 1986)
and mitochondria (Chuman and Brody, 1989; Shintani
andOhlrogge, 1994). In Arabidopsis, eight gene loci can
be recognized by sequence homology to encode ACP
isoforms, five of which are plastidic ACPs (ptACPs),
and three of which appear to be mtACPs (Mekhedov
et al., 2000). The plastid isoforms show distinct patterns
of expression in response to developmental and envi-
ronmental cues. Specifically, ptACP1 (At3g05020),
ptACP2 (At1g54580), and ptACP3 (At1g54630) are
near constitutively expressed in leaves, roots, and
seeds (Hloušek-Radojčić et al., 1992), whereas ptACP4
(At4g25050) is predominantly expressed in leaves and
is induced upon illumination of plants (Bonaventure
and Ohlrogge, 2002), and ptACP5 (At5g27200) is pref-
erentially expressed in roots and down-regulated by
salt stress (Huang et al., 2017). Mutations in ptACP4
lead to a chlorotic phenotype with altered fatty acid
composition (Branen et al., 2003; Ajjawi et al., 2010).

Here, we characterized the physiological functions of
the three putative mtACP-coding genes (At2g44620,
At1g65290, and At5g47630) by a reverse genetic strat-
egy. These studies reveal that although mutations in
individual mtACP genes do not affect growth or de-
velopment, simultaneous mutations in all three mtACP
genes is associated with embryo lethality. The analysis
of different combinations of mtACP double mutants
uncovers complex functional redundancies among the
three mtACPs, which reveals the dependence of the
mtFAS system on mtACP isoforms.

RESULTS

Phylogenetic Analysis of Plant ACP Homologs

Multiple sequence alignment of the Arabidopsis
ptACP and mtACP amino acid sequences revealed the
common DSLD-motif, which contains the Ser residue
that is phosphopantetheinylated to form holo-ACPs
(Supplemental Fig. S1). The three Arabidopsis mtACP
isoforms share between 40% and 54% sequence iden-
tity, but considerably lower sequence similarity (33% to
42%) with the five ptACPs. Figure 1 shows the wider
phylogenetic context of the Arabidopsis ACPs in relation
to ACPs from 39 flowering plants representing major
clades of APG IV (The Angiosperm Phylogeny Group,
2016) and threemicrobial sources (Supplemental Dataset
S1). Within the ptACP clade, Arabidopsis ptACP1,
ptACP2, ptACP3, and ptACP5 group more closely in a
subclade that is separate from the ptACP4 clade, sug-
gesting that the divergence between ptACP4 and the
other four ptACPs occurred early in evolution.

The putativemtACP sequences segregate in a separate
clade, which is indicative of their distant evolutionary
relationship with respect to ptACPs. The mtACP clade
includes two previously characterized mtACPs from
yeast (Saccharomyces cerevisiae; Van Vranken et al., 2016)

and Chlamydomonas reinhardtii (Blatti et al., 2012). The
three Arabidopsis mtACPs fall into three distinct
clades, and each of these major clades contains exam-
ples of ACPs from both dicot and monocot plants.
Hence, we conclude that the emergence of the three
mtACP homologs has a deep evolutionary history
predating the split between eudicots and monocots.

Experimental Validation of the Mitochondrial Localization
of the Putative mtACP Gene Products

The in silico predictions of the subcellular localization of
the three putative Arabidopsis mtACPs suggest that they
are likely to be localized in mitochondria (Supplemental
Table S1). Experimental confirmation of these computa-
tional predictions was provided by the transgenic expres-
sion of each ACP-coding open reading frame (ORF) fused
to the ORF encoding the GFP. These transgenes were
expressed in planta under the transcriptional control of the
35S promoter, and Figure 2 shows confocal micrographs
of the roots of the resulting transgenic plants as com-
pared to control plants. The GFP fluorescence from all
three mtACP-fusions colocalized with the mitochondrial
marker, MitoTracker. In contrast, no GFP fluorescence
signal was detected in the nontransgenic wild-type control
plants, and theGFPfluorescence signal from the p35S::GFP
control plants accumulates in the cytosol. These analyses,
therefore, confirm the mitochondrial localization of the
mtACP1, mtACP2, and mtACP3 proteins.

Differential Tissue Expression Profiles of mtACP Genes

The spatial and temporal expression patterns of the
three mtACP genes were characterized using RNA
extracted from several tissues of wild-type plants.
Reverse-transcription quantitative PCR (RT-qPCR) anal-
ysis showed that in all tissues examined, themtACP1 and
mtACP2 transcripts accumulated at levels 10- to 50-fold
higher than those of mtACP3 (Fig. 3). The lower levels of
mtACP3 mRNA is consistent with the fact that only
mtACP1 and mtACP2 proteins have been detected in a
prior proteomic study (Meyer et al., 2007). While the ex-
pression levels of mtACP1 and mtACP3 did not vary
among the tissues examined, the expression of mtACP2
showed an ;3-fold variation among the different tissues
examined, with the highest level occurring in flowers and
the lowest in young seedling leaves. These expression
patterns ofmtACPs are consistent with public microarray
and RNAseq data (Supplemental Fig. S2; Hruz et al.,
2008), and are similar to the expression patterns of other
characterized mtFAS gene components, such as mtPPT
(Guan et al., 2015),mtKAS, and mtHD (Guan et al., 2017).

Characterization of the In Planta Functions of
mtACP Isoforms

The physiological roles of the three mtACP iso-
forms were dissected by characterizing transfer DNA
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(T‐DNA)-taggedmutant alleles (i.e.mtacp1,mtacp2, and
mtacp3). RT-PCR analysis of RNA isolated from plants
that are homozygous for themutant alleles at each locus
confirmed that each mutant stock carries null alleles at
each locus (Supplemental Fig. S3). Moreover, in each
mutant stock, there was no detectable compensatory
change in the expression of the other twomtACP genes,

which are in the wild-type state (Supplemental Fig. S3).
Loss of any single mtACP isoform (i.e. mtacp1, mtacp2,
and mtacp3 mutants) did not cause any observable al-
teration in the morphological appearance or biomass
of the resulting plants (Fig. 4; Supplemental Fig. S4),
indicating functional redundancy among the three
isoforms.

Figure 1. Phylogenetic analysis of ACPs. Plant ACP protein sequences were aligned using the ClustalW program and depicted as
a rooted phylogenetic tree using the neighbor-joining method in MEGAX. The protein sequence of Escherichia coli ACP was
chosen as an outgroup. The numbers at each node represent the bootstrap values using 1,000 replicates. The protein IDs for ACPs
are listed in Supplemental Dataset S1.
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The potential genetic redundancy among the mtACP
isoforms was explored by characterizing different com-
binations of homozygous double mutant plants (i.e.
mtacp1 mtacp2, mtacp1 mtacp3, and mtacp2 mtacp3). In
contrast to the mtacp1 mtacp3 and mtacp2 mtacp3 double
mutants, which displayed a normal morphological

phenotype, the mtacp1 mtacp2 double mutant exhibited
a significant impairment in vegetative and reproduc-
tive growth (Fig. 4; Supplemental Fig. S4). Specifically,
the mtacp1 mtacp2 double mutants had only developed
two rosette leaves by 16 d after imbibition, whereas
by this stage wild-type plants and mtacp1 mtacp3 and

Figure 2. Subcellular localization of
Arabidopsis mtACP1, mtACP2, and
mtACP3. Each row shows images
obtained from wild-type nontransgenic
plants or from plants carrying the indi-
cated GFP fusion transgene. Fluores-
cence signals from rootsweremonitored
by confocal laser scanning microscopy
using GFP fluorescence (column 1) and
MitoTracker fluorescence (column 2).
The resulting images were overlaid
(column 3) to indicate the colocalization
of GFP with the MitoTracker signal.
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mtacp2 mtacp3 double mutants had developed six ro-
sette leaves. Additionally, the mtacp1 mtacp2 double
mutants had not bolted by 40 d after imbibition,
whereas by this time wild-type plants, and mtacp1
mtacp3 and mtacp2 mtacp3 double mutants, had bolted
and produced siliques. Despite growing more slowly
than the wild-type plants, the mtacp1 mtacp2 double
mutants eventually reached full maturity and produced
viable seeds.
These morphological delays in the development of

the mtacp1 mtacp2 double mutants are probably asso-
ciated with the fact that these two genes are expressed
at levels 10- to 50-fold higher than mtACP3. Hence,
in this double mutant there is not sufficient ACP ex-
pression in mitochondria to support mtFAS activity.

This potential causality was confirmed by over-
expression of the mtACP2-GFP transgene in this dou-
ble mutant, which completely restored the growth of
the mtacp1 mtacp2 mutant to wild-type morphology
(Supplemental Fig. S5). Furthermore, this indicates that
the fusion of the GFP protein sequence does not sig-
nificantly affect mtACP2 function. This is probably
because the two sequences form distinct domains such
that each can function independently without interfer-
ing with the other’s functionality, a fact that is also
consistent with the ability of the fused protein to show
fluorescence.
Because all mtacp single and double mutants were

viable, we tested whether combining mutations at all
three mtACP loci was also viable. We genotyped 98
progeny obtained from selfing plants that are hetero-
zygous mutants at all three mtACP genes (i.e. parents
with the genotype mtACP1/mtacp1 mtACP2/mtacp2
mtACP3/mtacp3), expecting that 1:64 of the seedlings
would be homozygous triple mutants. We were
unable to find a homozygous triple mutant despite the
fact that we readily recovered plants that were homo-
zygous mutant at two mtACP loci and heterozygous at
the third. Specifically, we were able to recover plants
with the following three genotypes: (1) mtacp1/mtacp1
mtacp2/mtacp2 mtACP3/mtacp3; (2) mtacp1/mtacp1
mtACP2/mtacp2 mtacp3/mtacp3; and (3) mtACP1/mtacp1
mtacp2/mtacp2 mtacp3/mtacp3.
Of these three recovered genotypes, only the mtacp1/

mtacp1 mtacp2/mtacp2 mtACP3/mtacp3 mutant revealed
a slow growth phenotype that is similar to the
mtacp1 mtacp2 double mutant, and all other recov-
ered genotypes showed no observable growth
defects (Supplemental Fig. S6). That only one wild-
type allele of mtACP1 or mtACP2 is able to support
the normal growth of these plants reinforces the
conclusion that these two genes are functionally
more significant in supporting plant growth and
development than is mtACP3.
Moreover, the germplasm resulting from selfing each

of the above lines enabled more direct evaluation of the
effect of the absence of mtACP (Fig. 5). Because the

Figure 3. Expression profile of mtACP in different Arabidopsis tissues.
Data represent the expression level of the individual mtACP isoform
mRNA in different tissues of wild-type Arabidopsis plants as quantified
by RT-qPCR. The expression levels were normalized against the level of
the reference gene, UQB10. Values are means 6 SE (n 5 5).

Figure 4. Morphological phenotypes
of mtacp single and double mutants.
Images were taken of plants at 16 d and
40 d post imbibition. WT, Wild type.
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mtacp1/mtacp1 mtacp2/mtacp2 mtACP3/mtacp3 mutation
caused a growth delay and generated fewer seeds, we
focused these experiments on following the segregation
ratio in the progeny families generated by selfing
either mtacp1/mtacp1 mtACP2/mtacp2 mtacp3/mtacp3 or
mtACP1/mtacp1 mtacp2/mtacp2 mtacp3/mtacp3 parents,
which did not suffer any growth defects. In the siliques
of these plants, ;25% seeds were aborted during de-
velopment, which is consistent with the expected 3:1
Mendelian segregation ratio for a recessive essential
gene (P-values of the x2 tests are 0.93 and 0.6, respec-
tively). Genotyping the progeny from these parents
established that out of 240 plants, no homozygous triple
mutants were recovered. Taken together, therefore, we
deduce from these findings that the homozygous triple
mutant, which would lack any mtACP protein, is
embryo-lethal, indicating the essential role of mtACP
during plant embryogenesis. This is consistent with the
embryo-lethal phenotype that is associated with the
mtppt mutation that is incapable of activating the apo-
mtACP isoform (Guan et al., 2015).

Altered Protein Lipoylation Status in the mtacp1
mtacp2 Mutant

Because of the embryo-lethal phenotype associated
with the homozygous triple mutant, we used the
mtacp1 mtacp2 double mutant, which is viable but suf-
fers a growth defect, to examine the physiological roles
of mtACPs after embryogenesis. Prior characterizations
have indicated that the mtFAS system provides the
fatty acid precursor for lipoic acid biosynthesis (Ewald
et al., 2007). Therefore, we evaluated the protein lip-
oylation status of the H subunit of Gly decarboxylase
(GDC) in the mtacp1 mtacp2 mutant lines. SDS-PAGE
analysis of these extracts indicated that the expressed
proteomes of the mtacp1 mtacp2 double mutant plants
were indistinguishable from the wild-type controls
(Fig. 6A). Moreover, immunoblot analysis with anti-H
protein antibodies revealed that its accumulation was
unchanged from the wild-type levels (Fig. 6B). How-
ever, the parallel analysis of the identical extracts with
antilipoic acid antibodies revealed that the lipoylation
status of this protein was reduced dramatically in the
mtacp1 mtacp2 mutant lines (Fig. 6B). Additionally,
these latter analyses revealed that the lipoylated forms
of the E2 subunits of mitochondrial pyruvate dehy-
drogenase (PDH) and a-ketoglutarate dehydrogenase
(KGDH) were also reduced to 10% and 35%, respec-
tively, of the wild-type levels in these double mutant
plants (Fig. 6B). Additional immunological or mass-
spectrometric analyses could assess whether or not ac-
cumulation of the latter two proteins is affected in the
double mutant; a lack of effect would confirm that the
lipoylation status of the E2 subunits of PDH andKGDH
is also reduced in the mtacp1 mtacp2 double mutant
lines. Hence, these results link the role of mtACPs with
the mtFAS system that contributes to the generation of
the lipoic acid cofactor needed for GDC functionality
and possibly the other two lipoylated mitochondrial
enzymes (i.e. PDH and KGDH).

Altered Metabolome in the mtacp1 mtacp2 Mutant

More detailed insights into the growth phenotype of
the mtacp1 mtacp2 double mutant were gained by
metabolomic profiling. Using GC-MS, we compared
the metabolome of 16-d-old double mutant and wild-
type seedlings grown in ambient air. In total, 59 me-
tabolites were identified and quantified, and these
metabolites were classified as amino acids and amines,
sugars, organic acids, and lipids. In the double mutant
seedlings, there were statistically significant differences
in the levels of 43 metabolites compared to wild-type
levels (Fig. 7A). The most drastic change was a 5-fold
increase of Gly (Supplemental Dataset S2), which mir-
rors the alteration in the lipoylation status of the H
subunit of GDC (Fig. 6B) that contributes to the catab-
olism of photorespiratory-derived Gly. Seven addi-
tional amino acids (i.e. Val, Ser, Pro, Asn, Ala, Gln, and
Orn) exhibited a 2- to 4-fold increase in accumulation.

Figure 5. Seed development phenotypes of mtacp mutants. Images of
siliques developing on selfed progeny of the indicated genotypes. One
side of the ovary wall was removed from the fully elongated, fresh si-
lique to reveal the developing seeds. The abnormal seeds are brown or
white. Scale bars 5 1 mm. WT, Wild type.
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In contrast, accumulation of another 35metabolites was
decreased to between 20% and 75% of wild-type levels;
these included amino acids (i.e. Asp and Glu), sugars
(i.e. Glc, Fru, and Suc), organic acids (i.e. fumarate and
glycerate), and fatty acids (i.e. 16:1, 16:2, 22:0, 24:0, 26:0,
28:0, and 3-hydroxy 16:0; Supplemental Dataset S2).

Environmental Complementation of the mtacp1
mtacp2 Mutant

The inhibition of growth and development associ-
ated with the mtacp1 mtacp2 double mutant plants can
be partially reversed when these plants are grown in an
atmosphere containing 1% CO2, a condition that in-
hibits photorespiration. Specifically, as compared to
growth in ambient atmospheric conditions, these
growth conditions induced the development of two
additional rosette leaves by 16 d after imbibition
(Fig. 7B). In parallel, the measured metabolome of
these plants became more like that of the wild-type
(Fig. 7A), with a decrease in the hyperaccumulation of

photorespiratory-derived Gly levels (Supplemental
Dataset S2). These data are consistent with the role of
mtACP in supporting mtFAS to generate the lipoic acid
needed tometabolically dispensewith photorespiratory-
derived intermediates. Additional data that support this
conclusion were obtained by growing these double
mutant plants in an ambient atmosphere but in the
presence of 2% Suc, which supplemented the loss of
fixed carbon associated with the inability to recover
photorespired carbon due to the block at the GDC-
catalyzed reaction. Thus, in these Suc-supplemented
plants, the levels of 80% of the metabolites that were
altered by the double mtacp1 mtacp2 mutation were
returned to near wild-type levels (Fig. 7A; Supplemental
Dataset S2).

DISCUSSION

ACP serves as a metabolic shuttle, iteratively deliv-
ering the growing acyl chain intermediates between
each enzymatic component of the FAS machinery. In
the Type I FAS system, which is primarily present in the
cytosol of animal and yeast cells, ACP exists as a do-
main within a multidomain enzyme that integrates all
catalytic components needed for fatty acid biosynthesis
(Leibundgut et al., 2008). In the Type II FAS system,
which is the predominant fatty acid-generating system
in bacteria and plants (White et al., 2005) and is
also found in the mitochondria of animal and yeast
cells (Hiltunen et al., 2009), a discrete soluble ACP is
used to tether the fatty acyl intermediates to the phos-
phopantetheine cofactor as they are shuttled among
individual monofunctional enzymes for fatty acid bio-
synthesis (White et al., 2005). Plant cells harbor two
distinct Type II FAS systems for the de novo biosyn-
thesis of fatty acids, one located in plastids and the
other in mitochondria (Ohlrogge and Browse, 1995;
Wada et al., 1997). Thus, this twin subcellular compart-
mentation of the FAS systems requires two sets of con-
stituent enzymes and cofactors in each compartment.
While most of the enzymatic components in both FAS
systems are encoded by a single gene, eight ACP iso-
forms are found in the genome of Arabidopsis, of which
five are plastidic and three appear to be mitochondrial
(Mekhedov et al., 2000). In this study, we experimentally
demonstrate the mitochondrial localization of three
mtACPs by transgenic expression of mtACP1, mtACP2,
or mtACP3 genes fused to the GFP-reporter.
The high degree of redundancy of ACPs poses a

challenge for functional analysis of each individual
ACP. Although several studies have revealed the
tissue-specific expression patterns of ptACPs and their
impacts on fatty acid composition and adaptation to
environmental stimulus (Hloušek-Radojčić et al., 1992;
Bonaventure and Ohlrogge, 2002; Ajjawi et al., 2010;
Huang et al., 2017), the physiological relevance of the
mtACP isoforms remains poorly understood.
Recent characterizations of the mtFAS components

have suggested the important role of mtFAS in plant

Figure 6. Protein lipoylation status in mtacp1 mtacp2 double mutant
plants. A, Coomassie Brilliant Blue-stained SDS-PAGE analysis of pro-
tein extracts prepared from leaves of the indicated genotypes. M, Pro-
tein molecular weight markers; WT, wild type. B, Immunoblot analysis
using antilipoic acid antibody to identify the lipoylation status of the H
subunit of GDC, the E2a and E2b subunits of PDH, and the E2b subunit
of KGDH. The accumulation of theH protein subunit was determined in
parallel using anti H-protein antibodies.
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growth and development, particularly as related to
lipoic acid biosynthesis (Ewald et al., 2007; Guan and
Nikolau, 2016; Guan et al., 2017). In this study, we
focus on addressing the in planta function(s) of the
three mtACP isoforms. Here, we provide a compre-
hensive assessment of the functional redundancy
and physiological importance of the three mtACPs
by systematic mutant analysis and metabolomic
analysis.

Redundant mtACP Isoforms Are Essential
for Embryogenesis

Genetic analysis established that eliminating the ex-
pression of all threemtACPs is not viable, indicating the
essential role of mtFAS in embryogenesis. In line with
this finding, mutation in the gene encoding mtPPT,
which activates apo-mtACPs by phosphopantetheiny-
lation, leads to an embryo-lethal phenotype (Guan
et al., 2015). Thus, the lethality caused by eliminating
the expression of all three mtACPs or mtPPT indicates
that all three apo-mtACP isoforms are substrates of

mtPPT, and that active mtACPs support a key process
required for embryogenesis.

Prior biochemical analyses indicate that mtPPT is
only capable of phosphopantetheinylating the mature
apo-mtACP isoforms without the mitochondrial tar-
geting sequence (Guan et al., 2015). Collectively, these
findings imply that the holo-mtACP is first imported
into mitochondria before the posttranslational phos-
phopantetheinylation of the specific target Ser residue.
This contrasts with the phosphopantetheinylation
mechanism of mammalian mtACP, which is activated
by a cytosolic PPT prior to import into mitochondria
(Joshi et al., 2003).

The viability of mtacp single and double mutants
suggests functional redundancy among the three
mtACP isoforms. The degree of this redundancy is
correlated to the relative expression levels of each iso-
form. For example, plants that express only mtACP3
suffer a drastic delay in growth and show dramatic
morphological developmental aberrations. This con-
trasts with the normal morphology and growth of the
other twodoublemutant combinations,which singularly

Figure 7. Morphological and meta-
bolic phenotypes of themtacp1mtacp2
double mutant at 16 d postimbibition.
A, Alterations in the metabolome of the
whole seedlings of the mtacp1 mtacp2
double mutant as compared to the
wild-type (WT) seedlings grown in ei-
ther an ambient atmosphere, an at-
mosphere containing 1% CO2, or on
media containing 2% Suc. The x axes
represent the fold change (on a log-base
2 scale) of the relative abundance of
each metabolite in the double mutant
versus the wild-type plants. The colored
data points above the horizontal dashed
gray line indicate statistically significant
changes in metabolite levels (P , 0.05,
n 5 5; false discovery rate-adjusted Stu-
dent’s t test). The data points in each plot
represent 59 metabolites that were chem-
ically identified (listed in Supplemental
Dataset S2); these include amino acids
(red data points), organic acids (purple
datapoints), sugars (blackdatapoints), and
lipids (blue data points). B, Morphologi-
cal phenotypes of wild-type and mutant
seedlings grown in ambient air, 1% CO2

atmosphere, or 2%Suc-containingmedia.
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express either mtACP1 or mtACP2, and with that of all
single mutants. Thus, the low expression of mtACP3 is
probably the reason it cannot solely compensate for the
loss of mtACP1 and mtACP2, whereas the much higher
expression levels of either of the latter two genes is
sufficient to compensate for the missing mtACP1 and
mtACP3 or mtACP2 and mtACP3 genes in the relevant
double mutants. We conclude, therefore, that mtACP1
andmtACP2 have a more prominent role in supporting
mtFAS than does mtACP3.
Such complex and unequal functional redundancy

among mtACP isoforms does not occur in other orga-
nisms. For example, only one mtACP isoform is
expressed in the mitochondria of yeast and human cells
(Brody et al., 1997; Feng et al., 2009). In the genome ofC.
reinhardtii, a green microalga, two ACP isoforms have
been identified, one associated with plastids and the
other with mitochondria (Blatti et al., 2012). Our phy-
logenetic analysis revealed the conservation of three
mtACP isoforms in monocot and dicot species, sug-
gesting that the development of multiple ACP isoforms
is an attribute associated with Plantae, and this appears
to have occurred during early stages of plant evolution.

mtACP Contribution to mtFAS Supports the Recovery of
Photorespired Carbon

Because mtACP is an essential component of Type II
FAS systems, mutants that lack mtACP expression
provide insights into the physiological role of
mtFAS. Thus, the characterization of the viable, but
growth-affected, mtacp1 mtacp2 double mutant pro-
vides insights concerning this physiological function.
Consistent with earlier biochemical studies that indi-
cated the role of mtFAS in generating the octanoate
precursor of lipoic acid biosynthesis (Wada et al., 1997),
this double mutant shows depleted lipoylation of mi-
tochondrial GDC. A direct metabolic consequence
of under-lipoylation of mitochondrial GDC is the
accumulation of Gly, which was observed when
mtacp1 mtacp2 double mutant plants were grown in
ambient air. Moreover, when these plants are grown in
an elevated CO2 atmosphere, which reduces photo-
respiratory flux by suppressing the oxygenation reac-
tion of Rubisco, the hyperaccumulation of Gly is
reduced towild-type levels. Thesemetabolic alterations
resemble those previously observed with other mtFAS
mutants (Guan et al., 2015, 2017). Therefore, the in-
volvement of mtACP in the mtFAS system in sup-
porting lipoic acid biosynthesis appears to be conserved
in plants, yeast, and humans (Wada et al., 1997;
Hiltunen et al., 2010). In addition, accumulation of
3-hydroxyhexadecanoic acid is reduced in the mtacp1
mtacp2 double mutant. This fatty acid is a component of
lipid A, a component of the outer membrane of gram-
negative bacteria (Bainbridge et al., 2008). This finding
substantiates the role of mtFAS function in generating
the precursor for the assembly of lipid A-like molecules
in plants (Guan et al., 2017).

Unlike many mtFAS mutants, which express normal
growth phenotypes when grown in an elevated CO2
atmosphere, the extremely stunted phenotype of the
mtacp1 mtacp2 double mutant is only partially rescued
by the elevated CO2 atmosphere. This is further au-
thenticated by the finding that the metabolome of the
mtacp1 mtacp2 double mutant is not completely re-
versed to the wild-type state when these plants are
grown in the elevated CO2 atmosphere. On the one
hand, one cannot exclude the possibility that these
metabolic changes may be associated with the de-
creased lipoylation status of mitochondrial PDH and
KGDH, which would generate photorespiration-
independent metabolic alterations. On the other hand,
the metabolic changes associated with the mtacp1
mtacp2 double mutant were not observed in previously
characterized mtFAS mutants, suggesting that the de-
pletion of mtACPs has a more complex impact on the
metabolic processes that are independent of mtFAS
function. Thus, it’s plausible that these non-mtFAS-as-
sociated functions may be the cause of the failed em-
bryogenesis in plants only expressing mtACP3.
Previous studies with other eukaryotic organisms have
demonstrated that mtACPs are connected to cellular
processes that are beyond mitochondrial fatty acid
metabolism. For example, in mammalian and yeast
cells, mtACP is involved in maintaining the integrity of
several mitochondrial complexes, including respiratory
complexes and the biosynthesis of Fe-S cluster com-
plexes (Van Vranken et al., 2016; Majmudar et al., 2019).
In another example, the acylated form of mtACP1 has
been reported to be associated with the mitochondrial
membrane of Arabidopsis (Shintani and Ohlrogge,
1994), whereas another study found that this protein
is present in the mitochondrial matrix (Meyer et al.,
2007).
In summary, we have demonstrated the physiologi-

cal roles of three mtACP isoforms of mitochondrially
localized mtFAS machinery and identified that mtACP1
and mtACP2 are the predominant isoforms that sup-
port this metabolic functionality. Our results expand on
the role of mtFAS in providing the precursor needed for
lipoic acid biosynthesis, and we also present evidence
that mtACP isoforms may be involved in other pro-
cesses that appear to be particularly required during
embryogenesis.

MATERIALS AND METHODS

Phylogenetic Analysis

Identification of ACP protein sequences in different plant species was per-
formed by searching the National Center for Biotechnology Information data-
base using Arabidopsis (Arabidopsis thaliana) mtACP1 encoded by At2g44620,
mtACP2 encoded by At1g65290, mtACP3 encoded by At5g47630, ptACP1
encoded by At3g05020, ptACP2 encoded by At1g54580, ptACP3 encoded by
At1g54630, ptACP4 encoded by At4g25050, and ptACP5 encoded by
At5g27200 as queries. The accession numbers of the achieved amino acid se-
quences are listed in Supplemental Dataset S1. The phylogenetic tree of plant
ACP homologs was constructed using the neighbor-joining method in MEGAX
(Kumar et al., 2018) and visualized using iTOL (Letunic and Bork, 2016).
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A bootstrapping method with 1,000 replicates was used to test the reliability of
the tree.

Plant Materials and Genetic Transformations

Seed stocks of the Arabidopsis T-DNA insertional mutant lines were
obtained from the Arabidopsis Biological Resource Center (http://abrc.osu.edu/
): SAIL_912_B05 for mtACP1, SALK_073185 for mtACP2, and SALK_127678
for mtACP3. All mutant alleles are in the same wild-type background (ecotype
Columbia of Arabidopsis [Col-0]). Homozygous mtacp1, mtacp2, and mtacp3
mutant alleles were identified by PCR-genotyping. The precise T-DNA insertion
positions in each allele of the mtACP genes were verified by sequencing
(Supplemental Fig. S3). The double mutant and triple mutant stocks were gen-
erated by crosses between three single mutant alleles.

For the GFP experiments, the ORF encodingmtACP1,mtACP2, andmtACP3
was cloned into the pENTR/D-TOPO vector (Invitrogen) and subcloned
into pEarleyGate103 (Earley et al., 2006) using Gateway LR Clonase II Enzyme
Mix (Invitrogen). The resulting vectors carrying the p35S::mtACP1-GFP,
p35S::mtACP2-GFP, and p35S::mtACP3-GFP were used to transform Arabi-
dopsis Col-0 wild-type plants as previously described (Clough and Bent, 1998).
For the genetic complementation experiment, p35S::mtACP2-GFP was used to
transform the mtacp1 mtacp2 double mutant plants. Primer sequences used for
cloning are listed in Supplemental Table S2.

For plate-grown plants, seeds were sterilized and placed on one-half
strength Murashige and Skoog (MS) growth medium supplemented with a
vitamin mixture (Sigma-Aldrich). In the Suc feeding experiments, the agar
medium was supplemented with 2% (w/v) Suc and was adjusted to pH 5.7
with 0.1 N KOH before adding 1.5% (w/v) agar. Seeds were stratified for 2 d at
4°C in the dark and transferred to a continuously illuminated growth chamber
(100 mmol m22 s21) at 22°C and 60% relative humidity. The plates were
transferred to growth chambers flushed with ambient air or 1% (v/v) CO2. For
soil-grown plants, seedlings were grown on plates for 10 d before being
transferred into potting mix.

Confocal Microscopy Analysis

Confocal microscopy was conducted on wild-type control plants and the T3
generation of transgenic plants expressing the GFP-tagged proteins. Root tis-
sues from 7-d-old seedling plants were randomly collected and stained with
200 nM MitoTracker Orange (Invitrogen) for 15 min as described previously
(Guan et al., 2015). After staining, roots were washed in one-half strength MS
solution for 15 min and visualized with a Leica SP5 X confocal microscope
system (LeicaMicrosystems; http://www.leica-microsystems.com/). The laser
wavelengths were set as follows: an emission band of 500 to 535 nm for GFP
(excitation 489 nm) and an emission band of 560 to 600 nm for MitoTracker
Orange (excitation 543 nm).

RNA Extraction and RT-qPCR Analysis

Total RNAwas extracted from 100mg of different Arabidopsis tissues using
TriZol (Invitrogen) according to themanufacturer’s instructions.Contaminating
DNA was removed by using a TURBO DNA-free kit (Invitrogen). RNA con-
centration was determined with a NanoDrop ND1000 Spectrophotometer
(Thermo Fisher Scientific). Complementary DNA synthesis was performed
using the complementary DNA EcoDry Premix-Double Primed Kit (Clontech)
using 5 mg of RNA as the template. RT-qPCR was performed using the Ste-
pOnePlus detection system (Applied Biosystems) and PowerUp SYBR Green
Master Mix (Applied Biosystems).Ubiqutin 10 (UBQ10, At4g05320) was used as
the reference gene for relative quantification. Primer sequences are listed in
Supplemental Table S2.

Protein Extraction and Immunoblotting

Total protein was extracted from 0.1 g of leaves from 16-d-old seedlings as
described previously (Che et al., 2002). The extracted proteins were separated
on 12.5% SDS-PAGE, then transferred onto nitrocellulose membranes.
Immunoblot analysis was performed with antilipoic acid antibodies or with
anti-H protein antibodies, as described previously (Ewald et al., 2007; Guan
et al., 2017).

Metabolomic Profiling

Polar metabolites were extracted from 3 mg of lyophilized tissues and tri-
methylsilyl (TMS)derivatizedasdescribedpreviously (McVey et al., 2018). Fatty
acids were extracted and transmethylated from 3mg of dry tissues as described
previously (Lu et al., 2008). The derivatized samples were analyzed using an
Agilent 7890 GC-MS system equipped with Agilent HP-5 ms column. The peak
area of each metabolite was normalized to the peak area of an internal standard
(nor-Leu for polar metabolites and nonadecanoic acid for fatty acids) and
sample dry weight. The means of five or six biological replicates were used to
determine the fold changes between the mutant line and the wild type. A false
discovery rate-adjusted Student’s t test (Benjamini and Hochberg, 1995) was
used to identify metabolites that were significantly changed in the mutant
relative to the wild type.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: At2g44620 (mtACP1, gene
identifier (ID) 819070); At1g65290 (mtACP2, gene ID 842836); and At5g47630
(mtACP3, gene ID 834813).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Comparison of the amino acid sequences of the
eight ACP isoforms encoded by the Arabidopsis genome.

Supplemental Figure S2. Relative expression levels of the mtACP mRNAs
at different developmental stages.

Supplemental Figure S3. Characterization of mtacp1, mtacp2, and mtacp3
T-DNA-tagged alleles.

Supplemental Figure S4. Plant biomass produced by mtacp single and
double mutant seedlings at 16 d post imbibition.

Supplemental Figure S5. Transgenic complementation of the mtacp1 mtacp2
homozygous double mutant by expression of the p35S::mtACP2-GFP
transgene.

Supplemental Figure S6. Morphological phenotypes of mtacp mutants,
homozygous at two mtACP loci and heterozygous at the third.

Supplemental Table S1. In silico predictions of the subcellular localization
of mtACP1, mtACP2, and mtACP3.

Supplemental Table S2. Sequences of the DNA primers used in this study.

Supplemental Dataset S1. List of accession numbers of ACP homologs
used to generate the phylogenetic tree shown in Figure 1.

Supplemental Dataset S2. Metabolite profiling revealed differential meta-
bolic changes of the mtacp1 mtacp2 double mutant seedlings under dif-
ferent conditions.
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