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Summary
Fatty acid biosynthesis is a primary metabolic pathway that occurs in plastids,
whereas the formation of glycerolipid molecules for the majority of cellular membrane
systems and the deposition of storage lipid in seeds takes place in the cytosolic compartment.
In this report, we present a study of an Arabidopsis mutant, ar21, with a novel seed fatty acid
phenotype showing a higher content of eicosanoic acid (20:1) and oleic acid (18:1) and a
reduced level of α-linolenic acid (18:3). A combination of map-based cloning and whole
genome sequencing identified the genetic basis underlying the fatty acid phenotype as a
lesion in the plant-specific eukaryotic translation initiation factor eIFiso4G1. Transcriptome
analysis on developing seeds revealed a reduced level of plastid-encoded genes. Specifically,
decreases in both transcript and protein levels of an enzyme involved in lipid biosynthesis,
the β-subunit of the plastidic heteromeric acetyl-CoA carboxylase (htACCase) encoded by
accD, were evident in the mutant. Biochemical assays showed that the developing seeds of
the mutant possessed a decreased htACCase activity in the plastid but an elevated activity of
homomeric acetyl-CoA carboxylase (hmACCase). These results suggested that the increased
20:1 was attributable at least in part to the enhanced cytosolic hmACCase activity. We also
detected a significant repression of FATTY ACID DESATURASE 3 (FAD3) during seed
development, which correlated with a decreased 18:3 level in seed oil. Together, our study on
a mutant of eIFiso4G1 uncovered multifaceted interactions between the cytosolic and
plastidic compartments in seed lipid biosynthesis that impact major seed oil traits.
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Introduction
The fatty acid composition of triacylglycerol (TAG) is an important attribute of seed
oil both for food and industrial feed stock uses. The deposition of TAG in seeds depends on
close metabolic cooperation between the plastidic and cytosolic compartments. Fatty acid
precursors of up to 18-carbon are synthesized in plastids, and subsequently mobilized to the
cytosolic compartment in the form of acyl-CoAs. The acyl-CoAs are then assembled onto
glycerol backbones to form TAG through the Kennedy pathway (Browse and Somerville,
1991; Ohlrogge and Browse, 1995; Bates and Browse, 2011). In species producing fatty acids
with chain lengths exceeding 18-carbons, a portion of fatty acid moieties of the cytosolic
acyl-CoA pool are further elongated before being incorporated into TAG (Fehling et al.,
1990; Felhing and Mukherjee, 1991; Kunst and Underhill, 1992; Bates et al., 2009; Bates and
Browse, 2012). Both fatty acid synthesis in plastids and fatty acid elongation in the cytosol
require malonyl-CoA to provide the 2-carbon unit for extension of the fatty acid chain. The
provision of malonyl-CoA is mediated by acetyl-CoA carboxylase (ACCase) (Thelen et al.,
2001; Thelen and Ohlrogge, 2002; Nikolau et al., 2003; Sasaki and Nagano, 2004).
Two types of ACCase are present in plants: a heteromeric prokaryotic-type complex
(htACCase) localized in the plastid and a eukaryotic-type homomeric ACCase (hmACCase)
typically present in the cytosol. The htACCase has four subunits: biotin carboxylase carrier
protein (BCCP), biotin carboxylase (BC), and the α- and β-subunits of carboxyltransferase
(CT) (Shintani et al., 1997; Ke et al., 2000; Li et al., 2010). Plastid ACCase activity is tightly
regulated and considered a bottleneck for the overall rate of fatty acid biosynthesis (Page et
al., 1994; Roesler et al., 1997). Transcripts of the plastidic htACCase subunits, BC, BCCP1,
α-CT, and β-CT, display a constant molar ratio, despite being encoded by two different
genomes (Ke et al., 2000; Li et al., 2010). Neither antisense-expression nor over-expression
of the BC subunit significantly affected the overall ACCase activity (Shintani et al., 1997).
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However, over-expression of the β-CT subunit resulted in an increased protein level of these
nuclear-encoded subunits (Madoka et al., 2002), although no apparent effect was detectable
at the transcript level.
The hmACCase is a large homomeric protein, in which the four functional subunits
equivalent to the plastidic isoforms are integrated into domains of a single polypeptide
(Ohlrogge and Jaworski 1997; Sasaki and Nagano, 2004). In Arabidopsis, there are two
hmACCases, ACC1 in the cytosol and ACC2 in the plastid (Sasaki and Nagano, 2004). In
Arabidopsis, malonyl-CoA in the cytosolic compartment is generated exclusively by ACC1,
which has an essential role in the synthesis of TAG and very long chain fatty acids
(VLCFAs) such as 20:1 (Agrawal et al., 1984; Roesler et al., 1996; Bao et al., 1998, Baud et
al., 2003, Lü et al., 2011, Amid et al., 2012). Recent progresses also suggest a functional
significance of plastidic ACC2, which, despite being expressed at a very low level, was able
to supply plastidial malonyl-CoA under conditions where chloroplast genome transcription is
compromised (Babiychuk et al., 2011).
It has now been established that a significant portion of fatty acids produced in the
plastids of developing seeds is first incorporated into phosphatidylcholine (PC) (Bates et al.,
2009; Bates and Browse, 2011). Active fatty acyl exchange between PC and the acyl-CoA
pool ensues, and vigorous interconversion between PC and diacylglycerol (DAG) provides
another route for the eventual incorporation of polyunsaturated and unusual fatty acids into
TAG (Lu et al., 2009; Zheng et al., 2012). A critical factor determining TAG fatty acid
composition in the seeds is the FATTY ACID DESATURASE3 (FAD3), which catalyzes the
conversion of 18:2 to 18:3 on PC (Browse et al., 1993, O’Neill et al., 2011). Coinciding with
seed oil deposition, the FAD3 gene in Arabidopsis is strongly upregulated during the late
phase of seed development, and this developmental regulation was recently shown to be
modulated by bZIP67 (Mendes et al., 2013).
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The coordination between the cytosol and chloroplast compartments for lipid
synthesis in vegetative tissues has been extensively studied (Johnson and Williams, 1989;
Wallis and Browse, 2002, Li et al., 2015). How such intracellular compartmental coordination
influences storage lipid deposition in seeds is also a subject of considerable importance.
During a genetic screen, we isolated an Arabidopsis mutant, ar21, which has a premature
stop codon mutation in eIFiso4G1, a plant-specific eukaryotic translation initiation factor
isoform previously implicated in regulating chloroplast functions. We show that the altered
metabolic coordination between plastid and the cytosol in lipid synthesis was the major cause
for seed fatty acid compositional changes in ar21. We also detected a reduced expression of
FAD3, which resulted in a reduced 18:3 in the seed oil of ar21.

Results
Seeds of ar21 mutant have altered fatty acid composition
In a genetic screen for altered seed fatty acid composition in Arabidopsis, the ar21
mutant was identified as having a marked decrease in 18:3 and a concomitant increase of
18:1 and 20:1 fatty acids, resulting in a significant decrease in the 18:3/20:1 ratio (Figure 1).
These changes were only observed in seeds of ar21 plants and there was no discernible
difference in the fatty acid composition of leaf tissues (Figure S1). To determine the genetic
basis of the ar21 mutation, the ar21 mutant was crossed to Columbia-0 (Col-0) wild type. F1
plants were grown and allowed to self-pollinate. Of the 565 F2 plants analyzed, 125 showed
fatty acid changes similar to that of the original ar21 seeds. The remaining 440 had fatty acid
composition similar to wild type. This pattern of segregation is a good fit to the hypothesized
3:1 ratio (χ2=0.114; P > 0.05), indicating that ar21 is a single recessive mutation. The mutant
was further back crossed twice with wild type to provide a more uniform genetic background
for subsequent analysis.
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Fatty acid changes in developing seeds
To characterize fatty acid changes during seed development, we harvested developing
seeds at 5, 7, 9, 11, 13, 15 and 17 DAF (days after flowering). Up to 9 DAF, no differences
were detected between wild type and ar21 in their overall fatty acid profiles (Figure 2). With
the onset of TAG deposition (Baud et al., 2002) at 9 DAF, the proportion of 18:1 decreased
drastically in wild type but less so in ar21 (Figure 2a). Both wild type and ar21 experienced a
decrease in 18:3 from 7 DAF to 9 DAF, followed by a rapid increase from 9 DAF to 11 DAF.
The level of 18:3 continued to surge in wild type after 11 DAF, whereas in ar21 mutant it
ceased to increase at 13 DAF (Figure 2b). The very long chain fatty acid 20:1 accumulated
progressively in both genotypes during later stages of seed development, but from 11 DAF
onwards, the amount was consistently higher in ar21 when compared to wild type (Figure
2c). The total fatty acid content was comparable between wild type and ar21 throughout seed
development and in mature seeds (Figure 2d).
The most stable and dramatic fatty acid changes were observed at 13 DAF. We thus
separated different glycerolipid classes and analyzed their respective fatty acid compositions
at this particular developmental stage. As shown in Table 1, both phospholipids and neutral
lipids displayed similar trends in fatty acid compositional changes, i.e., the levels of 20:1,
18:1 and 18:2 were increased while 18:3 was reduced. We also detected a marked increase of
18:1 in PC, in free fatty acids (FFA) and in TAG. The increase of 18:1 in DAG was marginal
and statistically insignificant. Hence, the observed alterations in lipid metabolism in ar21
were not restricted to TAG biosynthesis.
Molecular identification of the ar21 as a mutation in eIFiso4G1
To identify the genetic lesion underlying the ar21 fatty acid phenotype, a F2
population from a cross between ar21 (Col-0) and the Landsberg erecta (Ler-0) ecotype was
generated. 38 mutants from the F2 population were scored with 20 simple sequence length
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polymorphism (SSLP) markers (Jander, 2002) covering the Arabidopsis genome. This
allowed us to map the AR21 gene to chromosome 5. 165 mutant lines were then surveyed
with 9 markers on chromosome 5, through which the AR21 gene was found to be tightly
linked to MTH12 and JV65.66, spanning a region of 2000 kilo base pairs on chromosome 5
(Figure 3a).
Whole genome sequencing was then performed with ar21 to pinpoint the causal
mutation (Table S1). We identified 899 single nucleotide variants (SNVs) in ar21 when
compared to Col-0, among which 133 were found in gene coding regions, including 9
premature-stop mutations (Table S2). One such mutation in At5g57870, previously
characterized as encoding eIFiso4G1, was found in the candidate mapping region. This gene
was then PCR-amplified from ar21 genomic DNA and the presence of the mutation was
verified by sequencing (Figure S2). A single nucleotide change from C to T occurred in the
6th exon of At5g57870, resulting in a premature stop codon (CAA to TAA) (Figure 3a). The
At5g57870 gene encodes the plant-specific eukaryotic translation initiation factor 4G (eIF4G)
isoform 1 (eIFiso4G1) and a T-DNA insertion mutant of this gene was previously named
i4g1 (Lellis et al., 2010).
To verify the causal relationship of the mutation and the seed fatty acid phenotype of
ar21, three approaches were taken. First, we conducted mutant-phenotype co-segregation
analysis. Genomic DNA was extracted from 107 individual lines from the ar21 x Col-0 F2
population and used for PCR-amplification of the At5g57870 region encompassing the point
mutation (Table S3). Ten lines from each genotype (homozygous, ar21/ar21; heterozygous,
ar21/AR21; wild type, AR21/AR21) were randomly selected for seed fatty acid analysis.
Results confirmed that plants with a homozygous mutation in At5g57870 (ar21/ar21) showed
fatty acid changes similar to those of ar21 (Figure S3a). Individual lines were also plotted to
show a distribution of fatty acid changes consistent with genotyping data (Figure S3b and
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S3c). Second, a T-DNA insertion mutant of the At5g57870 gene, i4g1 (Salk_098730c), was
obtained from the ABRC, and its homozygosity was confirmed by PCR (Figure 3b and 3c). A
substantial reduction in the transcript level of the At5g57870 gene in comparison to wild type
was found in both ar21 and i4g1 mutants (Figure 3d). Seeds of i4g1 showed similar changes
in fatty acid profile as ar21 seeds (Figure 3e). Third, genomic fragments of At5g57870
including its promoter region and coding region were amplified from the Col-0 and inserted
into the binary vector pMDC123 for genetic transformation of ar21. Transgenic ar21 lines
harboring wild type At5g57870 allele showed a restored fatty acid composition similar to
wild type seeds (Figure 3e). These results conclusively show that the mutation in At5g57870
was the genetics basis of the ar21 seed fatty acid phenotype.

Gene expression changes in developing seeds of ar21 and i4g1
A previous study with the T-DNA mutant i4g1 reported no developmental or growth
phenotype at the seedling stage (Lellis et al., 2010). To investigate the effect of ar21 and
i4g1mutations on lipid metabolism in seeds, we performed RNA sequencing (RNAseq) with
developing seeds at 13DAF, a stage where the greatest differences in lipid profiles between
the wild type and the mutant were observed. To ensure reliability of the RNAseq data, we
compared both ar21 and i4g1 with wild type seeds of similar developmental stage, and
considered genes differentially regulated only if they displayed at least 1.5 fold changes
(FDR < 0.05) in both mutant lines. In total, 277 genes were found to be down-regulated, and
484 genes were up-regulated in the mutant seeds (Data S1). The eIFiso4G1 was previously
shown to be localized in the nucleus and the cytoplasm (Koroleva et al., 2004). However, a
striking feature that emerged from our RNAseq analysis was that transcripts of genes
encoded by the plastidic genome were markedly down-regulated. In ar21 and i4g1, 23 out of
the 82 plastid genes displayed transcript levels that were significantly reduced (Fold Change
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> 1.5 and FDR < 0.05), while none was found to be up-regulated (Data S2). The downregulated genes included those involved in photosynthesis (ATPI, NDHs, PSAs and PSBs)
and ribosomal protein synthesis (RPL20, RPL33, RPS11, RPS18, RPS2). Other genes such as
CLPP1 and RBCL were also repressed. Significantly, the repression of plastid-encoded
ribosomal genes in ar21 was contrasted by an induction of nucleus-encoded ribosomal
components of the same translation apparatus (Data S3).
In light of the lipid phenotype of ar21 and i4g1, we focused on differentially
expressed genes pertinent to lipid metabolism. Among those encoded by the plastidic
genome, the accD gene encoding the β-CT subunit of the htACCase was down-regulated in
both ar21 (1.91 fold, FDR < 0.1) and i4g1 (2.61 fold, FDR < 0.05) (Data S4). We conducted
qRT-PCR analysis of accD gene expression and confirmed a reduced transcript level in both
ar21 and i4g1 (Figure S4). Among nuclear encoded genes, 36 lipid metabolism-related genes
were differentially expressed (Fold Change > 1.5, FDR < 0.05), of which 16 were upregulated and 20 were down-regulated (Data S4). The up-regulated genes included several
with putative functions in fatty acid elongation. Also detected in both ar21 and i4g1 was a
major reduction in the transcript level of the endoplasmic reticulum FATTY ACID
DESATURASE3 (FAD3) (1.65 fold in ar21, FDR < 0.05; 1.61 fold in i4g1, FDR < 0.05),
which mediates the production of 18:3. This reduction of FAD3 gene expression was readily
demonstrable through qRT-PCR in 13 DAF seeds (Figure 4a). We further examined the
expression of FAD3 at developing stages from 9 to 15 DAF in siliques. As shown in Figure
4b, transcript levels of FAD3 were slightly lower at 9 DAF and 11 DAF, but repressed
pronouncedly at 13 DAF and 15 DAF in ar21, which coincided with the reduction of 18:3
level in seeds.
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The decrease of 18:3 in TAG originates from DAG generated from a less desaturated
PC
TAG synthesis can be accomplished through the sequential addition of fatty acyl
groups at the sn-1, sn-2 and sn-3 positions of a glycerol backbone via the Kennedy pathway
(Bates et al., 2009; Bates and Browse, 2011), or through transacylation, where the sn-2 fatty
acyl moieties of PC are transferred to the sn-3 position of DAG (Lu et al., 2009; Zheng et al.,
2011). Specific changes at the three positions of the glycerol backbone may give hints as to
which of these two pathways is particularly perturbed in the mutant. We thus performed
stereo-specific analysis of TAG in wild type and ar21 seeds. This revealed an increase of
18:1 and 18:2 and a marked decrease of 18:3 at the sn-2 position of TAG in the mutant seeds
(Figure 5a). At the sn-1,3 positions, 18:3 was decreased as well, but to a lesser degree (Figure
5b). Consistent with previous stereo-specific studies (Zou et al., 1999), the very long chain
20:1 fatty acid was predominately found at the sn-1,3 position (Figure 5b). Our results
indicated that the decreased 18:3 in TAG can largely be ascribed to changes at the sn-2
position, suggesting that DAG was drawn from a less desaturated PC in the mutant seeds.
Lipidomics analysis confirmed this supposition. The proportion of TAG (18:3) (18:3containing TAG) was significantly decreased in ar21 (Figure 6a). Potential precursors of
18:3-containing TAGs, including PC (36:6) (Figure 6b) and phosphatidic acid (PA) (36:6)
(Figure 6c), were reduced. In addition, 18:3-containing lipids such as
phosphatidylethanolamine (PE) (36:6), monogalactosyldiacylglycerol (MGDG) (36:6) and
digalactosyldiacylglycerol (DGDG) (36:6) were all decreased in ar21 mutant when compared
to wild type (Data S5). On the other hand, analysis of the 20:1 containing DAG species
revealed a reduced amount of 38:4-DAG (20:1/18:3) and an increase of 38:2-DAG
(20:1/18:1) (Figure 6d).
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Cytosolic and plastdic ACCase activities were readjusted in ar21
Plastidic ACCase not only mediates the first committed step but also is the regulatory
bottleneck of fatty acid production (Page et al., 1994; Roesler et al., 1997; Sasaki and
Nagano, 2004). In Arabidopsis, it is the htACCase that is primarily responsible for malonylCoA provision in plastids (Page et al., 1994; Sasaki and Nagano, 2004). To investigate if the
accD transcript reduction in ar21 was reflected at the level of its encoded protein, β-CT, we
performed western blot analysis on subunits of the htACCase. As shown in Figure 7, there
was a clear reduction in β-CT (55kDa) in ar21 and i4g1. We also detected a decreased level
of another subunit of the htACCase, BCCP2 (25 kDa) (Figure 7), despite the apparent lack of
reduction in the BCCP2 transcript. These results suggested a role for posttranscriptional
regulation in htACCases. Interestingly, we also found that the protein levels of hmACCase
(ACC1 and ACC2 with similar molecular weight) were elevated when compared to wild type
(Figure 7d), even though their transcript levels appeared slightly lower (Data S4 and Figure
S4).
We then examined ACCase activity. Repeated assays showed that the overall ACCase
activity in ar21 was lower (3.7 nmol/min/g F.W.) than that of wild type (4.2 nmol/min/g
F.W.) (Figure 7e). To assess the specific contribution of the htACCase, fenoxyprop-P-ethyl, a
herbicide that specifically inhibits hmACCase (Konishi and Sasaki, 1994; Baud et al., 2004;
Oikawa et al., 2006), was included in our enzyme assay. As shown in Figure 7e, the overall
ACCase activity in the presence of fenoxyprop-P-ethyl was substantially lower in ar21 (1.9
nmol/min/g F.W.) when compared to that of wild type (3.4 nmol/min/g F.W.); the activity of
hmACCase was at 1.7 nmol/min/g F.W. in ar21, and 0.86 nmol/min/g F.W in the wild type.
The percentage of htACCase activity was 79.6% and the proportion of hmACCase was
20.4% in wild type developing seeds, which was in line with previous studies (Roesler et al.,
1996; Nikolau et al., 2003). In ar21, the proportion of htACCase was reduced to 52.3% of the
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total cellular ACCase activity while that of the hmACCase was increased to 47.7% of the
total. These biochemical results were consistent with observed protein level changes and
suggested that the reduced input of htACCase is compensated in part by a higher hmACCase
activity.

Functional redundancy of eIFiso4G1 and eIFiso4G2 in seed lipid synthesis
The Arabidopsis genome encodes two plant-specific eIFiso4G translation initiation
factors, eIFiso4G1 and eIFiso4G2 (Lellis et al., 2010). The seed fatty acid phenotype was
only observed in eIFiso4G1 null mutants (ar21 and i4g1) (Figure 1 and Figure 3), while loss
of eIFiso4G2 (i4g2; Salk_076633c) had no effect on seed fatty acid composition (Figure S5).
The observed changes in lipid composition in the ar21 and i4g1 are stable, but fairly subtle.
We thus generated eIFiso4G1 and eIFiso4G2 double mutants. Simultaneous deletion of both
genes resulted in severe developmental phenotypes that included retarded growth, pale green
leaves and shorter siliques (Figure S6). The pleiotropic effect of the eIFiso4G1 and
eIFiso4G2 double mutation rendered a direct comparison of seed oil composition phenotypes
difficult. Nonetheless, the double mutant (i4g1/i4g2) showed a similar trend of changes in
seed fatty acid profile, and the extent of the changes was notably heightened when compared
to the single mutants (Figure S7). Since single mutants of eIFiso4G1 (ar21 and i4g1), but not
of eIFiso4G2 (i4g2), exhibited an apparent lipid phenotype in seeds, we concluded that, while
eIFiso4G2 could partially compensate for the deficiency of eIFiso4G1, it was eIFiso4G1 that
played a more prominent role in fatty acid metabolism in seeds.

Discussion
In this study, we characterized an Arabidopsis EMS mutant, which has a novel seed
fatty acid phenotype showing increased 20:1 and decreased 18:3. The genetic lesion
underlying the altered seed fatty acid composition phenotype was allelic to the previously
reported T-DNA mutant i4g1 (Lellis et al., 2010). Plant eIF4G, as in mammals and yeast
(Gallie et al., 2001; Mayberry et al., 2011), functions in ribosome attachment and
enhancement of the efficiency of mRNA translation in the cytosol. The eIFiso4G proteins, on
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the other hand, are plant-specific. It has been proposed that the two eIFiso4G isoforms have
distinct substrate preferences for certain mRNAs (Mayberry et al., 2011). However, it
remains unclear as to what specific subsets of mRNAs each prefers. Because no
developmental and growth phenotypes were apparent in the single mutants, it was also
unknown which particular biological processes the two eIFiso4Gs are involved in (Lellis et
al., 2010). This study revealed a novel fatty acid phenotype that was only observed in
eIFiso4G1 loss-of-function alleles (ar21 and i4g1) in seeds (Figure 1, Figure 3 and Figure
S7), while a deletion of eIFiso4G2 (i4g2; Salk_076633c) had no effect on fatty acid
composition (Figure S5 and Figure S7).
A recent study showed that loss of both eIFiso4G1 and eIFiso4G2 resulted in higher
transcript accumulation of the NON-PHOTOCHEMICAL QUENCHING 1(NPQ1) gene
(Chen et al., 2014), which encodes violaxanthin de-epoxidase (VDE), a key enzyme for nonphotochemical-quenching in chloroplasts. We employed RNAseq to determine which genes
had expression profiles that were affected in developing seeds of the two allelic mutants of
eIFiso4G1, ar21 and i4g1. In the mutant transcriptome, a large set of genes encoded by the
plastidic genome displaying reduced transcript levels in developing seed. Significantly, there
were contrasting modes of expression changes in nuclear-encoded genes involved in the same
biological process. For example, plastid genome genes encoding plastidic ribosomal
components were broadly repressed, whereas nuclear encoded components of the chloroplast
translational apparatus were mostly induced (Data S3). Such a striking pattern of plastidic
and nuclear-encoded gene expression suggests a compensatory response from interacting
partners encoded in the nuclear genome.
It is significant that accD, the only gene in lipid metabolism encoded by the plastid
genome, was down-regulated in ar21 and i4g1 (Data S4 and Figure S4). The reliability of
reduced expression in accD was underscored by the fact that all transcripts of the
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polycistronic accD operon (Madoka et al., 2002), including YCF4, YCF10 and PETA, were
expressed at reduced levels as well (Data S2). The accD gene encodes a β-subunit of the
heteromeric acetyl-CoA carboxylase (htACCase) which catalyzes the first committed step for
fatty acid biosynthesis in plastids. These results suggest that lipid metabolism is affected due
to compromised plastid gene transcription and/or maintenance of transcript level, particularly
accD, in the mutant. The negative impact on accD transcript level extended to the protein
level of the β-CT subunit of the htACCase. Another subunit of the htACCase, BCCP2 was
also detected at a decreased protein level. Given that a strict stoichiometric production is
required for the assembly of htACCase (Roesler et al., 1996; Thelen et al., 2001; Thelen and
Ohlrogge, 2002, Li et al., 2010), the decreased BCCP2 was likely caused by the reduction in
β-CT.
Significantly, hmACCase (ACC1 and ACC2) were detected at an increased level. Due
to their extremely similar sizes (ACC1, 251 kD; ACC1, 262 kD), it was not possible to
accurately assess the specific contributions of each of the two hmACCase isoforms through
western blotting. However, other studies have reported that ACC1 accounted for the majority
of hmACCase expression, whereas the ACC2 gene was transcribed at less than 1% of the
level of ACC1 (Roesler et al., 1996; Nikolau et al., 2003). Considering the low expression of
ACC2, the contribution from ACC2 is likely to be small. Our ACCase activity assays showed
that while the htACCase activity was reduced, the total ACCase activity in ar21 was only
slightly lower than that of the wild type. It can be concluded that the steady cellular ACCase
activity in ar21 could be attributed to a higher hmACCase activity. Since ACC1 is
responsible for generating malonyl-CoA required for fatty acid elongation in the cytosol
(Baud et al., 2003; Lü et al., 2011), we conjecture that the enhanced cytosolic hmACCase
activity was the primary cause of higher very long chain fatty acid (20:1) production in ar21
seeds.

This article is protected by copyright. All rights reserved.

Accepted Article

Given that the plastidic htACCase activity, considered a key bottleneck of seed oil
biosynthesis, was reduced, it was puzzling that there was no detectable difference in the total
fatty acid content of the mutant seeds. It is possible that the reduction of ACCase activity did
not reach a level that negatively impacts oil content. Alternatively, malonate produced by the
cytosolic ACCase (Roughan et al., 1979) could cross the chloroplast envelope and
contributed to malonyl-CoA for fatty acid synthesis in the chloroplast. A caveat of this
supposition, however, is that malonate is a poor substrate for fatty acid synthesis using
isolated chloroplasts (Roughan et al., 1979). It has been demonstrated that ACC2 is able to
supply plastidic malonyl-CoA in the bsm mutant, which is deficient in plastidic transcription
(Babiychuk et al., 2011). Therefore, we cannot rule out the possibility that ACC2
supplemented plastidic ACCase activity in ar21 for fatty acid synthesis.
Arabidopsis seed maturation is accompanied by the deposition of storage oil
containing substantial amount of polyunsaturated 18:3 fatty acids. Stereo-specific analysis of
TAG in ar21 revealed a major reduction of 18:3 at the sn-2 position. Since 18:3 is mainly
generated on PC by FAD3, our results suggested that the decreased 18:3 at the sn-2 position
of TAG had its origin from a reduced saturation in PC. Consistent with these metabolite
changes, we observed that the FAD3 transcription was repressed during seed maturation.
Hence, another significant lipid metabolism-related change in ar21 was likely caused by a
lowered expression of FAD3. A recent report indicated that FAD2 and FAD3 form
heterodimers which directly convert 18:1-PC to 18:3-PC without releasing 18:2-PC (Lou et
al., 2014). In ar21, the level of 18:1 fatty acid during seed maturation was persistently higher
(Table 1 and Figure 2). Since the decreased 18:3 was accompanied by an increase in 18:1, the
flux from 18:1 to 18:3 via 18:2 was likely slower in ar21.
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In Arabidopsis, there are three eIF4G proteins, eIF4G (At3g60240), eIFiso4G1
(At5g57870) and eIFiso4G2 (At2g24050) (Lellis et al., 2010). Our results from the
eIFiso4G1 and eIFiso4G2 double mutant (i4g1/i4g2) showed that some degree of functional
redundancy occurred, but it was eIFiso4G1 that played a more prominent role in the seed
fatty acid compositional trait. Although not specifically addressed in this study, eIF4G might
also contribute to fatty acid synthesis in the absence of the eIFiso4Gs. Furthermore, given the
large number of genes with altered expression in the eIFiso4G1 mutant, we cannot rule out
the possibility that other factors in addition to those highlighted in our results may also
contribute to the lipid phenotype.

Experimental procedures
Plant materials and growth conditions
The ar21 mutant line in the Arabidopsis thaliana Col-0 background was isolated from
an ethyl methanesulfonate (EMS) mutagenized population as described (Weigel and
Glazebrook, 2006). Briefly, about 15,000 Col-0 seeds were mutagenized with freshly
prepared EMS solution for 16 hours. These M1 seeds were then placed on soil and grown in
growth chambers at 22/17°C (day/night temperature) and 16 hours light (~120 μmol m-2 s-1)
/8 hour dark regime. M2 plants were grown on soil and mature M3 seeds were screened by gas
chromatography for changes in fatty acid composition.

For harvesting developing seeds, only primary shoots were used and secondary shoots
were removed. To harvest seeds at defined developmental stage, individual flowers were
tagged on the same day of flowering using colored tape. Siliques from 5, 7, 9, 11, 13, 15 and
17 days after flowering (DAF) were harvested and the seeds were dissected out on dry ice.
Pools of seeds were stored at -80°C for further analysis. T-DNA mutant lines i4g1
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(Salk_098730c) and i4g2 (Salk_076633c) were obtained from the ABRC
(https://www.arabidopsis.org/abrc/) and confirmed with PCR. Plants were grown in growth
chambers as described above.

Genetic analysis and map-based cloning
Homozygous ar21 mutant was backcrossed with Col-0 twice to reduce the number of
background mutations and the backcrossed F2 seeds were used for genetic analysis. For mapbased cloning, the ar21 mutant was crossed to Landsberg erecta (Ler) to generate F2
mapping population. In the F2 population, plants with the same fatty acid phenotype as the
ar21 mutant were selected for DNA extraction and mapping. The AR21 locus was mapped
with molecular markers developed based on the Col/Ler polymorphism databank (Table S4)
(Lukowitz, 2000; Jander, 2002).

Fatty acid and lipid analysis
Total fatty acids were extracted from ~10 mg mature seeds and fatty acid composition
was determined by gas chromatography (GC) with heptadecanoic acid (17:0) as a quantitative
internal standard. For time course studies of total fatty acid accumulation, pools of 20~60
seeds were used. For lipid fraction analysis, about 30 mg of developing seeds (13 DAF) were
used. Extraction, separation of lipid classes by thin layer chromatography (TLC) plates and
analysis of fatty acyl methyl esters by GC were performed as described previously (Shen et
al., 2010; Li et al., 2015). Lipid extraction for lipidomic analysis was performed according to
the method of Welti (2007).
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Whole genome sequencing and data processing
Total DNA from leaves of three-week old plants was extracted with DNeasy Plant
Mini Kit (Qiagen, https://www.qiagen.com/). A 101 bp library was prepared for deepsequencing using NEBNext DNA Sample Prep Master Mix Set 1 (New England BioLabs,
https://www.neb.com) and a Genomic DNA Sample Prep Oligo Only Kit (Illumina,
www.illumina.com). Prepared libraries were deep-sequenced using an Illumina Genome
Analyzer IIx (Illumina). Whole genome assembly was conducted with CLC genomics
workbench v7.5 (Qiagen) with default settings and single nucleotide variants (SNVs) against
the TAIR10 reference genome sequence of Col-0 were also generated. SNVs with 100%
possibility in the candidate region were further examined to identify the mutation sites (Table
S1 and S2).

Vector construction
For complementation of the ar21 mutant line, genomic DNA including the 5’
promoter region and the 3’ flanking sequence of the gene was cloned into pDONR/Zeo
(Invitrogen, now part of Thermo Fisher Scientific, https://www.thermofisher.com) and
subsequently moved into the binary vector pMDC123 via BP and LR reactions. The resulting
plasmids were introduced into Agrobacterium tumefaciens strain GV3101 (pMP90) and then
introduced into ar21 mutant plants using the floral dipping method (Clough and Bent, 1998).
Selection of Arabidopsis transformants with BASTA was successfully carried out using both
plate-grown (25 ug/ml) and soil-grown (30 mg/L) seedlings.
RNA sequencing and data analysis
Total RNA from developing seeds at 13 DAF were extracted using a Plant RNA
Isolation Mini Kit (Agilent, https://www.agilent.com/). The yield and RNA purity were
determined spectrophotometrically with Nanodrop 1100 (Thermo Fisher Scientific), and the
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quality of the RNA was verified by Agilent 2100 Bioanalyzer (Agilent). Purified total RNA
was precipitated and resuspended in RNase-free water to a final concentration of 100 ng/µl.
Six cDNA libraries were constructed using the TruSeq RNA Sample Preparation Kit v2
(Illumina) with two replicates for ar21, i4g1 and wild type, respectively. Paired-end
sequencing was conducted on the Illumina HiSeq2500 (Illumina), generating 101-nucleotide
reads, at the National Research Council Canada, ACRD-Saskatoon, Canada. Sequencing
adapters were removed and low-quality reads were trimmed using Trimmomatic with default
settings (Bolger et al., 2014). The filtered reads were mapped to TAIR10 genome sequence
using STAR (Dobin et al., 2012). Transcripts were identified using StringTie (Pertea et al.,
2015) and followed by Cuffmerge tool (Trapnell et al., 2012). HTseq-count (Anders et al.,
2014) was employed to count the reads spread across the exonic regions of each gene.
Differential expression analysis was performed with DEseq2 between mutants and wild type
(Love et al., 2014). Normalized counts from DESeq2 were expressed as gene expression
levels. Genes with less than 10 reads across six samples were excluded to eliminate the
extremely low expressed transcripts. Ribosomal genes were categorized based on Sormani et
al. (2011) (Data S3). Lipid metabolism genes were categorized according to the list from
Arabidopsis Acyl-Lipid Metabolism database (http://aralip.plantbiology.msu.edu) (Beisson,
2013) (Data S4). Functional annotations of genes were obtained from the Bio-Array Resource
for Arabidopsis Functional Genomics database (BAR) (http://bar.utoronto.ca/) using the AGI
numbers.

Stereo-specific analysis
TAGs were extracted from 10 mg of mature seeds as described previously (Zou et al.,
1999). For stereo-specific analysis, TAGs were digested with 1mg of Pancreatic lipase
(Sigma-Aldrich, https://www.sigmaaldrich.com/) in 1ml reaction buffer (1M Tris-HCl
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(pH8.0), 0.1 ml of 2.2% CaCl2, and 0.25 ml of 0.05% bile salts) at 40°C (Christie et al.,
2003). The reaction was stopped by the addition of 1ml of ethanol followed by 1ml of 6M
HCl after 3 min. Reaction products were separated on silica TLC plates and developed with
hexane/diethyl ether/acetic acid (70:30:1, v/v/v). The spot corresponding to 2-MAG (sn-2
position of TAG) was subjected to transmethylation and GC analysis. The distribution of
fatty acyl groups in the 1,3-MAG (sn-1,3 position of TAG) was calculated using the
following formula: sn-1,3 (mol %) = [3*TAG (mol %) – sn-2 (mol %)]/2 (Christie et al.,
2003).

Real-time quantitative RT-PCR analyses
Total RNA was extracted from the wild-type and mutant lines with the Plant RNeasy
Mini kit. The amount of RNA was determined by Nanodrop 1100 (Thermo Fisher Scientific),
and its integrity was assessed by gel electrophoresis. For real-time quantitative RT-PCR (realtime qRT-PCR), 1 µg of total RNA was used for cDNA synthesis with a QuantiTect Reverse
Transcription kit (Qiagen). Gene specific primers (Tm, 57°C -63°C) were designed to
generate PCR products between 75 and 130 bps. The specificity of all primers was checked
with BLASTn searches (BLAST, http://blast.ncbi.nlm.nih.gov/Blast.cgi). Tubulin 3
(At5g62700) was used as an endogenous control for standardization. Real-time qRT-PCR was
performed with Power SYBR Green PCR Master Mix (Applied Biosystems, now part of
Thermo Fisher Scientific, https://www.thermofisher.com) and amplification was monitored
with ABI StepOne Real-time PCR Systems (Applied Biosystem). A standard thermal profile
was used for all PCRs: 50°C for 2 minutes; 95°C for 10 minutes, followed by 40 cycles of
95°C for 15 seconds, 57°C for 30 seconds, 72°C for 30 seconds. Data acquisition and
analysis were performed using StepOne software 2.0 (Applied Biosystems).
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SDS-PAGE and western blots
Approximately 30 mg of developing seeds were homogenized in 300µl of sample
buffer according to (Martínez-García et al., 1999). Extracts were centrifuged for 10 min at
13,000 rpm and the supernatant was taken for Bradford assays. For western blots, equal
quantities of protein (10 ug) were loaded onto a 12% SDS-polyacrylamide gel. The relative
molecular weight of ACCase subunits was determined with protein standards covering a 6 kD
to 210 kD range. The polyacrylamide gel was blotted to a nitrocellulose filter, and blots were
incubated for 2 hours in Tris buffered saline (TBS) containing 5% skim milk. The α-CT, βCT and BC subunits of htACCase were immunologically detected with antisera that has been
described and characterized previously (Madoka et al., 2002; Kahlau et al., 2008). The
antibody for the β-CT subunit was derived from rabbits immunized with oligopeptide
containing 14 amino acids (NFMFSKGELEYRGE) (ProSci, http://www.prosci-inc.com/).
Biotin containing proteins including hmACCase (ACC1 and ACC2), BCCP1, BCCP2 and
MCCase were detected with peroxidase-conjugated streptavidin (500mU/ml in TBS, Roche)
(Thelen and Ohlrogge, 2002; Baud et al., 2003). ECL regents were used for visualization.

ACCase activity assay
Siliques at 13DAF were collected and immediately ground in 2 volumes (w/v) of
extraction buffer (20 mM TES-KOH pH 7.5, 10% (v/v) glycerol, 5 mM EDTA, 2 mM
benzamidine, 2 mM PMSF, 1% (v/v) Triton X100) (Thelen and Ohlrogge, 2002).
Homogenates were centrifuged for 1 min at 13,000 g. ACCase activity was quantified by
measuring the incorporation of [14C] NaHCO3 (American Radiolabeled Chemicals,
https://www.arc-inc.com/) into the soluble protein fraction (Roesler et al., 1996). 200 μL of
reaction medium containing 100 mM Tricine (pH 8.2), 50 mM KCl, 3 mM ATP, 6 mM
MgCl2, 5 mM DTT, 0.5 mM acetyl-CoA, in the presence or absence of 100 mM fenoxaprop-
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P-ethyl (an inhibitor of hmACCase), and 10 mM [14C]NaHCO3 (1 mCi/mM). The reaction
was initiated by the addition of acetyl-CoA at 25 °C for 20 min. Aliquots of the reaction
mixture (100 ul) were mixed vigorously with 40 ul of 12 N HCl to stop the reaction. The
solution was then dried under N2 and the acid-stable radioactivity was quantified in a liquid
scintillation counter. Duplicate assays without acetyl-CoA were run as controls.

Accession numbers: Genome sequencing data from this article can be found in the Short
Read Archive (SRA) at the National Center for Biotechnology Information under accession
number SRP082978. RNA sequencing data can be found in the Gene Expression Omnibus
(GEO) under the accession GSE86206.
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Figure S4. Quantitative RT-PCR (qRT-PCR) analysis of accD and ACC1.
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Data S2. Plastidic gene expression in the developing seeds of ar21 and i4g1.
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TABLES
Table 1 Lipid analysis with ar21 mutant and wild type (WT) in developing seeds. Seeds
were harvested at 13 days after flowering (DAF). Fatty acid compositions in neutral
(triacylglycerols, TAG and diacylglycerols, DAG), polar lipids (phosphatidylcholine, PC and
phosphatidylethanolamine, PE), free fatty acid (FFA) and total fatty acids (TFA) were
analyzed. 16:1 includes cis and trans 16:1 fatty acid. -, not detected. Values are expressed as
means ± SD (n = 3). Statistical significance was calculated by student t-test. *, p value < 0.05.

16:0

16:1

Fatty acid composition (mol%)
18:0
18:1
18:2
18:3

20:1

TAG
WT 9.5±0.4 0.7±0.0 3.5±0.4 14.7±0.2 28.6±1.0 19.4±1.6 18.1±0.6
ar21 8.7±0.1* 0.6±0.0 3.1±0.1 15.9±0.2*31.4±0.3*15.3±0.2*19.8±0.3*
DAG
WT 13.8±1.8 ar21 14.3±0.7 -

5.5±1.1 17.9±0.8 29.1±1.9 17.5±1.3 13.1±1.4
6.7±1.1 18.0±0.4 30.7±1.4 14.8±0.4*12.9±0.4

PC
WT 14.9±0.3 1.2±0.0 2.5±0.2 9.6±1.8 42.3±1.5 24.5±1.1 3.3±0.6
ar21 13.6±0.7*1.1±0.0 2.9±0.3* 13.9±1.5*46.2±1.3*18.9±1.1*4.5±0.1*
PE
WT 32.0±1.7 ar21 25.7±1.0*-

3.5±1.1 6.2±1.3
3.6±1.4 6.0±0.6

32.3±3.3 25.7±2.3 1.4±0.6
40.3±0.5*23.2±1.0 1.2±0.0

WT 29.2±1.0 ar21 19.2±0.8*-

21.5±0.5 11.8±0.2 12.2±0.1 6.5±0.5 13.6±0.5
21.2±3.0 17.8±1.8*12.6±1.0 4.5±0.6* 19.9±1.0*

FFA

TFA
WT 9.3±0.4 0.4±0.0 3.6±0.1 14.6±0.6 29.0±0.1 19.6±0.8 17.6±0.2
ar21 8.5±0.1* 0.5±0.0 3.2±0.1* 19.2±0.1*29.9±0.1*15.1±0.3*18.5±0.1*

Figure legends
Figure 1. Fatty acid composition in mature seeds of ar21 mutant and wild type (WT).
16:1 includes cis and trans-16:1 fatty acid. Values are expressed as means ± SD (n = 3).
Statistical significance was calculated by Student’s t-test. **, p value < 0.01, ***, p value <
0.001.
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Figure 2. Fatty acid composition in ar21 mutant and wild type (WT) during seed
maturation. Major fatty acids with significant changes during seed maturation were plotted
as following: (a) 18:1 fatty acid; (b) 18:3 fatty acid; (c) 20:1 fatty acid; (d) total fatty acid
content per seed. Values are expressed as means ± SD (n = 3).

Figure 3. Map-based cloning and whole genome sequencing using ar21 mutant. (a) Mapbased cloning and the pre-mature stop mutation identified in At5g57870. BACs, bacterial
artificial chromosome. (b) Position of point mutation in ar21 and T-DNA insertion in i4g1
mutant. (c) PCR confirmation with T-DNA line. WT, wild type; i4g1, T-DNA mutant;
i4g1/WT, heterozygous line. (d) Relative expression levels of At5g57870 in 13DAF seeds of
ar21 and i4g1 mutants. (e) Seed fatty acid analysis with wild type, i4g1 and ar21c
(complementation line). 16:1 includes cis and trans-16:1 fatty acid. Data are means ± SD (n =
3). WT, wild type; *, p value < 0.05; **, p value < 0.01, ***, p value < 0.001 (by Student’s ttest).

Figure 4. Expression of FAD3 during seed maturation. (a) Validation of FAD3
expression. Quantitative RT-PCR (qRT-PCR) was conducted with 13 DAF seeds from ar21,
i4g1 and wild type (WT). (b) Relative expression of FAD3 in ar21 at 9, 11, 13 and 15DAF.
Relative expression of FAD3 in mutants was presented as fold change against WT. Values
are expressed as mean ± SD (n=3). *, p value < 0.05; ***, p value < 0.001 (by Student’s ttest).
Figure 5. Stereo-specific analysis with TAG from mature seeds of ar21 and wild type
(WT). (a) Lipid composition at the sn-2 position of TAG (2-MAG) in ar21 and WT. (b)
Lipid composition at the sn-1,3 positions of TAG (1,3-DAG) in ar21 and WT. Data are mean
± SD (n=3). **, p value < 0.01; ***, p value < 0.001 (by Student’s t-test).
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Figure 6. Lipidomics analysis with developing seeds of ar21 mutant and wild type (WT).
Seeds of ar21 mutant and WT at 13DAF were collected for lipidomics analysis. (a)
Proportion of individual lipids in total lipid signal in ar21 mutant and WT. TAG or DAG
species containing particular fatty acyl groups are indicated in brackets. Compositions of
molecular species in PC (b), PA(c) and DAG (20:1) (d) were plotted. Data are mean ± S.D.
(n=5). *, p value < 0.05; ***, p value < 0.001 (by Student’s t-test).

Figure 7. Alterations in plastidic and cytosolic ACCases. (a) Western blot analysis of
ACCases in mutants and wild type (WT). Protein expression of htACCase subunits (BCCP1,
BCCP2, α-CT, β-CT and BC) and hmACCases (ACC1 and ACC2) in 13DAF developing
seeds from ar21, i4g1 and WT. Expression of biotinylated 3-methylcrotonyl CoA
carboxylase (MCCase) is used as internal control. Relative expression values of BCCP2 (b),
β-CT (c) and hmACCases (d) in ar21 and i4g1 mutants were expressed as a ratio of WT by
quantitative, densitometric analysis of protein expression from western blots (A) in
triplicates. All values were normalized with respect to the intensities of MCCase using
ImageJ software. Values are expressed as mean ± SD of three replicates. (e) ACCase activity
measurements. The ACCase activity was assayed using developing siliques (13 DAF) from
WT and ar21 in the presence, or absence, of acetyl-CoA. In order to assess htACCase
activity, fenoxaprop-P-ethyl, an inhibitor of the hmACCase was added. Data are expressed as
mean ± SD (n=6). **, p value < 0.01; ***, p value < 0.001 (by Student’s t-test).
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