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Abstract: The long-chain acyl-CoA synthetases (LACSs) are involved in lipid synthesis, fatty acid
catabolism, and the transport of fatty acids between subcellular compartments. These enzymes
catalyze the critical reaction of fatty acyl chains to fatty acyl-CoAs for the triacylglycerol biosynthesis
used as carbon and energy reserves. In Arabidopsis, LACSs are encoded by a family of nine genes,
with LACS9 being the only member located in the chloroplast envelope membrane. However, the
comprehensive role of LACS9 and its contribution to plant metabolism have not been explored
thoroughly. In this study, we report on the identification and characterization of LACS9 mutants in
rice plants. Our results indicate that the loss-of-function mutations in OsLACS9 affect the architecture
of internodes resulting in dwarf plants with large starch granules in the chloroplast, showing the
suppression of starch degradation. Moreover, the plastid localization of α-amylase I-1 (AmyI-1)—a
key enzyme involved in starch breakdown in plastids—was suppressed in the lacs9 mutant line.
Immunological and confocal laser scanning microscopy analyses showed that OsLACS9-GFP is
located in the chloroplast envelope in green tissue. Microscopic analysis showed that OsLACS9s
interact with each other in the plastid envelope membrane. Furthermore, OsLACS9 is also one of
the proteins transported to plastids without a transit peptide or involvement of the Toc/Tic complex
system. To identify the plastid-targeting signal of OsLACS9, the transient expression and localization
of a series of N-terminal truncated OsLACS9-green fluorescent protein (GFP) fusion proteins were
examined. Truncation analyses identified the N-terminal 30 amino acid residues to be required for
OsLACS9 plastid localization. Overall, the data in this study provide an advanced understanding of
the function of OsLACS9 and its role in starch degradation and plant growth.

Keywords: α-amylase; carbon metabolism; LACS9; Golgi-to-plastid trafficking; growth; Oryza sativa;
secretory pathway; starch; subcellular localization

Int. J. Mol. Sci. 2020, 21, 2223; doi:10.3390/ijms21062223 www.mdpi.com/journal/ijms

http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0003-3598-7565
https://orcid.org/0000-0001-6477-0141
https://orcid.org/0000-0002-1033-9089
https://orcid.org/0000-0002-9165-8830
http://dx.doi.org/10.3390/ijms21062223
http://www.mdpi.com/journal/ijms
https://www.mdpi.com/1422-0067/21/6/2223?type=check_update&version=2


Int. J. Mol. Sci. 2020, 21, 2223 2 of 16

1. Introduction

Plants assimilate carbon dioxide by daytime photosynthesis for the biogenesis of essential
structures such as proteins, membranes, and structural carbohydrates. A portion of the
photosynthetically fixed carbon in leaves is retained within the chloroplasts during the day to
synthesize starch, which is then remobilized during the subsequent night to support nonphotosynthetic
metabolism and growth by the continued allocation of carbon to the rest of the plant. Starch is the
main storage carbohydrate in vascular plants. In the absence of photoassimilation, the transitory starch
stored in the source organs is degraded to replenish cellular sugars in order to avoid carbon starvation.
The starch accumulation in illuminated leaves is the result of the balance between starch synthesis and
degradation, and the efficiency with which starch breakdown products are recycled back to starch.
Various mechanisms have been proposed to describe starch synthesis and degradation in leaves [1,2].
Examples include simultaneous synthesis and degradation of starch in leaves in the light [3–6].
The α-amylase isoform I-1 (AmyI-1) is a key enzyme in starch metabolism and it has been reported that
AmyI-1 is involved in starch degradation in plastids [7,8]. Yamaguchi et al. [9] showed a correlation
between α-amylase and starch content in the leaf sheath after heading with the activity being consistent
with the degree of starch degradation. AmyI-1 is also targeted to chloroplasts and plastids [7,8].
AmyI-1 is a well-characterized secretory glycoprotein bearing an N-linked oligosaccharide side chain
and is delivered from the Golgi apparatus through the secretory pathway to the plastids in rice cells.
The existence of a noncanonical protein import route into the plastids through the secretory pathway
has been recently discovered [7,10–12]. Several glycoproteins are transported to plastids through
the secretory pathway in monocot and dicot species [8,11,13–16]. However, the key role players
participating in the transport of AmyI-1 and the mechanism of the membrane trafficking of proteins
from the Golgi apparatus to plastids still remain to be elucidated.

Starch granules are densely packed with semi-crystalline lamellar structures consisting of mainly
linear amylose and highly branched amylopectin. In addition to the major polysaccharide components,
starch granules also contain very small amounts of proteins, lipids, and phosphorus. Lipids are present
in cereal starches in the form of free fatty acids and lysophospholipids [17,18]. A close relationship
between the accumulation of starch granule lipids and amylose has been established and a part of
these lipids is complexed with amylose helices [19]. In higher plants, de novo fatty acid synthesis
(FAS), which plays essential roles in normal plant growth and development, occurs almost exclusively
in the plastid.

The fatty acids released are required to be exported from the plastids by crossing both the inner
and outer envelopes of the plastid to be used for phosphatidylcholine and triacylglycerol (TAG)
biosynthesis in the endoplasmic reticulum (ER). Recently, Li et al. [20] reported that fatty acid export
(FAX) 1 mediates the transfer of free fatty acids across the inner envelope. The major exported products
of chloroplast FAS, e.g., 18:1 and 16:0 FA, are transferred to the outer plastid envelope membranes
where they are activated to acyl-CoAs by a long-chain acyl-CoA synthetase (LACSs) in the outer plastid
envelope [21]. The resulting acyl-CoA is exported to the ER through the cytosol, with this transfer
probably being facilitated by acyl-CoA binding proteins [22]. Alternatively, the acyl-CoA might be
incorporated into phosphatidylcholine through lysophosphatidylcholine acyltransferase at the plastid
envelope and then exported to the ER [23]. LACSs are AMP-binding proteins that form part of the
carboxyl-CoA ligase superfamily, collectively known as acyl-activating enzymes [24]. LACSs catalyze
the formation of acyl-CoA by a two-step mechanism involving in the first reaction the conversion of
free fatty acid and ATP to an enzyme-bound acyl-AMP intermediate. As a second reaction, the thioester
bond formation with CoA generates AMP and the acyl-CoA final product [25]. Plants contain several
LACS isoforms that participate in different anabolic and catabolic processes, with their role in fatty acid
transport being the most well-characterized. Various genes encoding LACS have been characterized in
Arabidopsis [21,26,27], pea (Pisum sativum) [28], and oilseeds plants such as rapeseed (Brassica napus) [29]
and sunflower (Helianthus annuus) [30]. For instance, nine LACS genes (AtLACS1–AtLACS9) have been
described in Arabidopsis and their role in plant metabolism has been studied [21,26]. The encoded
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proteins from LACSs have enzymatic activity when expressed in E. coli [31]. LACSs are distributed
distinctly and as demonstrated by the protein AtLACS9, these enzymes are located, among the nine
family genes, on the cytosolic face of the plastid outer envelope [26–29,32]. LACSs are particularly
challenging and interesting as targets for molecular analysis owing to their fundamental role in
providing activated acyl groups as substrates in various fatty acid metabolic pathways [26]. Although
the substrate specificity and tissue-specific expression have been evaluated for all members of the
family, the biological role of individual members has been established in only a few cases [32]. For
instance, the AtLACS2 gene is required for cutin biosynthesis [21] and the AtLACS6 and AtLACS7
genes are involved in the breakdown of storage lipid in cells [31]. However, although the complex
and highly regulated lipid metabolism plays a very important role in the normal plant growth and
development, little is known about LACS9 enzymes in plants.

Here, we provide, to our knowledge, the first insights into LACS9 function in rice. Thus, we
report the characterization of the OsLACS9 gene and we provide insight into plant AmyI-1 and LACS9
function in the network that coordinate to starch metabolism and growth. We first investigated the
visual phenotypes, followed by the subcellular localization, organelle-targeting signals, and function
of OsLACS9 in starch metabolism. Our results indicate that OsLACS9 has localization signals for
the plastid and membrane fraction. Further, OsLACS9 directly interact with each other through the
plastid membrane and via the possible association, or not, with the secretory glycoprotein AmyI-1 in
the interior of plastids. Our data seem to suggest that OsLACS9 is involved in membrane trafficking
through the secretory pathway to plastids in higher plant cells.

2. Results and Discussion

2.1. Loss-of-Function of OsLACS9 Affects Plant Growth

The homozygous OsLACS9 knockout mutant lines lacs9-1 (NE3550) and lacs9-2 (NF6026) were both
characterized by reduced biomass during the developing stage at nine weeks (Figure 1A). The Oryza
sativa lacs9 mutant plants developed slower compared to the wild type (WT), were significantly reduced
in size, and had shorter stems. Detailed analysis of different organs revealed that the decrease in
biomass of the rice lacs9-1 and lacs9-2 lines was detectable throughout the entire plant body, including
roots, leaves, and stem tissues (Figure 1B). To further analyze plant development, we examined the
morphology of the 1st to 5th internodes from mutants (Figure 1C,D) at the mature stage. As shown in
Figure 1D, the mature (dry to harvest) rice plants from the lacs9-1 and lacs9-2 lines showed shorter
internode lengths compared to WT, with the difference being greatest at the 5th internode. Since the
same phenotype was observed in both the independent T-DNA insertion rice lines lacs9-1 and lacs9-2
(Figure 1 A–D), we conclude that the obvious morphological defects and striking phenotype were
caused by the loss of OsLACS9 function. Since LACS9 in rice belongs to a family of nine proteins (Figure
S1), the plastid-predicted OsLACS1-8 whose expression is regulated throughout plant development,
most likely cannot compensate for the loss of OsLACS9 function in all tissues and organs, thus leading
to the restoration of the rather mild overall phenotype of the lacs9 knockouts. The investigation of
plant LACSs has lagged behind that of mammals, yeast, and bacteria. In Arabidopsis, nine LACS genes
(AtLACSs) encoding enzymes with distinct tissue distributions, subcellular locations, and biological
functions have been identified [26]. The Arabidopsis lacs9-1 mutant was indistinguishable from the
WT in size and appearance and produced normal-looking seed with WT amounts of fatty acids [21].
Data have suggested that, in Arabidopsis, one or more additional LACS isoforms must be active in the
plastid. Mutation in the LACS1 gene of Arabidopsis revealed a role for LACS1 in the biosynthesis of
cuticular wax components [33]. Previous reports demonstrated that double mutation in lacs1 lacs2,
which were shown to reside in the ER, appear to have an overlapping function in the biosynthesis of
wax and long-chain (C16) fatty acids for cutin synthesis [34,35]. Double mutation in lacs1 lacs2 reduced
the amount of wax and cutin and thus plants displayed abnormal phenotypes not found in either
of the parental mutants. Indeed, lacs1 lacs2 double-mutant plants displayed pleiotropic phenotypes
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including organ fusion, abnormal flower development, reduced seed set, and susceptibility to drought
stress [33]. AtLACS4, also located in the ER, was shown to be possibly involved in the synthesis
of surface lipids [32]. Jessen et al. [32] found AtLACS1 and AtLACS4 to have a crucial role in the
formation of pollen coat lipids in Arabidopsis. In contrast, AtLACS6 and AtLACS7, which were found
to be located in the peroxisome, were suggested to be required for the activation of fatty acids for
β-oxidation and successful seedling development [31,36]. The single-mutant lines, lacs6 and lacs7,
were indistinguishable from the wild type in germination, growth, and reproductive development [36].
While the lacs6 lacs7 double-mutant grown on media without sucrose showed white and unexpanded
cotyledons, the growth and development of these seedlings on sucrose closely matched those of wild
type controls (with or without sucrose) [37].
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Figure 1. Phenotype of the wild type (WT) and lacs9 mutant lines (lacs9-1 and lacs9-2) of rice. Panel
(A) nine-week-old WT and lacs9 mutant lines, (B) growth performance of the WT and lacs9 mutant
lines. Bars = 20 cm. (C) Schematic representation of measurable internode pattern in rice until the
panicle neck node and (D) internode length of WT and both lacs9 mutants (n = 60). Values represent
the mean ± standard deviation (SD). Within WT and each mutant lines with the same letter do not
differ significantly (P ≤ 0.05).

It was shown, in Arabidopsis, that AtLACS9 is the only LACS to reside in the plastid, the site of de
novo fatty acid synthesis, and thus was considered as the major candidate for activating and exporting
plastidial-derived fatty acids for TAG formation [38]. Although the plastidial LACS activity in the
lacs9 null mutant of Arabidopsis decreased by 90%, the mutant plant did not display any detectable
phenotype, suggesting that (1) additional LACS isoforms are involved in exporting plastidial fatty
acids for TAG biosynthesis (2) another parallel pathway or pathways or mechanisms might be required
for successful growth beside the flux of fatty acids in lacs mutant plants. Jessen et al. (2015) reported
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that AtLACS9 might contribute to lipid trafficking from the ER back to the plastid rather than fatty
acid export outside the plastid [32].

2.2. Chloroplasts of Mutants Lacking OsLACS9 Contain Large Starch Granules

To elucidate the underlying molecular and cell biology aspects of the observed visual phenotypes,
starch structure was analyzed. As shown in Figure 2A–D, transmission electron microscope analysis
in WT and oslacs9 knockout cells showed that their plastids were quite similar, with both containing
large starch granules in nongreen (colourless) cultured rice cells. However, in differentiated green cells
(Figure 2E–H), differences from WT cells were observed in mutant lines. While in WT the thylakoid
membrane was developed and starch granules were smaller as compared to the nongreen region
(Figure 2E,G), the lacs9 mutant still showed the existence of large starch granules (Figure 2F,H). Further,
the lacs9 plastids in greening cells were similar to those in colourless region cells as compared to the
green region plastids of the WT.

1 
 

 

Figure 2. Transmission electron microscope analysis in WT and lacs9-1 mutant cells of rice. Panels
(A,C,E,G) represent WT, and (B,D,F,H) represent lacs9 mutant cultured rice cells. (A–D) Nongreen
region, (E–H) green region. S: Starch granule; CW: Cell wall; ER: Endoplasmic reticulum; G: Golgi
apparatus; mt: Mitochondria. Bars = 0.5 µm.

We have previously reported the involvement of AmyI-1, a well-characterized secretory
glycoprotein, in starch degradation in the plastids of rice cells [8], and its role as a key enzyme
in starch degradation in germinating seeds. Kitajima et al. [7] demonstrated in rice and onion that
AmyI-1 is targeted to the plastid from the Golgi apparatus through the secretory pathway. In this study,
the TEM observation results suggested that loss-of-function of OsLACS9 affected starch metabolism in
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chloroplasts. Thus, we considered the possibility that OsLACS9 might affect starch metabolism-related
proteins such as AmyI-1. Earlier studies showed that the two glycoproteins carbonic anhydrase [13]
and rice nucleotide pyrophosphatase/phosphodiesterase [15] were targeted to plastids in a Brefeldin
A-sensitive manner [38]. The findings from these studies suggested that membrane trafficking is
necessary for plastid targeting of these glycoproteins. Three-dimensional time-lapse confocal imaging
demonstrated that the Golgi membrane vesicles appear to be taken up and spread inside the plastid [7].
Moreover, electron microscopy observations of quick-frozen cells showed the moment membrane
vesicles entered the plastids as the vesicles were passed through the plastid envelope membranes.
These observations indicate that a novel vesicle-trapping mechanism operates in AmyI-1 importation
into plastids [39].

2.3. Prevention of Chloroplast Localization of AmyI-1 in lacs9 Mutant Cells

To investigate whether the loss-of-function of OsLACS9 affects AmyI-1 targeting to the plastid
and the overlapping functions, the subcellular localization of AmyI-1 and OsLACS9 proteins was
investigated in greening cultured rice cells (Figure 3). First, we stably transformed rice cells with
AmyI-1-GFP in WT and lacs9 mutant cells. As shown in Figure 3A, AmyI-1-GFP was located in the
chloroplasts as visualized by chlorophyll autofluorescence in WT cells. In contrast, virtually no AmyI-1
was found in the plastids in lacs9 mutant cells (Figure 3B). The fluorescent AmyI-1-GFP was located in
the cytoplasm. This result confirmed that the localization of AmyI-1-GFP in plastids was suppressed
in lacs9 cells. This could be explained, at least in part, by the existence of the large starch granules in
lacs9 chloroplasts.
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Figure 3. Prevention of α-amylase isoform I-1 (AmyI-1) chloroplast localization in lacs9-1 mutant cells.
Confocal laser scanning-microscopic images of chloroplasts in (A) WT and (B) lacs9-1 rice cells with
expression of AmyI-1-green fluorescent protein (GFP). Red and green colors show the fluorescence
signals of chlorophyll and GFP, respectively. Bars = 5 µm.

2.4. OsLACS9 is Localized to Both Plastids and The Membrane Fraction

To assess the subcellular localization and function of OsLACS9, we immunoblotted seeds, calli,
shoots, and mature leaves with antibodies specific to the OsLACS9 peptides. Our result, first, confirmed
the suppression of OsLACS9 in the lacs9 mutant lines. In the WT plants, the OsLACS9 protein had
been identified in the membrane fraction. However, it was not detected in the soluble and membrane
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fraction in either the lacs9-1 or lacs9-2 mutant lines (Figure 4B). Second, the data showed that the protein
bands recognized with anti-OsLACS9 antibodies accumulated much more in the green tissues, shoots,
and leaves (Figure 4A). Further, cell fractionation analysis of leaf extract in the membrane and soluble
fractions indicated that OsLACS9 was detected only in the membrane fraction of WT plants (Figure 4B).
The results suggest that OsLACS9 is a membrane protein. Indeed, this enzyme is membrane-bound
and it contains two transmembrane domains in its sequence (Figure S2). We also examined the
localization of OsLACS9 in isolated chloroplasts. The data from the immunoblotting analysis using the
anti-OsLACS9 antibodies confirmed the localization of LACS9 in the plastids (Figure 4C). Localization
of LACS9 in the outer plastid envelope has been established in Arabidopsis [21]. Altogether, our results
confirmed that OsLACS9 is a chloroplast membrane protein.
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Figure 4. Long-chain acyl-CoA synthetase 9 (OsLACS9) localized to chloroplasts and membrane fraction.
Immunoblot detection of OsLACS9. (A) Proteins (20 µg) extracted from brown rice, callus, shoot, leaf,
and intact plastid (Pl) isolated from shoots of WT line. (B) The soluble (sup) and membrane pellet (ppt)
fractions of WT and lacs9 mutant lines shoot subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) using anti-OsLACS9 antibodies. The position of protein size markers (in
kDa) is indicated at the right (black arrow).

2.5. OsLACS9-GFP is Located in The Envelope Membrane of Rice Chloroplast

In the present study, we sought to further elucidate the subcellular localization. To visualize the
localization of OsLACS9 proteins within the cell, fluorescent fusion proteins were constructed. The rice
cells stably expressing OsLACS9-GFP were obtained by transformation with pZH2B-35S-OsLACS9-GFP
containing CaMV35S driven OsLACS9 fused GFP and mHPT genes. Using the transgenic cultured cells
thus obtained, the subcellular localization of OsLACS9-GFP was examined with confocal laser-scanning
microscopy (CLMS). As shown in Figure 5, the expression levels of LACS9 in rice were observed on the
chloroplast surface, resulting in the ring-like appearance of fluorescence signals (green) surrounding
the chloroplasts (displayed in red). Additionally, the presence of a fluorescence signal was located in the
vesicle-like structures (Figure 5 A–C). These observations indicate that the OsLACS9-GFP localization
on the plastid envelope membrane of leaf mesophyll cells was consistent with the immunoblot analysis
shown in Figure 4.

Enlarged images of the chloroplasts (Figure 5D,E) showed that the OsLACS9 protein was organized
in a mesh-like structure on the chloroplast surface. These results indicate that the OsLACS9 proteins
have significant functional roles in the chloroplasts and do not exist evenly. In Arabidopsis, previous
studies suggested that LACS9 resides in the plastid envelope, while LACS1, 4, and 8 were located in
the ER, and LACS6 and 7 in the peroxisome [21,26,35]. Comparison of the LACS9 families showed that
LACS8 had a high sequence similarity to LACS9 and based on in vitro assays, LACS8 was predicted to
be the most likely candidate for exercising an active role in the plastid [21,26]. To test this hypothesis,
we considered that its function was to divide the organelles in which the LACS family members
reside. Recently, research into contact sites or “communication zones” that enable the exchange of
molecules among different organelles, e.g., ER-Golgi apparatus, ER-mitochondria have been gaining
more attention. It should be noted that the distribution of membrane components and transport
devices in organelles is biased, suggesting that functions are shared in each area. In Figure 5D,E, the
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OsLACS9-GFP was not located uniformly throughout the plastid envelope membrane, and mesh-like
structures were observed. These findings suggest the possibility that OsLACS9 has a function at the
contact site between organelles, and this is consistent with a report in animal cells suggesting that the
OsLACS9 homolog acyl-CoA synthetase ligases (ACSL4) are present in the mitochondria-associated
membrane (MAM) [40].Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 9 of 17 
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Figure 5. Subcellular localization of LACS9 in leaf mesophyll cells of rice stably expressing
OsLACS9-GFP. Confocal fluorescence microscopy images show (A) the signal of OsLACS9-GFP,
(B) the chlorophyll autofluorescence, (C) the merged images, and (D,E) enlarged images of the
chloroplast. Bars = 5 µm.

2.6. OsLACS9 Interacts with Each Other on Plastid Envelope Membrane

The OsLACS9 homolog, ACSL4, has been reported to be present in MAM; the contact site
between the ER and the mitochondria. To elucidate the possibility that OsLACS9 is involved in
the transport of secretory proteins such as AmyI-1 to the plastid, we carried out a bimolecular
fluorescence complementation (BiFC) assay to look for a possible interaction between AmyI-1 and
OsLACS9. WxTP-DsRed was co-expressed as a plastid stroma marker owing to the absence of
chlorophyll autofluorescence in onion epidermal cells. Our results showed that the green fluorescence
of OsLACS9-GFP was located on the plastid surface and it was diffused among the stromal component
labeled with the red fluorescent (Figure 6A). These data corroborate the finding in rice cells which
showed that OsLACS9-GFP was located in the plastid envelope membrane. Subsequently, the BiFC
assay was performed using multiple combinations: OsLACS9-N-terminal portion of the yellow
fluorescent protein (nYFP) and AmyI-1-C-terminal portion of the yellow fluorescent protein (cYFP),
OsLACS9-cYFP and AmyI-1-nYFP, or OsLACS9-nYFP and OsLACS9-cYFP. The reconstituted YFP
signals were detected in the chloroplast envelope membrane when OsLACS9-nYFP and OsLACS9-cYFP
were co-expressed (Figure 6B,C), clearly indicating that OsLACS9s interact with each other in the
plastid envelope membrane. In contrast, the YFP signal was scarcely detectable in both combinations
of OsLACS9 and AmyI-1, suggesting that direct interaction between OsLACS9 and AmyI-1 is unlikely.
Our results suggest that OsLACS9 might be involved in the plastid targeting mechanism of AmyI-1
although we consider that other components, which still remain to be elucidated, are needed for the
plastid targeting of AmyI-1 given that OsLACS9 did not directly interact with AmyI-1.
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Figure 6. BiFC analysis of OsLACS9-nYFP and OsLACS9-cYFP. Images show onion epidermal cells
expressing: (A) Transient expression of OsLACS9-GFP (green) and WxTP-DsRed (plastid stroma
marker, red). Bar = 2 µm. (B,C) OsLACS9-nYFP and OsLACS9-cYFP. The green color represents
nYFP/cYFP complex. Bars in (B,C) represent 100 and 10 µm, respectively.

2.7. N-terminal Sequence of OsLACS9 is Necessary for Targeting to Chloroplasts in Onion Cells

To assess the organelle-targeting signals of OsLACS, we examined the transient expression and
localization of a series of carboxy-terminal truncated OsLACS9 labeled with GFP in bombarded onion
cells using CLSM. In particular, we examined the full-length and the truncated C-terminal fragment
comprising ∆41-698, ∆31-698, and ∆21-698 labeled with GFP (Figure 7A). Simultaneous expression of
OsLACS9-GFP and WxTP-DsRed were found surrounding the plastid through its predicted C-terminal
(Figure 7A). Enlarged images of the plastid (Figure 7B) expressing the full-sequence of OsLACS9-GFP
clearly show its localization on the surface of the plastid in onion epidermal cells. Similar data were
observed in cultured rice cells (Figure 5). Within the C-terminal fragment truncations, the subcellular
distribution of ∆31-698 (Figure 7C) or longer sequences (Figure S3) were observed throughout the
plastid, with a similar distribution to that of the full OsLACS9-GFP (Figures 6A and 7B). In contrast,
the shorter ∆21-698 (Figure 7D) and ∆SP (Figure S3G) sequences of OsLACS9 lost the ability to target
plastids. We further checked the distribution profiles of OsLACS9-GFP fluorescence intensities in
the regions close to the plastids (Figure 7F–I). In this way, as shown in Figure 7F,G, the fluorescence
intensities of the two green peaks were observed at both sides of the red peak, suggesting that the
OsLACS9-GFP containing a 30 amino acid sequence from the N-terminus is located around the plastids.
This region, 30 amino acid residues at the N-terminal of OsLACS9, functions as the predicted ER
retention signal peptide necessary for targeting the OsLACS9 to the plastids. Unlike the majority of
chloroplast proteins synthesized in the cytosol as precursors with an N-terminal transit peptide (TP)
and are post-translationally imported into organelles via the translocon at the outer/inner chloroplast
envelope (Toc/Tic) complex, OsLACS9 contains a predicted ER signal peptide (SP) sequence at the
N-terminal rather than TP. Taking these data together, we postulate that OsLACS9 is one of the proteins
imported into the plastid without TP and is not mediated by the Toc/Tic complex.
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Figure 7. Confocal imaging of onion epidermal cells transiently co-expressing truncated OsLACS9-GFP
and WxTP-Discosoma sp. red fluorescent protein (DsRed). (A) OsLACS9-GFP and transit peptide
of rice granule-bound starch synthase 1 (WxTP)-DsRed were co-expressed in onion epidermal cells
by using the particle-delivery system and subjected to confocal laser scanning microscopy. Merged:
OsLACS9-GFP+WxTP-DsRed; DIC: Differential interference contrast image. Bars = 25 µm. Enlarged
images of plastids co-expressing full OsLACS9-GFP (B); truncated LACS31-698. SP: Signal peptide (C);
LACS22-698 (D); or GFP alone (E). Bars = 5 µm. (F–I) Distribution profiles of OsLACS9-GFP fluorescence
in plastid visualized by the plastid marker WxTP-DsRed. The intensity of GFP (green lines) and DsRed
(red lines) fluorescence was analyzed using the ImageJ software program. a. u.: Arbitrary unit.

3. Materials and Methods

3.1. Plant Materials and Growth Conditions

The rice used in this study was Oryza sativa L. cv. Nipponbare (WT). The Tos17-inserts lines of
OsLACS9 (lacs9-1; NE3550 and lacs9-2; NF6026) (Figure S4) were obtained from the National Institute
of Agrobiological Sciences (NIAS, Tsukuba, Japan). The genotyping primers used for each line are
summarized in Supplementary Table S1. WT and lacs9 mutant plants were grown and harvested in the
Niigata University paddy field (Niigata, Japan). We grew WT and lacs9 mutant plants in the paddy
fields of the Crop Research Center, Niigata University, Japan (37◦ 51’ 20.75” N 138◦ 57’ 37.9” E), during
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May–September. Thirty-day-old seedlings were transplanted at a spacing of 20 x 15 cm and grown to
collect the seeds for the subsequent analyses.

The WT and lacs9 mutant seeds were grown in a commercial soil (Kumiai Gousei Baido 3, JA,
Tokyo, Japan) in plastic pots and incubated in the growth chamber (CFH-415, Tomy Seiko, Tokyo,
Japan) at 26 ◦C (12 h day)/23 ◦C (12 h night) cycles with 20,000 lux of fluorescent lighting, as described
previously [14], to evaluate the phenotype trait. The experiment was laid out in a randomized complete
block design with six replications. Four uniform looking plants from each rice line were selected to
determine the phenotype.

Seeds and plant samples were stored at 4 ◦C before analysis.

3.2. Plasmid Construction

All plasmids and primer sequences for the PCR amplifications used in this study and references
describing how they were constructed are listed in Table S2. The constructions of pAmyI-1, pGFP, and
pAmyI-1-GFP have been described previously [7,8]. For DsRed2 expression in onion epidermal cells,
the BamHI-SacI PCR-amplified fragment from pDsRed2 (Takara Bio, Ohtsu, Japan) was cloned into the
same sites of pGFP to produce pDsRed. To create pWxTP-DsRed, we PCR-amplified the first 1-111
amino acid residues, including the transit peptide sequence, from the rice waxy gene (PWCW) [7] with
two flanking primers, and then digested the PCR product with BamHI. The BamHI-digested fragment
was inserted into the same site as pDsRed.

For OsLACS9-GFP expression in onion and rice cells, the BamHI-KpnI PCR amplified fragment
of OsLACS9 (AK065718—Os12g0168700) was cloned into pGFP. For BiFC analysis, we constructed
pOsLACS9-n/cYFP and pAmyI-1-n/cYFP. PCR amplified a fragment of OsLACS9 and AmyI-1 was
cloned into the pGWn/cYFP vector (AB626693, AB626695) using the Gateway system (Invitrogen,
Carlsbad, CA, USA).

3.3. Binary Vector Constructions and Plant Transformations

The pZH2B-35S-AmyI-1-GFP-NOS was constructed as described previously [8]. To make the
transgenic line expressing OsLACS9-GFP, the BamHI-KpnI PCR-amplified fragment of OsLACS9 was
cloned into pZH2B-35S-GFP-NOS.

Agrobacterium-mediated transformation and regeneration of rice plants were performed according
to the methods described by Hiei et al. [41] and Fukuoka et al. [42].

3.4. Subcellular Localization

Subcellular localization was investigated by generating stable transgenic rice lines. To establish
stably transformed rice lines expressing LACS-GFP fusion proteins, pZH2B-35S-LACS9-GFP was
transformed into A. tumefaciens EHA105 and used for the transformation of rice WT plants.
pZH2B-35S-AmyI-1-GFP was transformed into A. tumefaciens EHA105 and used for the transformation
of rice lacs9 mutant plants. The stable transformant cells were sectioned with a vibratome to a thickness
of 25 µm, and immediately observed by means of confocal laser scanning microscopy.

3.5. Transient Expression Analysis

Transient expression assays used epidermal onion cells (Allium cepa) and rice seedlings on 1%
agar. Particle bombardment was carried out with a helium-driven particle accelerator (PDS-1000/He;
Bio-Rad) as described previously [7]. Briefly, 3 µg of plasmid DNA in 10 µI of distilled water were
mixed with 10 µL of a 60 mg/mL gold particle (diameter 1.0 urn) solution, 10 µL of 2.5 mM CaCl2,
and 4 µL of 0.1 M spermidine. The resulting mixture was incubated for 30 min at room temperature.
Gold particles coated with plasmid DNA were rinsed with cold ethanol and then gently suspended in
10 µL of ethanol. The gold particles were bombarded twice in onion cells using the particle delivery
system with 1100 psi rupture discs. The bombarded cells were cultured on 1% agar with a Murashige
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and Skoog medium at 23 ◦C (onion) or 28 ◦C (rice) in darkness, and then observed by using a confocal
laser scanning microscope.

3.6. Microscopic Studies

3.6.1. Confocal Laser Scanning Microscope (CLSM)

Confocal laser scanning microscopy was used to analyze transient expression in onions and stable
transgenic rice plants using an SP8 confocal laser scanning microscope (Leica Microsystems, Wetzlar,
Germany). The Ar and green He/Ne lasers were used to excite GFP at 488 nm, DsRed at 543 nm, and
561 nm for chlorophyll autofluorescence.

3.6.2. Transmission Electron Microscope (TEM) Observation

To investigate the changes in starch granules in the WT and lacs9 mutant cells, the leaf tissues
were prepared for electron microscopy. The cultured cells used for microscopic analysis were obtained
from rice calli derived from the embryo portions of previously sterilized seeds and cultured as
specified in Mitsui et al. [43] and Kaneko et al. [44]. Callus cells were grown in a Sakaguchi flask
in a Murashige and Skoog (MS) medium containing 3% (w/v) sucrose, 2 mg/l 2,4-D, and 5 mg/l
thiamine-HCl, placed on a reciprocal shaker operated at 110 strokes min−1 with a 70 mm amplitude,
at 28 ◦C in darkness. The established suspension-cultured cells were subcultured at seven-day intervals.
All these procedures were performed under aseptic conditions. The TEM analysis of the WT and
transgenic rice cells expressing ST-GFP without expression of OsLACS9 (lacs9-1 line) was carried out
as described previously [45]. WT and lacs9 mutant cells were immediately placed on a flat specimen
carrier and frozen in a high-pressure freezer (EM-PACT; Leica Microsystems). The frozen samples were
fixed in anhydrous acetone containing 2% osmic acid (OsO4) for 3–4 days at −80 ◦C for morphological
observation. Tubes containing the frozen samples were warmed at 3 ◦C/h to a temperature of −20 ◦C,
and at 1 ◦C/h from −20 to 4 ◦C, and kept for 2 h at 4 ◦C using an automatic freeze substitution system
(EM-AFS; Leica Microsystems). The samples were then washed with 100% acetone and embedded in
epoxy resin Epon 812 (Shell Chemicals, Hague, Netherlands). Resin sections (200 nm) were cut with a
diamond knife using Ultracut UCT. Ultrathin sections were stained with 2% w/v uranyl acetate. After
staining, samples were examined with TEM (H-7650, Hitachi, Tokyo, Japan) at 80 kV. Images were
acquired using a Gatan DualView camera and Digital Micrograph software or transmission electron
microscopy films.

3.7. Protein Extraction and Immunoblotting Analysis

Intact chloroplasts were purified from seedlings grown in a light condition using the Percoll
(GE Healthcare) density-gradient centrifugation method, as described earlier [45,46] and analyzed
by SDS-PAGE and immunoblotting. Proteins were extracted from brown rice seed (harvested in the
field), calli (cultured in a dedifferentiation medium for four weeks), shoot (germinated at 30 ◦C for
seven days in the dark and moved to a growth chamber (28:23 ◦C, 12:12 h, light:dark; 20,000 lux)
for three days), and mature leaves (germinated at 30 ◦C for seven days in the dark and moved to a
growth chamber (28:23 ◦C, 12:12 h, light:dark; 20,000 lux) for eight days). The samples (20 µg of protein
extracts) were mixed two times with a Laemmli buffer and separated on 10% (w/v) SDS-PAGE. The
proteins were transferred to a nitrocellulose membrane, blocked with 2% (w/v) dried milk in a buffer of
10 mm Tris-HCl, pH 8.0, 150 mm NaCl, and 0.25% (v/v) Tween 20 (TBS-T) for 1 h, and then incubated
with primary antibodies at various dilutions overnight at 4 ◦C. After four washes in TBS-T for 10 min
each, the membranes were exposed to poly-horseradish peroxidase-conjugated anti-rabbit IgG (diluted
1:5,000) (Nakarai tesque, Kyoto, Japan) for 2 h at 20 ◦C. After five washes with TBS-T, the signals
were detected by a 3:1 mixture of SuperSignal West Pico:Femto Chemiluminescent Substrates (Pierce)
(Thermo Fisher Scientific, Waltham, MA, USA). The immunoblotting analyses were carried out as
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described by Mitsui et al. [43]. The antibody against OsLACS9 peptides (37Glu-53Thr) was used for
the immunoblot analysis. All procedures were performed at 4 ◦C.

3.8. Computer Analyses

Rice LACS9 homologs (Table S3) were identified by a BLAST search of the RAP-DB database
(https://rapdb.dna.affrc.go.jp/index.html). Arabidopsis LACS homologs (Table S3) were searched
for in the Arabidopsis Information Resource (TAIR) (https://www.arabidopsis.org). In the LACS9
family phylogenetic tree (Figure S1) comparisons of Oryza sativa and Arabidopsis were constructed by
neighbor-joining methods in a CLC sequence viewer 8.0 (https://www.qiagenbioinformatics.com). The
phylogenetic tree of the multiple sequence alignment of LACS proteins from different species was
constructed by neighbor-joining algorithms using ClustalW in MEGA 7 using the default settings.

3.9. Statistical Analyses

Presented data are the means ± standard deviation. The significance of differences between WT
and lacs9 mutant lines was statistically evaluated with Tukey’s HSD (Honestly Significant Difference)
procedure, and differences were considered significant at p < 0.05 using the R software.

4. Conclusions

A LACS-mediated plastidial lipid biosynthesis pathway has been documented, although the
precise mechanism of fatty acid transport through the plastidial membrane still remain unknown.
Despite ER to plastid lipid trafficking, our data point to an additional role for O. sativa LACS9 in
starch metabolism. The results of this study provide insight into the localization of OsLACS-GFP in
the plastid envelope membrane in rice and onion. The plastid localization of AmyI-1 was prevented
by the loss-of-function of OsLACS9, suggesting that OsLACS9 might be involved, at least partly,
in recruiting AmyI-1 to plastids through the secretory pathway, allowing efficient starch breakdown
and helping to determine plant growth performance. A suggested model for involvement of OsLACS9
in plastid protein targeting through the secretory pathway is presented in Figure 8. Detailed analysis of
additional possible players that function with LACS9 in AmyI-1 control mechanisms will help fine-tune
current attempts at manipulating the pathway. Our findings pave the way for a better understanding
of LACS protein functions in lipid and carbohydrate metabolisms as an initial step to the development
of crops for the future.
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Figure 8. Hypothetical model of plastid targeting of glycoproteins through the secretory pathway.
OsLACS9 is localized exclusively in the plastid envelope of leaf mesophyll cells and nearby vesicle-like
structures. OsLACS9s interact with each other and with as yet unidentified components that might be
involved in the plastid targeting mechanism of glycoproteins (i.e., AmyI-1) via the secretory pathway.
According to this suggested model, OsLACS9 may permit efficient starch degradation and contribute
to optimal plant growth.
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