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Abstract 

Recent studies have revealed the essential mechanisms for plastid division that have bacterial 

orthologues, such as FtsZ and Min system proteins; however, causal factors regulating plastid 

division in plant cells are poorly understood. Here, we show that plastid division is inhibited 

in Arabidopsis by reduced amounts of very-long-chain fatty acids (VLCFAs), which have an 

acyl chain length of more than 20 carbons and are used for cuticular wax formation. The 

number of amyloplasts and chloroplasts decreased in the mutant defective in VLCFA 

synthesis and in wild-type plants treated with an inhibitor of VLCFA synthesis. Although 

similar inhibition of plastid division was observed in transgenic plants that overexpressed 

PDV2, one of the outer-membrane proteins at the plastid division site, dot-like aggregates of 

FtsZ protein and disordered placement of multiple Z-rings were found in wild-type 

chloroplasts treated the inhibitor of VLCFA synthesis. Expression analysis revealed that 

ARC3, one of the Min system genes, was downregulated under low VLCFA conditions. Our 

results indicate that VLCFAs or VLCFA-containing lipids have an essential role in plastid 

division by controlling Z-ring formation, demonstrating a novel function of plant VLCFAs. 
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Introduction 

Very-long-chain fatty acids (VLCFAs) are generally defined as fatty acids with an acyl chain 

length of more than 20 carbons. In plants, VLCFAs are used as components of cuticular wax, 

seed storage triacylglycerols, root suberins, phospholipids, and sphingolipids (Samuels et al. 

2008; Worall et al. 2003). As a material for VLCFA synthesis, stearic acid (18:0), a long-chain 

fatty acid (LCFA), is synthesized de novo in plastids. LCFA synthesis proceeds through the 

following continuous enzymatic reactions: (1) condensation of fatty acid precursor (C2 to 

C16-acyl carrier protein [ACP]) with a carbon donor (malonyl-ACP) catalyzed by ketoacyl-

ACP synthase (KAS), (2) reduction of 3-ketoacyl-ACP by 3-ketoacyl-ACP reductase (KAR), 

(3) dehydration of 3-hydroxy acyl-ACP by 3-hydroxy acyl-ACP dehydratase (HAD), and (4) 

reduction of enoyl-ACP by enoyl-ACP reductase (ENR) (Ohlrogge & Jaworski 1997). In 

Arabidopsis, had1 had2 double mutants show a lethal phenotype, suggesting that LCFA 

synthesis is indispensible for plant development (Wu & Xue 2010). The mod1 mutant, which 

has a mutation in ENR, exhibits pleiotropic developmental defects, such as chlorotic and curly 

leaves, stunted growth, reduced fertility, and reduced number of chloroplasts (Mou et al. 

2000). Arabidopsis kasI mutants also display stunted growth, reduced fertility, and impaired 

chloroplast division in young leaves (Wu & Xue 2010). 

Using LCFAs as an initial precursor, VLCFAs are synthesized in the endoplasmic 

reticulum (ER) by sequential addition of 2-carbon moieties to acyl-CoA precursors. The 

carbon donor malonyl-CoA is synthesized from acetyl-CoA by acetyl-CoA carboxylase. The 

elongation reactions for VLCFA synthesis consist of 4 enzymatic reactions: (1) condensation 

of acyl-CoA with malonyl-CoA catalyzed by ketoacyl-CoA synthase (KCS), (2) reduction of 

3-ketoacyl-CoA by 3-ketoacyl-CoA reductase (KCR), (3) dehydration of 3-hydroxy acyl-CoA 

by 3-hydroxy acyl-CoA dehydratase (HCD), and (4) reduction of enoyl-CoA by enoyl-CoA 

reductase (ECR) (Bach & Faure 2010). The complete loss of HCD or KCR in Arabidopsis is 
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lethal to embryos, demonstrating that VLCFAs are essential for plant growth (Bach et al. 

2008; Beaudoin et al. 2009). Studies on Arabidopsis plants expressing reduced levels of KCS, 

KCR, and ECR have indicated that VLCFA synthesis plays an essential role in organ 

formation by producing cuticular wax on the plant’s surface (Millar & Kunst 1997; Millar et 

al. 1999; Todd et al. 1999; Yephrmov et al. 1999; Fiebig et al. 2000; Zheng et al. 2005; Lee et 

al. 2009; Beaudoin et al. 2009). On the other hand, VLCFA function other than that in 

cuticular wax formation has also been noted. For example, overexpression of FAE1 encoding 

KCS altered the thylakoid membrane shape in chloroplasts, suggesting a role in membrane 

dynamics (Millar et al. 1998). The leaky pas2-1 mutant, which contains reduced amounts of 

VLCFAs because of a defect in the HCD-encoding PAS2 gene, showed a higher sensitivity to 

cytokinin and exhibited ectopic cell proliferation (Faure et al. 1998; Bellec et al. 2002; 

Haberer et al. 2002; Harrar et al. 2003; Bach et al. 2008). Arabidopsis mutants for 

PAS3/GURKE and PAS1, which encode acetyl-CoA carboxylase and a scaffold protein for 

VLCFA elongation enzymes, respectively, also displayed similar phenotypes (Faure et al. 

1998; Baud et al. 2004; Roudier et al. 2010), an indication that VLCFAs are involved in the 

control of cell division; however, the precise role of VLCFAs in multiple aspects of plant 

development remains elusive. 

Plastids, such as amyloplasts and chloroplasts, are plant-specific symbiotic organelles 

and have essential roles in photosynthesis, and in amino acid and lipid biosynthesis (Galili 

1995; Ohlrogge & Browse 1995). Amyloplasts are required for biosynthesis and storage of 

starch in sink organs, while chloroplasts are where photosynthesis in source organs is carried 

out. No plastid is generated de novo; they are produced from preexisting plastids through 

division processes. 

The plastid division mechanism has an evolutionary origin in a bacterial cytokinetic 

apparatus; the filamentous temperature-sensitive (FtsZ) protein has a pivotal role in division 
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of both plant plastids and bacteria (Osteryoung & Vierling 1995; Strepp et al. 1998; reviewed 

by Yang et al. 2008). FtsZ is a tubulin-like GTPase that self-assembles into an FtsZ-ring (Z-

ring) at the division site, and the Z-ring provides constriction force for division (Osawa et al. 

2008). Two types of FtsZ proteins, FtsZ1 and FtsZ2, are encoded in the plant genome (Vitha 

et al. 2001). In prokaryotic cells, Min system proteins (MinC, MinD, and MinE), which 

restrict localization and polymerization of FtsZ proteins, allow the Z-ring to be formed at only 

the midsection of a cell (Margolin 2005). Plant ARC3, MinD (ARC11), and MinE (ARC12) 

are the counterparts of bacterial MinC, MinD, and MinE, respectively, and control the Z-ring 

formation on the inner membrane of plastids (reviewed by Yang et al. 2008). Nakanishi et al. 

(2009) reported that MCD1, a plant-specific membrane protein, interacts directly with MinE 

and controls proper placement of the Z-ring. After determination of the Z-ring assembly site, 

the Z-ring is stabilized on the inner membrane by the membrane proteins ARC6 and PARC6 

(Vitha et al. 2003; Glynn et al. 2008; Glynn et al. 2009). PDV2 and PDV1, which are plant-

specific coiled-coil transmembrane proteins, are localized to the outer membrane at the plastid 

division site and interact with ARC6 and PARC6, respectively (Glynn et al. 2008; Glynn et al. 

2009). They then recruit a plant-specific dynamin-like GTPase, ARC5 (DRP5), to the outer 

membrane to achieve plastid division (Gao et al. 2003; Miyagishima et al. 2003; Yoshida et 

al. 2006). All of the Arabidopsis mutants with defects in the abovementioned components 

usually fail in proper Z-ring assembly, leading to incomplete chloroplast division (Vitha et al. 

2003; Miyagishima et al. 2006; Glynn et al. 2007; Fujiwara et al. 2008; Glynn et al. 2009; 

Nakanishi et al. 2009; Wilson et al. 2011). 

A recent report demonstrated that 2 mechanosensitive channel proteins, MSL2 and 

MSL3, are involved in the initial step of plastid division, suggesting a functional link between 

chloroplast division and membrane tension (Wilson et al. 2011); however, causal factors with 

host-cell origin that control plastid division remain relatively unknown. In this study, we 
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found that reduction of VLCFA content inhibited amyloplast and chloroplast division in 

Arabidopsis. The impaired plastid division was accompanied by misassembly of FtsZ proteins 

and improper placement of the Z-ring in chloroplasts. Our results demonstrate that plant 

VLCFAs have a novel function in Z-ring formation in plastids.  

 

Results 

Reduced VLCFA synthesis inhibits amyloplast division and promotes starch accumulation 

pas2-1 mutant seedlings, which contain reduced amounts of VLCFAs, exhibit pleiotropic 

phenotypes such as ectopic cell proliferation in shoots (Faure et al. 1998), fusion of aerial 

organs (Bellec et al. 2002; Harrar et al. 2003), shortened primary roots (Bach et al. 2011), and 

generation of callus-like structures from differentiated tissues (Bellec et al. 2002). We also 

found that hypocotyls and cotyledons reacted strongly to Lugol’s solution, the strong stain 

indicating the presence of starch (Fig. 1A). Our measurement of starch content revealed that 

pas2-1 mutant seedlings contained approximately 10 times more starch than wild-type 

seedlings (Fig. 1B). Hypocotyl sections of pas2-1 mutant seedlings showed that starch 

accumulation was prominent in the amyloplasts in cortical cells (Fig. 1C). We then quantified 

the number and size of amyloplasts and found that each was apparently bigger in pas2-1 

mutant seedlings than in wild-type seedlings, (Figs. 2A, B, +Suc), whereas the number in 

each cortical cell decreased to 1/3 in the pas2-1 mutants (Figs. 2A, C, +Suc). These results 

indicate that reduction of VLCFA synthesis is accompanied by an increase in starch 

accumulation in less number of amyloplasts. 

Starch is synthesized by photosynthesis and by using a carbon source absorbed as a 

nutrient. To test whether the carbon supply affects the number and size of amyloplasts, we 

depleted sucrose from the MS medium. As shown in Fig. 2A, amyloplasts were rarely stained 

by Lugol’s solution in both the wild-type and pas2-1 seedlings, indicating the occurrence of a 
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carbon source deficiency; however, in the absence of sucrose, the size and number of 

amyloplasts in the pas2-1 seedlings were again increased and decreased, respectively, as 

compared to those in the wild-type seedlings (Figs. 2B, C, -Suc). These results suggest that 

reduced VLCFA synthesis inhibits amyloplast division independent of starch accumulation. 

To further examine the above observation, we treated wild-type plants with 

cafenstrole, which blocks the first step in VLCFA elongation reactions by targeting KCS 

(Trenkamp et al. 2004). Cafenstrole-induced reduction of VLCFA content has been reported 

in barley and cucumber (Yang et al. 2010). In Arabidopsis, we found that the C22:0 and 

C24:0 VLCFA content was reduced by cafenstrole in a dose-dependent manner, whereas no 

significant change was observed for C18 LCFAs or C20 VLCFAs (Fig. 3A). Although our 

experimental conditions did not allow us to detect C26 or longer fatty acids, this result 

indicates that cafenstrole inhibits the biosynthesis of C22 and C24 fatty acids. As in the pas2-

1 mutant, wild-type seedlings grown in the presence of cafenstrole accumulated higher 

amounts of starch in the amyloplasts in shoot apices (Fig. 3B), suggesting that low VLCFA 

content is the cause of the amyloplast phenotype. 

Previously, Faure et al. (1998) reported that pas2-1 mutants exhibit hypersensitivity to 

cytokinin, indicating a possibility that increased cytokinin signaling might lead to the 

amyloplast phenotype. To test this possibility, we used a transgenic line overexpressing 

cytokinin oxidase 2 (Pro35S:CKX2), in which active cytokinins are degraded and decreased 

by 10 times higher expression of CKX2 than wild-type (Werner et al. 2003). We grew 

Pro35S:CKX2 seedlings in the presence of cafenstrole and observed sections of shoot apices 

stained with Lugol’s solution. As a result, starch accumulation in amyloplasts was detected at 

a level comparable to that in cafenstrole-treated wild-type plants (Fig. 3B), indicating that 

cytokinin is not related to the amyloplast phenotype observed under low VLCFA conditions.  
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VLCFAs are required for proper chloroplast division 

We then investigated the chloroplast phenotype in mesophyll cells, which were isolated from 

first leaves of 5-day-old and 2-week-old seedlings. Mesophyll cells from wild-type leaves 

contained chloroplasts with a globular shape, while those from pas2-1 or from cafenstrole-

treated wild-type seedlings harbored oval-shaped chloroplasts regardless of leaf stage (Figs. 

4A, B). Quantitative analyses showed that, although chloroplasts were larger in 5-day-old 

seedlings of pas2-1 and the cafenstrole-treated wild type, the size in the non-treated wild-type 

control reached a level comparable to that in the pas2-1 seedlings after 2 weeks (Figs. 4C, D). 

On the other hand, the number of chloroplasts per cell was significantly reduced in the pas2-1 

and the cafenstrole-treated wild-type leaves for both 5-day-old and 2-week-old seedlings 

(Figs. 4E, F). These data indicate that lower VLCFA synthesis impairs chloroplast division 

and results in larger chloroplasts in young leaves, whereas chloroplasts mature regardless of 

VLCFA content. This and the abovementioned results demonstrate that VLCFAs are essential 

for proper plastid division. 

A previous report has described that PDV proteins are recruited to the outer membrane 

at the chloroplast division site and determine the chloroplast division rate (Okazaki et al. 

2009). This suggests that VLCFAs might control expression and/or function of PDV proteins. 

We applied cafenstrole to the pdv2-1 mutant and transgenic plants overexpressing PDV2 

under the cauliflower mosaic virus 35S promoter. As described previously, pdv2-1 and 

Pro35S:PDV2 seedlings had reduced and increased numbers of chloroplasts, respectively 

(Figs. 5A, B; Miyagishima et al. 2006; Okazaki et al. 2009). Cafenstrole treatment of pdv2-1 

did not further decrease the number of chloroplasts, indicating the essential role of PDV2 in 

chloroplast division (Fig. 5B); however, when Pro35S:PDV2 seedlings were grown in the 

presence of cafenstrole, the promoting effect of PDV2 overexpression on chloroplast division 

was nearly cancelled (Figs. 5A, B). Note that PDV2 expression level was not reduced by 
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cafenstrole treatment in either the wild-type and Pro35S:PDV2 seedlings (Fig. 5C), indicating 

a negligible effect of VLCFA content on PDV2 and the transgene expressions. Although we 

cannot deny the possibility that cafenstrole effectively inhibits the function of PDV2 or 

downstream regulators by unknown mechanisms, our results suggest that VLCFAs may 

control chloroplast division through another signaling pathway, which does not directly link to 

PDV functions.  

 

VLCFAs are involved in Z-ring formation in chloroplasts 

We then investigated whether the chloroplast Z-ring is properly formed under low VLCFA 

conditions. To visualize the Z-ring, we used an Arabidopsis line expressing GFP-fused FtsZ2 

under the FtsZ2 promoter (Nakanishi et al. 2009). In the absence of cafenstrole, FtsZ2–GFP 

was localized at the middle of the chloroplast as a single ring (Fig. 6A; Nakanishi et al. 2009). 

In contrast, multiple rings were observed in seedlings treated with cafenstrole, and each ring 

was oriented toward a different direction (Fig. 6A). Measurement of the number of Z-rings 

revealed that cafenstrole treatment reduced the percentage of chloroplasts with a single ring, 

whereas those with more than 2 rings were significantly increased (Fig. 6B). Moreover, we 

detected dot-like fluorescence on chloroplasts in cafenstrole-treated leaves (Fig. 6A). These 

results imply that inhibition of VLCFA synthesis disturbs Z-ring formation, leading to 

impaired chloroplast division. 

The appearance of multiple Z-rings is a commonly observed phenotype in mutants 

with defects in any step of FtsZ-associated chloroplast division such as in minD, minE (Vitha 

et al. 2003; Fujiwara et al. 2008), arc3 (Glynn et al. 2007), mcd1 (Nakanishi et al. 2009), 

msl2 msl3 (Wilson et al. 2011), arc6 (Vitha et al. 2003), parc6 (Glynn et al. 2009), pdv1, 

pdv2, and arc5/drp5b (Miyagishima et al. 2006). On the other hand, dot-like aggregates of 

FtsZ protein are especially found in mutants for the Min system, which is involved in the 
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initial step of Z-ring formation by restricting FtsZ protein localization (Vitha et al. 2003; 

Fujiwara et al. 2008; Wilson et al. 2011). To get insight into the role of VLCFAs, we 

measured expression levels of genes for chloroplast division, such as FtsZ (FtsZ1, FtsZ2), 

Min-related genes (MinD, MinE, ARC3, MCD1), and channel genes (MSL2, MSL3), in 

seedlings treated with cafenstrole. Quantitative RT-PCR showed that expression of FtsZ genes 

was slightly reduced by cafenstrole treatment, and that most of the genes for the Min system 

and channel proteins displayed only a small increase (Fig. 7). We noted that the transcripts of 

ARC3, one of the Min genes, were significantly decreased by cafenstrole treatment (Fig. 7), 

suggesting a possibility that VLCFAs might be involved in maintaining the Min system. 

 

Discussion 

In the present study, we showed that the pas2-1 mutant had a lower number of amyloplasts, 

while total starch content was dramatically elevated compared to that in the wild-type 

seedlings. In tobacco BY-2 cells, cytokinin application promotes starch accumulation in 

amyloplasts (Miyazawa et al. 1999). In addition, ectopic expression of Agrobacterium 

isopentenyltransferase (ipt) gene, which encodes a crucial enzyme for cytokinin synthesis, 

induced local overproduction of cytokinin and ectopic accumulation of starch grains in 

tobacco plants (Guivarc'h et al. 2002). Since pas2-1 mutants display hypersensitivity to 

cytokinin (Faure et al. 1998; Harrar et al. 2003), we speculated that higher starch 

accumulation under low VLCFA conditions might be associated with cytokinin signaling; 

however, starch accumulation was also enhanced by cafenstrole treatment in CKX2-

overexpressing seedlings. It is therefore unlikely that a reduced VLCFA level promotes starch 

accumulation through the cytokinin-mediated pathway. One possibility is that structural 

changes of amyloplast might activate starch metabolic pathways under low VLCFA 

conditions. Indeed, it is known that starch metabolic processes are altered in the arc5 mutant, 
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which carries bigger amyloplasts (Yun & Kawagoe 2009). Moreover, higher accumulation of 

starch granules was observed in chloroplasts of some arc mutants (arc3, arc5, and arc6), 

which have bigger chloroplasts because of impaired plastid division (Austin II & Webber 

2005). In this scenario, higher starch accumulation observed in this study may be an indirect 

outcome of inhibition of amyloplast division. Further studies will reveal how structural 

changes of plastids generally affect starch biosynthesis. 

We revealed that reduction of VLCFA content inhibits division of amyloplasts and 

chloroplasts; whereas PDV2 overexpression was not fully epistatic to the inhibitory effect of 

cafenstrole on plastid division, abnormal Z-ring formation, such as multiple Z-rings and dot-

like FtsZ aggregates, was observed in cafenstrole-treated chloroplasts. These results imply 

that VLCFAs are prerequisite to proper Z-ring formation and play a crucial role in plastid 

division. Previous studies have also suggested the involvement of fatty acids in chloroplast 

division; Arabidopsis kasI and mod1 mutants, which have defects in LCFA synthesis, 

displayed impaired chloroplast division and possessed less chloroplasts compared to wild-

type plants (Mou et al. 2000; Wu & Xue 2010). Misplacement of the Z-ring was also 

observed in kasI mutants (Wu & Xue 2010). Because LCFAs are materials for VLCFA 

synthesis in ER, it is conceivable that, in kasI and mod1 mutants, lower VLCFA content 

caused by the lack of LCFAs might result in impaired chloroplast division; therefore, we 

propose that VLCFAs are those that are essential for proper plastid division. 

Our results demonstrated that VLCFAs are required for Z-ring formation and its 

localization at the middle of the chloroplast. We assume 3 possibilities to explain the role of 

VLCFAs: 1) VLCFAs are associated with signaling pathways that control gene expression for 

plastid division mechanisms, 2) VLCFAs are required for proper localization of division-

related proteins, and 3) VLCFAs are involved in trafficking of division-related proteins 

through the endomembrane system. 
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The first possibility is suggested because the imbalance of gene expression related to 

Z-ring formation causes defects in chloroplast division. It was demonstrated that a strict 

balance between gene expressions for FtsZ1 and FtsZ2 is important to achieve proper 

chloroplast division (Osteryoung et al. 1998; Stokes et al. 2000). Fujiwara et al. (2008) 

reported that multiple Z-rings and dot-like aggregates were differentially formed depending 

on relative expression levels of MinD and MinE; however, our expression analysis showed 

that stoichiometric balance between expression levels for FtsZ1 and FtsZ2 and for MinD and 

MinE did not change under low VLCFA conditions. Instead, we found that cafenstrole 

treatment significantly reduced the transcript level of ARC3, one of the Min-related genes 

whose products control localization and polymerization of FtsZ proteins (Maple et al. 2007); 

however, the arc3 mutant forms multiple Z-rings but not dot-like FtsZ aggregates (Glynn et 

al. 2007), both of which were observed in this study under low VLCFA conditions. This 

suggests that VLCFAs may regulate multiple genes controlling Z-ring formation. In 

mammals, yeast, and bacteria, it is known that VLCFAs or VLCFA-containing lipids function 

in controlling gene transcription (Black et al. 2000). In Arabidopsis, arachidonic acid 

positively regulates stress-related genes (Savchenko et al. 2010); therefore, although we 

cannot determine whether reduced expression of ARC3 is a cause or a consequence of 

impaired chloroplast division, it is possible that VLCFAs act as mediators or ligands 

controlling gene expression for plastid division mechanisms.  

The second possibility is that VLCFAs might control proper localization of division-

related proteins in plastid membranes. In maize mesophyll cells, VLCFA-containing lipids 

were detected in chloroplast envelope membranes (Poincelot 1976), probably residing as 

phospholipids. The role of VLCFAs and VLCFA-containing lipids in protein association has 

been described for the lipid raft, which is the micro-domain made of phospholipids, 

sphingolipids, cholesterol, and proteins, and functions in membrane signaling and trafficking 
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(Gaigg et al. 2006; Mongrand et al. 2010). Arabidopsis TOC75 protein, a component of the 

plastid outer membrane, was found in a fraction of detergent-resistant membranes (Borner et 

al. 2005), suggesting that specific proteins might be included in lipid raft-like domains in 

plastid membranes. Although the association of plastid division-related proteins with the lipid 

raft has not been described, it is likely that VLCFA-containing phospholipids mediate the 

interaction between plastid membrane components and division-related proteins. At the later 

stage of plastid division, the membrane curves at the constriction site. Considering that 

VLCFA-containing lipids have an important role in stabilizing highly curved membrane 

domains (Schneiter et al. 2004), they might function not only as a scaffold for assembling 

FtsZ-related proteins, but also as one of the division mechanisms that facilitates membrane 

dynamics during cell constriction. 

The third possibility is that VLCFAs might be required for membrane trafficking of 

division-related proteins. Arabidopsis cer10, pas1, and pas3 mutants that contain reduced 

amounts of VLCFAs and VLCFA-containing lipids, exhibit impaired endomembrane 

trafficking (Zheng et al. 2005; Roudier et al. 2010). It has been demonstrated that VLCFA-

containing phospholipids play an important role in stabilizing transport vesicles from the ER 

(Sturbois-Balcerzak et al. 1999). Moreover, Bach et al. (2011) demonstrated that VLCFAs are 

prerequisite to endomembrane dynamics during cytokinesis, which requires vesicle transport 

for cell-plate formation; therefore, it is probable that VLCFAs and/or VLCFA-containing 

lipids play an important role in endomembrane trafficking of plastid division-related proteins, 

such as ARC3, MinD, and MinE. Further studies will reveal how VLCFAs and their 

derivatives are associated with gene expression, protein localization, or endomembrane 

trafficking in plastid division mechanisms, and how these regulations are involved in FtsZ 

protein assembly and Z-ring formation and arrangement. 
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Because some of the enzymes for VLCFA elongation reactions are expressed 

specifically in the epidermis (Yephremov et al. 1999;	Joubès et al. 2008), VLCFAs are likely 

to be synthesized predominantly in the epidermis; therefore, the present study suggests that 

chloroplast division in mesophyll cells is controlled by VLCFAs or VLCFA-containing lipids 

transported from the epidermis to the inner tissues. It is also probable that VLCFAs may be 

associated with some metabolic pathway in epidermal cells, and that inhibition of VLCFA 

synthesis might change the level of some metabolites that affect plastid division in internal 

tissues. pas mutants sometimes show ectopic cell proliferation in leaves (Faure et al. 1998), 

demonstrating that VLCFAs are also involved in the control of cell division. This raises an 

interesting hypothesis that VLCFAs are engaged in maintaining the plastid number by 

suppressing cell proliferation and promoting plastid division during the continuous growth 

and development of plants. 

 

Experimental procedures 

Plant materials and growth conditions 

pas2 (Faure et al. 1998), pdv2-1 (Miyagishima et al. 2006), Pro35S:PDV2 (Okazaki et al. 

2009), and ProFtsZ2:FtsZ2-GFP (Nakanishi et al. 2009) were described previously. All 

Arabidopsis plants used in this study are in the Columbia (Col-0) background. Arabidopsis 

plants were grown in Murashige and Skoog (MS) medium (1 × MS salts, 1 × MS vitamins, 

and 2% [w/v] sucrose [pH 6.3]) under continuous light conditions at 23°C. For the sucrose-

depletion experiment, plants were grown in MS medium containing 1.064% (w/v) mannitol 

instead of sucrose. Cafenstrole (HPLC standard grade, Wako Pure Chemical Industries) was 

dissolved in dimethylsulfoxide at appropriate concentrations, and diluted 1,000 fold into the 

media. 
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Quantification of starch content 

Approximately 100 mg of whole seedlings were frozen with liquid nitrogen and starch 

content was measured using the Starch Assay Kit (Sigma-Aldrich Corp.) according to the 

manufacturer’s instruction. 

 

Histological analysis 

Tissues were sectioned as described previously (Adachi et al. 2009). Briefly, tissue samples 

were fixed with glutaraldehyde and dehydrated with an ethanol series, after which ethanol 

was substituted with Technovit 7100 solution (Heraeus Kulzer). After solidification, the 

samples were sectioned to a thickness of a 4–5 µm and stained with Lugol’s solution (Sigma-

Aldrich Corp.) to visualize starch granules. 

 

Lipid analysis 

Total fatty acid was extracted from whole seedlings using the Fatty Acid Methylation kit 

(Nacalai Tesque, Inc.), and purified using the Fatty Acid Methyl Ester Purification kit 

(Nacalai Tesque, Inc.) according to the manufacturer’s instruction. Fatty acid methyl ester 

samples were analyzed by gas chromatography/mass spectrometry (Hewlett Packard 5890 

Series II/JEOL JMS-700 MStation) with an ULBON HR-SS-10 capillary column (f0.25 mm 

× 30 m; Shinwa Chemical Industries). Peaks of fatty acid methyl esters were identified by 

comparing them with fatty acid methyl ester standards (GLC Reference Standard GLC62; 

NU-CHEK-PREP), and quantified using a selected ion monitor (SIM) mode with m/z 74. 

 

Microscopy observation 

Chloroplasts were observed as described by Pyke and Leech (1991). Leaves were fixed with 

3.5% (v/v) glutaraldehyde for 1 hour, and incubated in a solution of 0.1 M Na2EDTA (pH 9) 
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for 1–2 hours at 60°C. Mesophyll cells were then isolated by gentle tapping with tweezers on 

the cover glass, and observed with Nomarski differential interference contrast microscope. 

For quantification of plastid number and area, microscopic images were analyzed using NIH 

ImageJ 1.43u (http://rsb.info.nih.gov/nih-image/). GFP fluorescence in leaves was observed 

using a confocal laser-scanning microscope (FV1000, Olympus Corp.) without fixation.  

 

RT-PCR 

Total RNA was extracted from 5-day-old whole seedlings using an RNeasy Plant Mini Kit 

(QIAGEN) according to the manufacturer’s instructions. cDNA was synthesized from 2 µg of 

total RNA with SuperscriptII reverse transcriptase (Invitrogen Corp.). Real-time RT-PCR was 

performed using the LightCycler system (Roche Applied Science) and SYBR Green I 

(TaKaRa Bio Inc.) with the following primers: 5′-AGCTCTTGAGTCTCAGCTTGC-3′ and 

5′-GAGCCAGTTGCTTCTCATATTGT-3′ for PDV2, 5′-TCCTCGGGTATGTATGCATTG-3′ 

and 5′-GCAAAAGAGACAAAATCTTCAAAA-3′ for MinD, 5′-

CACCGTAATCGCCTCTCATT-3′ and 5′-TGCTTATGAATCCCGTGAAA-3′ for MinE, 5′-

CTCTTCCTCTGCGATTTTGG-3′ and 5′-CTTCAAGGCATTATCTTGGTGA-3′ for ARC3, 

5′-CCCTCCTGTTGTCTTCCTGA-3′ and 5′-AAAACAGTAGCCGTGATGCAG-3′ for 

MCD1, 5′-CCAACGGTTTTGTAATCCAGA-3′ and 5′-ATGTTGTCCCAACGGAACAC-3′ 

for MSL2, 5′-AGTTTCTGGCACAGTAGAGCAA-3′ and 5′-

CCCGGTCATCACCTCTGATA-3′ for MSL3, 5′-CTTTTAACTCGTGGGCTTGG-3′ and 5′-	

CTTCTGCAGCTTGTTCTCCA-3′ for FtsZ1, 5′-TCAGATATGGTCTTTGTCACAGC-3′ and 

5′-ATTACAGGGGCTGCACCA-3′ for FtsZ2, and 5′-AGAGGTTGACGAGCAGATGA-3′ 

and 5′-CCTCTTCTTCCTCCTCGTAC-3′ for TUBULIN4. The PCR conditions were 1 cycle 

at 95°C for 45 sec; and 44 cycles at 95°C for 15 sec, at 60°C for 30 sec, and at 72°C for 45 

sec. 



17	

 

Acknowledgements 

We thank J.D. Faure, T. Schmülling, and S.Y. Miyagishima for seeds of pas2-1, 

Pro35S:CKX2, pdv2-1, ProFtsZ2:FtsZ2–GFP and Pro35S:PDV2, and J. Tsukamoto for GC-

MS analysis. This work was supported by Grants-in-Aid for Scientific Research on Innovative 

Areas (Grant No. 22119009) from the Ministry of Education, Culture, Sports, Science and 

Technology of Japan. T.N. was supported by Research Fellowships from the Japan Society for 

the Promotion of Science for Young Scientists. 



18	

References 

Adachi, S., Nobusawa, T. & Umeda, M. (2009) Quantitative and cell type-specific 

transcriptional regulation of A-type cyclin-dependent kinase in Arabidopsis thaliana. 

Dev. Biol. 329, 306–314. 

Austin II, J. & Webber, AN. (2005) Photosynthesis in Arabidopsis thaliana mutants with 

reduced chloroplast number. Photosynth. Res. 85, 373–384. 

Bach, L. & Faure, JD. (2010) Role of very-long-chain fatty acids in plant development, when 

chain length does matter. C. R. Biol. 333, 361–370. 

Bach, L., Gissot, L., Marion, J., Tellier, F., Moreau, P., Satiat-Jeunemaître, B., Palauqui, JC., 

Napier, JA. & Faure, JD. (2011) Very-long-chain fatty acids are required for cell plate 

formation during cytokinesis in Arabidopsis thaliana. J. Cell Sci. 124, 3222–3234. 

Bach, L., Michaelson, LV., Haslam, R., Bellec, Y., Gissot, L., Marion, J., Da Costa, M., 

Boutin, JP., Miquel, M., Tellier, F., Domergue, F., Markham, JE., Beaudoin, F., Napier, 

JA. & Faure, JD. (2008) The very-long-chain hydroxy fatty acyl-CoA dehydratase 

PASTICCINO2 is essential and limiting for plant development. Proc. Natl Acad. Sci. 

USA 105, 14727–14731. 

Baud, S., Bellec, Y., Miquel, M., Bellini, C., Caboche, M., Lepiniec, L., Faure, JD. & Rochat, 

C. (2004) gurke and pasticcino3 mutants affected in embryo development are impaired 

in acetyl-CoA carboxylase. EMBO Rep. 5, 515–520. 

Beaudoin, F., Wu, X., Li, F., Haslam, RP., Markham, JE., Zheng, H., Napier, JA. & Kunst, L. 

(2009) Functional Characterization of the Arabidopsis b-Ketoacyl-Coenzyme A 

Reductase Candidates of the Fatty Acid Elongase. Plant Physiol. 150, 1174–1191. 

Bellec, Y., Harrar, Y., Butaeye, C., Darnet, S., Bellini, C. & Faure, JD. (2002) Pasticcino2 is a 

protein tyrosine phosphatase-like involved in cell proliferation and differentiation in 

Arabidopsis. Plant J. 32:713–722. 



19	

Black, PN., Faergeman, NJ. & DiRusso, CC. (2000) Long-chain acyl-CoA-dependent 

regulation of gene expression in bacteria, yeast and mammals. J. Nutr. 130, 305S–309S. 

Borner, GH., Sherrier, DJ., Weimar, T., Michaelson, LV., Hawkins, ND., Macaskill, A., 

Napier, JA., Beale, MH., Lilley, KS. & Dupree, P. (2005) Analysis of detergent-resistant 

membranes in Arabidopsis. Evidence for plasma membrane lipid rafts. Plant Physiol. 

137, 104–116. 

Faure, JD., Vittorioso, P., Santoni, V., Fraisier, V., Prinsen, E., Barlier, I., Van Onckelen, H., 

Caboche, M. & Bellini, C. (1998) The PASTICCINO genes of Arabidopsis thaliana are 

involved in the control of cell division and differentiation. Development 125, 909–918. 

Fiebig, A., Mayfield, JA., Miley, NL., Chau, S., Fischer, RL. & Preuss, D. (2000) Alterations 

in CER6, a gene identical to CUT1, differentially affect long-chain lipid content on the 

surface of pollen and stems. Plant Cell 12, 2001–2008. 

Fujiwara, MT., Hashimoto, H., Kazama, Y., Abe, T., Yoshida, S., Sato, N. & Itoh, RD. (2008) 

The assembly of the FtsZ ring at the mid-chloroplast division site depends on a balance 

between the activities of AtMinE1 and ARC11/AtMinD1. Plant Cell Physiol. 49, 345–

361. 

Gaigg, B., Toulmay, A. & Schneiter, R. (2006) Very long-chain fatty acid-containing lipids 

rather than sphingolipids per se are required for raft association and stable surface 

transport of newly synthesized plasma membrane ATPase in yeast. J. Biol. Chem. 281, 

34135–34145. 

Galili, G. (1995) Regulation of Lysine and Threonine Synthesis. Plant Cell 7, 899–906. 

Gao, H., Kadirjan-Kalbach, D., Froehlich, JE. & Osteryoung, KW. (2003) ARC5, a cytosolic 

dynamin-like protein from plants, is part of the chloroplast division machinery. Proc. 

Natl Acad. Sci. USA 100, 4328–4333. 



20	

Glynn, JM., Miyagishima, SY., Yoder, DW., Osteryoung, KW. & Vitha, S. (2007) Chloroplast 

division. Traffic 8, 451–461. 

Glynn, JM., Froehlich, JE. & Osteryoung, KW. (2008) Arabidopsis ARC6 coordinates the 

division machineries of the inner and outer chloroplast membranes through interaction 

with PDV2 in the intermembrane space. Plant Cell 20, 2460–2470. 

Glynn, JM., Yang, Y., Vitha, S., Schmitz, AJ., Hemmes, M., Miyagishima, SY. & Osteryoung, 

KW. (2009) PARC6, a novel chloroplast division factor, influences FtsZ assembly and is 

required for recruitment of PDV1 during chloroplast division in Arabidopsis. Plant J. 

59, 700–711. 

Guivarc'h, A., Rembur, J., Goetz, M., Roitsch, T., Noin, M., Schmülling, T. & Chriqui, D. 

(2002) Local expression of the ipt gene in transgenic tobacco (Nicotiana tabacum L. cv. 

SR1) axillary buds establishes a role for cytokinins in tuberization and sink formation. 

J. Exp. Bot. 53, 621–629. 

Harrar, Y., Bellec, Y., Bellini, C. & Faure, JD. (2003) Hormonal control of cell proliferation 

requires PASTICCINO genes. Plant Physiol. 132, 1217–1227. 

Haberer, G., Erschadi, S. & Torres-Ruiz, RA. (2002) The Arabidopsis gene 

PEPINO/PASTICCINO2 is required for proliferation control of meristematic and non-

meristematic cells and encodes a putative anti-phosphatase. Dev. Genes Evol. 212, 542–

550. 

Joubès, J., Raffaele, S., Bourdenx, B., Garcia, C., Laroche-Traineau, J., Moreau, P., 

Domergue, F. & Lessire, R. (2008) The VLCFA elongase gene family in Arabidopsis 

thaliana: phylogenetic analysis, 3D modelling and expression profiling. Plant Mol. 

Biol. 67, 547–566. 

Lee, SB., Jung, SJ., Go, YS., Kim, HU., Kim, JK., Cho, HJ., Park, OK. & Suh, MC. (2009) 

Two Arabidopsis 3-ketoacyl CoA synthase genes, KCS20 and KCS2/DAISY, are 



21	

functionally redundant in cuticular wax and root suberin biosynthesis, but differentially 

controlled by osmotic stress. Plant J. 60, 462–475. 

Margolin, W. (2005) FtsZ and the division of prokaryotic cells and organelles. Nat. Rev. Mol. 

Cell Biol. 6, 862–871. 

Maple, J., Vojta, L., Soll, J. & Møller, SG. (2007) ARC3 is a stromal Z-ring accessory protein 

essential for plastid division. EMBO Rep. 8, 293–299. 

Millar, AA., Clemens, S., Zachgo, S., Giblin, EM., Taylor, DC. & Kunst, L. (1999) CUT1, an 

Arabidopsis gene required for cuticular wax biosynthesis and pollen fertility, encodes a 

very-long-chain fatty acid condensing enzyme. Plant Cell 11, 825–838. 

Millar, AA. & Kunst, L. (1997) Very-long-chain fatty acid biosynthesis is controlled through 

the expression and specificity of the condensing enzyme. Plant J. 12, 121–131. 

Millar, AA., Wrischer, M. & Kunst, L. (1998) Accumulation of very-long-chain fatty acids in 

membrane glycerolipids is associated with dramatic alterations in plant morphology. 

Plant Cell 10, 1889–1902. 

Miyagishima, SY., Froehlich, JE. & Osteryoung, KW. (2006) PDV1 and PDV2 mediate 

recruitment of the dynamin-related protein ARC5 to the plastid division site. Plant Cell 

18, 2517–2530. 

Miyagishima, SY., Nishida, K., Mori, T., Matsuzaki, M., Higashiyama, T., Kuroiwa, H. & 

Kuroiwa, T. (2003) A plant-specific dynamin-related protein forms a ring at the 

chloroplast division site. Plant Cell 15, 655–665. 

Miyazawa, Y., Sakai, A., Miyagishima, S., Takano, H., Kawano, S. & Kuroiwa, T. (1999) 

Auxin and cytokinin have opposite effects on amyloplast development and the 

expression of starch synthesis genes in cultured bright yellow-2 tobacco cells. Plant 

Physiol. 121, 461–469. 



22	

Mongrand, S., Stanislas, T., Bayer, EM., Lherminier, J. & Simon-Plas, F. (2010) Membrane 

rafts in plant cells. Trends Plant Sci. 15, 656–663. 

Mou, Z., He, Y., Dai, Y., Liu, X. & Li, J. (2000) Deficiency in fatty acid synthase leads to 

premature cell death and dramatic alterations in plant morphology. Plant Cell 12, 405–

418. 

Nakanishi, H., Suzuki, K., Kabeya, Y. & Miyagishima, SY. (2009) Plant-specific protein 

MCD1 determines the site of chloroplast division in concert with bacteria-derived 

MinD. Curr. Biol. 19, 151–156. 

Ohlrogge, J. & Browse, J. (1995) Lipid biosynthesis. Plant Cell 7, 957–970. 

Ohlrogge, JB. & Jaworski, JG. (1997) REGULATION OF FATTY ACID SYNTHESIS. Annu. 

Rev. Plant Physiol. Plant Mol. Biol. 48, 109–136. 

Okazaki, K., Kabeya, Y., Suzuki, K., Mori, T., Ichikawa, T., Matsui, M., Nakanishi, H. & 

Miyagishima, SY. (2009) The PLASTID DIVISION1 and 2 components of the 

chloroplast division machinery determine the rate of chloroplast division in land plant 

cell differentiation. Plant Cell 21, 1769–1780. 

Osawa, M., Anderson, DE. & Erickson, HP. (2008) Reconstitution of contractile FtsZ rings in 

liposomes. Science 320, 792–794. 

Osteryoung, KW., Stokes, KD., Rutherford, SM., Percival, AL. & Lee, WY. (1998) 

Chloroplast division in higher plants requires members of two functionally divergent 

gene families with homology to bacterial ftsZ. Plant Cell 10, 1991–2004. 

Osteryoung, KW. & Vierling, E. (1995) Conserved cell and organelle division. Nature 376, 

473–474. 

Poincelot, RP. (1976) Lipid and Fatty Acid composition of chloroplast envelope membranes 

from species with differing net photosynthesis. Plant Physiol. 58, 595–598. 



23	

Roudier, F., Gissot, L., Beaudoin, F. et al. (2010) Very-Long-Chain Fatty Acids Are Involved 

in Polar Auxin Transport and Developmental Patterning in Arabidopsis. Plant Cell 22, 

364–375. 

Samuels, L., Kunst, L. & Jetter, R. (2008) Sealing Plant Surfaces: Cuticular Wax Formation 

by Epidermal Cells. Annu. Rev. Plant Biol. 59, 277–290. 

Savchenko, T., Walley, JW., Chehab, EW., Xiao, Y., Kaspi, R., Pye, MF., Mohamed, ME., 

Lazarus, CM., Bostock, RM. & Dehesh, K. (2010) Arachidonic Acid: An Evolutionarily 

Conserved Signaling Molecule Modulates Plant Stress Signaling Networks. Plant Cell 

22, 3193–3205. 

Schneiter, R., Brügger, B., Amann, CM., Prestwich, GD., Epand, RF., Zellnig, G., Wieland, 

FT. & Epand, RM. (2004) Identification and biophysical characterization of a very-

long-chain-fatty-acid-substituted phosphatidylinositol in yeast subcellular membranes. 

Biochem. J. 381, 941–949. 

Stokes, KD., McAndrew, RS., Figueroa, R., Vitha, S. & Osteryoung, KW. (2000) Chloroplast 

division and morphology are differentially affected by overexpression of FtsZ1 and 

FtsZ2 genes in Arabidopsis. Plant Physiol. 124, 1668–1677. 

Strepp, R., Scholz, S., Kruse, S., Speth, V. & Reski, R. (1998) Plant nuclear gene knockout 

reveals a role in plastid division for the homolog of the bacterial cell division protein 

FtsZ, an ancestral tubulin. Proc. Natl Acad. Sci. USA 95, 4368–4373. 

Sturbois-Balcerzak, B., Vincent, P., Maneta-Peyret, L., Duvert, M., Satiat-Jeunemaitre, B., 

Cassagne, C. & Moreau, P. (1999) ATP-Dependent formation of phosphatidylserine-rich 

vesicles from the endoplasmic reticulum of leek cells. Plant Physiol. 120, 245–256. 

Todd, J., Post-Beittenmiller, D. & Jaworski, JG. (1999) KCS1 encodes a fatty acid elongase 3-

ketoacyl-CoA synthase affecting wax biosynthesis in Arabidopsis thaliana. Plant J. 17, 

119–130. 



24	

Trenkamp, S., Martin, W. & Tietjen, K. (2004) Specific and differential inhibition of very-

long-chain fatty acid elongases from Arabidopsis thaliana by different herbicides. Proc. 

Natl Acad. Sci. USA 101, 11903–11908. 

Vitha, S., McAndrew, RS. & Osteryoung, KW. (2001) FtsZ ring formation at the chloroplast 

division site in plants. J. Cell Biol. 153, 111–120. 

Vitha, S., Froehlich, JE., Koksharova, O., Pyke, KA., van Erp, H. & Osteryoung, KW. (2003) 

ARC6 is a J-domain plastid division protein and an evolutionary descendant of the 

cyanobacterial cell division protein Ftn2. Plant Cell 15, 1918–1933. 

Werner, T., Motyka, V., Laucou, V., Smets, R., Van Onckelen, H. & Schmülling, T. (2003) 

Cytokinin-deficient transgenic Arabidopsis plants show multiple developmental 

alterations indicating opposite functions of cytokinins in the regulation of shoot and root 

meristem activity. Plant Cell 15, 2532–2550. 

Wilson, ME., Jensen, GS. & Haswell, ES. (2011) Two Mechanosensitive Channel Homologs 

Influence Division Ring Placement in Arabidopsis Chloroplasts. Plant Cell 23, 2939–

2949. 

Worrall. D., Ng, CK. & Hetherington, AM. (2003) Sphingolipids, new players in plant 

signaling. Trends Plant Sci. 8, 317–320. 

Wu, GZ. & Xue, HW. (2010) Arabidopsis ß-ketoacyl-[acyl carrier protein] synthase I is 

crucial for fatty acid synthesis and plays a role in chloroplast division and embryo 

development. Plant Cell 22, 3726–3744. 

Yang, X., Guschina, IA., Hurst, S., Wood, S., Langford, M., Hawkes, T. & Harwood, JL. 

(2010) The action of herbicides on fatty acid biosynthesis and elongation in barley and 

cucumber. Pest Manag. Sci. 66, 794–800. 

Yang, Y., Glynn, JM., Olson, BJ., Schmitz, AJ. & Osteryoung, KW. (2008) Plastid division: 

across time and space. Curr. Opin. Plant Biol. 11, 557–584. 



25	

Yephremov, A., Wisman, E., Huijser, P., Huijser, C., Wellesen, K. & Saedler, H. (1999) 

Characterization of the FIDDLEHEAD gene of Arabidopsis reveals a link between 

adhesion response and cell differentiation in the epidermis. Plant Cell 11, 2187–2201. 

Yoshida, Y., Kuroiwa, H., Misumi, O., Nishida, K., Yagisawa, F., Fujiwara, T., Nanamiya, H., 

Kawamura, F. & Kuroiwa, T. (2006) Isolated chloroplast division machinery can 

actively constrict after stretching. Science 313, 1435–1438. 

Yun, MS. & Kawagoe, Y. (2009) Amyloplast division progresses simultaneously at multiple 

sites in the endosperm of rice. Plant Cell Physiol. 50, 1617–1626. 

Zheng, H., Rowland, O. & Kunst, L. (2005) Disruptions of the Arabidopsis Enoyl-CoA 

reductase gene reveal an essential role for very-long-chain fatty acid synthesis in cell 

expansion during plant morphogenesis. Plant Cell 17, 1467–1481. 



26	

Figure legends 

Figure 1 Starch accumulation in pas2-1 seedlings. 

(A) Lugol’s staining of 5-day-old wild-type seedlings (left) and pas2-1 seedlings (right). (B) 

Quantification of starch content in wild-type and pas2-1 seedlings. Values are mean ± s.d. of 3 

biological replicates. FW, fresh weight. (C) Cross sections of hypocotyls of 5-day-old wild-

type and pas2-1 seedlings. Starch granules were stained with Lugol’s solution. Bars, 1 mm 

(A) and 50 µm (C). 

 

Figure 2 Amyloplasts in pas2-1 hypocotyls. 

(A) Amyloplasts in cortical cells stained with Lugol’s solution. Hypocotyl sections were 

prepared at a thickness of 4 µm from 5-day-old seedlings grown in the presence (+Suc) or 

absence (-Suc) of sucrose. Bar, 10 µm. (B, C) Area of each amyloplast (B) and number of 

amyloplasts in a cortical cell (C). Images of cross sections were used for measurement. Values 

are mean ± s.d. (n ≥ 191 for (B) and n ≥ 50 for (C)). Significant differences between the wild-

type and pas2-1 seedlings were determined using the Student’s t-test: ***, P < 0.001. 

 

Figure 3 Higher starch accumulation after cafenstrole treatment. 

(A) Reduction of VLCFA contents after cafenstrole treatment. Five-day-old seedlings grown 

in the absence (w/o) or presence of cafenstrole (30 nM or 3 µM) were subjected to lipid 

analysis. Fatty acid composition is represented as mol (%). Data are presented as mean ± s.d. 

of 3 biological replicates. Significant differences between untreated and cafenstrole-treated 

seedlings were determined using the Student’s t-test: ***, P < 0.001 and **, P < 0.01; the 

other differences were not significant (P > 0.05). (B) Longitudinal sections of shoot apices of 

5-day-old seedlings grown in the presence or absence of 30 nM cafenstrole. Sections of wild-

type and Pro35S:CKX2 shoot apices were stained with Lugol’s solution. Bar, 50 µm. 



27	

 

Figure 4 Reduction of the number of chloroplasts under low VLCFA conditions. 

(A, B) Chloroplasts in the wild-type seedlings, pas2-1 mutants, and wild-type seedlings 

treated with 3 µM cafenstrole. Mesophyll cells were isolated from the first leaves of 5-day-old 

(A) and 2-week-old (B) seedlings. Bars, 10 µm. (C, D) Area of each chloroplast in 5-day-old 

(C) and 2-week-old (D) seedlings. The results of the measurement with each microscopic 

image were averaged. Values are mean ± s.d. (n ≥ 178). (E, F) Number of chloroplasts in a 

mesophyll cell of 5-day-old (E) and 2-week-old (F) seedlings. The results of the 

measurements with each microscopic image were averaged. Values are mean ± s.d. (n = 50). 

Significant differences between the wild-type and pas2-1 or cafenstrole-treated wild-type 

seedlings were determined using the Student′s t-test: ***, P < 0.001; the other differences 

were not significant (P > 0.05). caf., cafenstrole. 

 

Figure 5 Cafenstrole treatment of PDV2-overexpressing plants and pdv2-1 mutants. 

(A) Chloroplasts of wild-type, Pro35S:PDV2, and pdv2-1seedlings. Mesophyll cells were 

isolated from the first leaves of 5-day-old seedlings grown in the presence (+) or absence (-) 

of 3 µM cafenstrole. Bar, 10 µm. (B) Number of chloroplasts in a mesophyll cell of 5-day-old 

seedlings grown in the presence (+) or absence (-) of 3 µM cafenstrole. The results of the 

measurements with each microscopic image were averaged. Values are mean ± s.d. (n = 50). 

Significant differences were determined using the Student′s t-test: ***, P < 0.001; the other 

differences were not significant (P > 0.05). (C) Expression level of PDV2 in 5-day-old 

seedlings grown in the presence (+) or absence (-) of 3 µM cafenstrole. Total RNA was 

subjected to real-time RT-PCR. Expression levels were normalized to TUBULIN4 and are 

indicated as relative values, with that for the nontreated wild-type seedlings set to 1. Data are 

presented as mean ± s.d. of 3 biological replicates. 
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Figure 6 Misplacement of Z-ring in cafenstrole-treated chloroplasts. 

(A) Localization of FtsZ2-GFP in chloroplasts. Mesophyll cells were isolated from the first 

leaves of 7-day-old seedlings carrying ProFtsZ2:FtsZ2-GFP grown in the presence or 

absence of 3 µM cafenstrole. Lower photos are enlarged images of upper ones. Arrowheads 

indicate Z-rings. Autofluorescence of chloroplasts is displayed by pseudo-colored red. Bars, 5 

µm. (B) Percentage of chloroplasts with 1, 2, or >2 Z-rings. Values are mean ± s.d. of 3 

biological replicates. More than 90 chloroplasts were observed for each replicate. 

 

Figure 7 Expression levels of chloroplast division-related genes. 

RNA samples were prepared from 5-day-old wild-type seedlings grown in the absence (w/o) 

or presence of 3 µM cafenstrole. Total RNA was subjected to real-time RT-PCR. Expression 

levels were normalized to TUBULIN4 and are indicated as relative values, with those for the 

nontreated control set to 1. Data are presented as mean ± s.d. of 3 biological replicates. 
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