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The existence of numerous chloroplasts in photosynthetic cells is a general feature 
of plants. Chloroplast biogenesis and inheritance involve two distinct mechanisms: 
proliferation of chloroplasts by binary fission and partitioning of chloroplasts into daughter 
cells during cell division. The mechanism of chloroplast number coordination in a given cell 
type is a fundamental question. Stomatal guard cells (GCs) in the plant shoot epidermis 
generally contain several to tens of chloroplasts per cell. Thus far, chloroplast number at 
the stomatal (GC pair) level has generally been used as a convenient marker for identifying 
hybrid species or estimating the ploidy level of a given plant tissue. Here, we report that 
Arabidopsis thaliana leaf GCs represent a useful system for investigating the unexploited 
aspects of chloroplast number control in plant cells. In contrast to a general notion based 
on analyses of leaf mesophyll chloroplasts, a small difference was detected in the GC 
chloroplast number among three Arabidopsis ecotypes (Columbia, Landsberg erecta, 
and Wassilewskija). Fluorescence microscopy often detected dividing GC chloroplasts 
with the FtsZ1 ring not only at the early stage of leaf expansion but also at the late stage. 
Compensatory chloroplast expansion, a phenomenon well documented in leaf mesophyll 
cells of chloroplast division mutants and transgenic plants, could take place between 
paired GCs in wild-type leaves. Furthermore, modest chloroplast number per GC as well 
as symmetric division of guard mother cells for GC formation suggests that Arabidopsis 
GCs would facilitate the analysis of chloroplast partitioning, based on chloroplast counting 
at the individual cell level.

Keywords: chloroplast, guard cell, plastid development, organelle inheritance, organelle partitioning, stoma

INTRODUCTION
Chloroplasts represent a structural feature of plant cells and support plant survival via their primary 
metabolism and high-level functions (Kirk and Tilney-Bassett, 1978; Mullet, 1988; López-Juez and 
Pyke, 2005). During plant vegetative growth, leaf cells contain a highly homogeneous population of 
chloroplasts with respect to size and shape. The number of chloroplasts per cell is achieved by binary 
fission of pre-existing organelles and partitioning into two daughter cells during cell division (Birky, 
1983; Possingham and Lawrence, 1983). Thus, regulation of the chloroplast number in a given cell 
type is crucial for the cellular function and genetic inheritance of chloroplasts.
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To investigate the nature of chloroplast number determination 
in plant cells, leaf mesophyll cells of representative species 
have played a major role [e.g., Boasson and Laetsch, 1969 (for 
tobacco, Nicotiana tabacum); Honda et al., 1971 (for spinach, 
Spinacia oleracea); Boffey et al., 1979 (for wheat, Triticum 
aestivum); Lamppa et al., 1980 (for pea, Pisum sativum); and 
Pyke and Leech, 1991 (for Arabidopsis thaliana)]. These cells are 
physiologically important for photosynthesis and show a high 
degree of structural and functional homogeneity. Early systematic 
observation analyses of isolated tissues and cells (Boasson and 
Laetsch, 1969; Possingham and Saurer, 1969; Boffey et al., 1979; 
Lamppa et al., 1980; Thomas and Rose, 1983; Pyke and Leech, 
1991) provided much useful information on chloroplast number 
determination, including the notion that chloroplasts (plastids) 
are not synthesized de novo but replicate by division and the 
observation that leaf mesophyll chloroplast number is sensitive 
to various environmental and plant-endogenous factors. With 
respect to the latter, in spinach, light has a positive impact on 
chloroplast division during leaf disc culture compared with 
dim or dark conditions (Possingham and Lawrence, 1983). 
In the first leaves of wheat, cell volume is positively correlated 
with chloroplast proliferation (Ellis and Leech, 1985; Pyke and 
Leech, 1987). In Arabidopsis, the genetic background affects 
chloroplast proliferation; the average chloroplast number per 
cell in first leaves is 121 in the Landsberg erecta (Ler) ecotype 
and 83 in the Wassilewskija (Ws) ecotype (Pyke and Leech, 1994; 
Pyke et al., 1994). Leaf mesophyll cells have also contributed to 
understanding the genetic control of chloroplast division; for 
instance, screening mutants impaired in chloroplast proliferation 
and characterizing gene functions involved in chloroplast 
division have revealed over 20 genes encoding chloroplast 
division machinery components or chloroplast regulatory factors 
(Gao and Gao, 2011; Miyagishima et al., 2011; Basak and Møller, 
2013; Osteryoung and Pyke, 2014; Li et al., 2017).

By contrast, studies on the replication of chloroplasts in non-
mesophyll cells (e.g., pavement cells in leaf epidermis; Itoh et al., 
2018) are scarce. Recently, the regulation of chloroplast division 
has been reported to differ between leaf tissues (Fujiwara et al., 
2018; Itoh et al., 2018), although the detailed mechanism remains 
unknown. Additionally, while the analyses of suspension-
cultured BY-2 cells and leaf mesophyll protoplasts in tobacco and 
shoot apical meristem and leaf primordial cells in Arabidopsis 
(Nebenführ et al., 2000; Sheahan et al., 2004; Seguí-Simarro and 
Staehelin, 2009) have provided major insights, how chloroplast 
(plastid) partitioning is regulated in plants is still unclear. Thus, 
despite considerable effort, fundamental questions in chloroplast 
research remain, such as (i) how is chloroplast number per 
cell coordinated in plant tissues and (ii) how is chloroplast 
partitioning regulated at cell division.

HISTORY OF RESEARCH ON GUARD 
CELL CHLOROPLAST NUMBER
Stomatal GCs in the shoot epidermis generally contain 
chloroplasts and control gas exchange between the leaf 
mesophyll and the atmosphere (Sachs, 1875; Taiz et al., 2015; 

see Figure  1A). The first investigation of GC chloroplast 
number in leaves was performed over a century ago in 
naturally grown Drosera plants (Macfarlane, 1898). This study 
demonstrated that, like other plant and cell structural features, 
GC chloroplast number per cell in a putative hybrid derived 
from a cross between Drosera filiformis and Drosera intermedia 
was intermediate between the two species, implying that GC 
chloroplast number could be used to determine the genetic 
makeup of a plant. Important observations were subsequently 
reported on the differences in GC chloroplast number 
among plant species (Sakisaka, 1929) and the relatively stable 
chloroplast number in GCs in the leaf epidermis of mulberry 
(Morus spp.; Hamada and Baba, 1930) and in mature leaves of 
several Brassica species (Iura, 1934). Furthermore, analysis of 
autopolyploid sugar beet (Beta vulgaris) plants revealed that 
the GC chloroplast number in leaves is positively correlated 
with the nuclear ploidy level of plants (Mochizuki and Sueoka, 
1955). More in-depth and comprehensive analyses were then 
conducted using various plant samples to investigate the 
relationship of chloroplast number and stomatal size with the 
ploidy level (e.g., Frandsen, 1968). In these analyses, chloroplast 
counting at the stomatal (GC pair) level was frequently adopted, 
which excluded the effect of biased chloroplast distribution 
between paired GCs (e.g., Mochizuki and Sueoka, 1955; 
Frandsen, 1968), revealing that the average GC chloroplast 
number in leaves or cotyledons in approximately 80 species, 
variants, or hybrids ranged from 2.8 to 40.0 in diploids (2×) 
and 5.0 to 73.5 in tetraploids (4×). In addition, whole-genome 
duplication events in plants (i.e., 1× to 2×, 2× to 4×, etc.) caused 
an approximately 1.7-fold increase in GC chloroplast number 
with high fidelity (reviewed in Butterfass, 1973). These results 
encouraged investigations into ploidy level in various tissues 
and plants obtained via tissue culture, crossing, or natural 
cultivation, in combination with chemical (e.g., colchicine) or 
radiation treatments (e.g., Jacobs and Yoder, 1989; Singsit and 
Veilleux, 1991; Qin and Rotino, 1995). While GC chloroplast 
number has been studied in stomatal biology (Lawson, 
2009) and cytology to understand chloroplast multiplication 
(Butterfass, 1979; see below), it has largely served as a reliable 
and convenient marker for the detection of hybrids, species, 
and variants and for the estimation of ploidy levels of target 
plant tissues.

UTILITY OF LEAF GUARD CELLS FOR THE 
ANALYSIS OF CHLOROPLAST NUMBER 
CONTROL
Leaf mesophyll cells have long been employed as a primary 
model for the analysis of chloroplast number. While they have 
advantages for the study of the effects of environmental conditions 
on chloroplast division (e.g., the light-cytokinin signaling; Boasson 
and Laetsch, 1969; Possingham and Lawrence, 1983; Okazaki et al., 
2009; Chiang et al., 2012), they are limited in some respects. Firstly, 
leaf mesophyll cells vary in size and shape and are distributed 
deep within the leaf, which makes it difficult to manipulate intact 
tissues. Secondly, the susceptibility of leaf mesophyll chloroplast 
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FIGURE 1 | Simplified models and microscopy evidence for the control of chloroplast number in stomatal guard cells (GCs). (A) A typical stoma (GC pair) in 
abaxial epidermis of the Arabidopsis leaf blade expressing a stoma-targeted fusion of the transit peptide (TP) with cyan fluorescent protein (CFP; TP-CFP). (B) 
Two models of chloroplast number determination in GCs, involving either chloroplast partitioning (model 1) or both chloroplast proliferation and partitioning (model 
2) during GC development from guard mother cells (GMCs). (C) A GC pair in adaxial epidermis of Arabidopsis leaf petiole expressing TP-CFP and FtsZ1 fused to 
the green fluorescent protein (GFP; FtsZ1-GFP). (D–F) GC pairs in abaxial epidermis of Arabidopsis leaf blade with (D, E) or without (F) the expression of TP fused 
to the yellow fluorescent protein (YFP; TP-YFP). (F) Chlorophyll autofluorescence (Chl) was used as a chloroplast marker. (G) Extended model 2, representing the 
involvement of equal and unequal chloroplast partitioning following GMC division and subsequent division of GC chloroplasts with equal (blue line) or selective (red 
line) division competency, which would result in four types of chloroplast number determination (Fates 1–4) during late stomatal development of Arabidopsis leaves. 
(A, C–F) Epifluorescence microscopy was performed with an Olympus IX71 inverted microscope using plant materials as previously described (Fujiwara et al., 2017, 
Fujiwara et al., 2018). Fluorescence signals of chlorophyll, CFP, GFP, and YFP are pseudo-colored in magenta, cyan, green (in merged image only), and green, 
respectively. Indications in panels are as follows: arrowhead, the FtsZ1 ring; arrow, enlarged GC chloroplast; dashed line, cell shape. Scale bar = 10 µm.
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proliferation to environmental stress and plant growth conditions 
can prevent reliable comparisons between studies. The leaf 
mesophyll chloroplast number per cell in Arabidopsis Columbia 
(Col) ecotype has been reported variously as 76 (Kinsman and 
Pyke, 1998), 80–100 (Stokes et al., 2000), 70 (Tirlapur and König, 
2001), 41 (Yoder et al., 2007), 40–60 (Okazaki et al., 2009), and 
30–40 (Kawade et al., 2013). Furthermore, it is almost impossible 
to assess the contribution of chloroplast partitioning to final 
chloroplast number per mesophyll cell during leaf development, 
although this is thought to be determined by the balance between 
the rate of cell division and rate of chloroplast division. To uncover 
the mechanism of chloroplast number control in vegetative leaf 
cells, a model system that overcomes the above issues is required.

Stomatal GCs (see Figure 1A) exhibit the characteristics of a 
model system for understanding the mechanism of chloroplast 
number control. GCs are highly uniform in size and shape 
within a tissue, and their scattered but dense distribution in the 
outermost layer of shoots facilitates their detection by light and 
fluorescence microscopy. GCs are also derived from protodermal 
cells in the shoot apical meristem or from embryonic epidermal 
cells, and their developmental sequence through meristemoids 
(a stomatal precursor with meristematic activity) and guard 
mother cells (GMCs; a precursor of GC pairs) is established 
in detail (Zhao and Sack, 1999; Nadeau and Sack, 2002; Kalve 
et al., 2014). Late stomatal development involves a single round 
of symmetric GMC division, which enables the assessment 
of chloroplast distribution and partitioning before and after 
cytokinesis. From the perspective of practical experiments, leaf 
GCs are suitable for microscopy. It was previously shown that 
chloroplast number per cell in leaf GCs of Sinapis alba was less 
affected by different light conditions than that in leaf mesophyll 
cells (Wild and Wolf, 1980). Additionally, the difference in GC 
chloroplast number in leaf petioles is relatively minor among 
the three Arabidopsis ecotypes Col, Ler, and Ws (Fujiwara et al., 
2018). Furthermore, endoreduplication, which impacts the 
development of leaf mesophyll, pavement, and trichome cells, 
has not been detected in Arabidopsis leaf GCs (Melaragno et al., 
1993), which would assure the interpretations of chloroplast 
number data at the 2C level of cells. Together, these reports 
suggest that leaf GCs are potentially an excellent model for 
the systematic analysis of chloroplast number dynamics in a 
particular cell lineage.

ARABIDOPSIS LEAF GUARD CELLS AS A 
MODEL FOR STUDYING THE CONTROL 
OF CHLOROPLAST NUMBER
In the history of GC chloroplast research, chloroplast counting 
at the stomatal (GC pair) level has served an equally important 
role in determining the chloroplast number as counting at the 
individual GC level. Both methods produce the same mean 
chloroplast number (Butterfass, 1973). When the variation 
in chloroplast distribution in paired GCs and its underlying 
mechanism is a subject of focus, detailed information of 
chloroplasts at the individual cell level, i.e., their size, shape, 

and intracellular localization, is essential. Chloroplast (plastid) 
proliferation during the GMC–GC differentiation was previously 
investigated in several plant species (Butterfass, 1973, Butterfass 
1979). These studies proposed two models for determining the 
terminal chloroplast number in GCs in different plant species 
(Figure 1B): one (model 1; sugar beet) involves only chloroplast 
partitioning at GMC division, and the other [model 2; alsike clover 
(Trifolium hybridum)] involves not only chloroplast partitioning 
but also chloroplast proliferation during GC development.

In the era of molecular genetics, genomics, cell imaging, 
and other interdisciplinary analyses, there are many 
possibilities for the further characterization of the chloroplast 
partitioning mechanism. Arabidopsis leaf GCs may be one 
of the best model systems for this purpose. Several studies 
have examined the GC chloroplast number in the leaves or 
cotyledons of Arabidopsis (Hoffmann, 1968; Pyke and Leech, 
1994; Pyke et al., 1994; Robertson et al., 1995; Keech et al., 
2007; Chen et al., 2009; Yu et al., 2009; Higaki et al., 2012; 
Fujiwara et al., 2018). These GCs exhibit a modest number of 
chloroplasts, ranging from 3.5 to 5.5 on average. To date, no 
studies have examined the alterations in chloroplast (plastid) 
number during stomatal development. However, microscopic 
evidence from stomatal development analyses (e.g., Zhao 
and Sack, 1999; Hachez et al., 2011) and our preliminary 
observations indicate that GMCs may contain smaller numbers 
of developing chloroplasts than GCs and that chloroplast 
proliferation may occur during GC differentiation. To test 
this, the formation of the chloroplast division machinery in 
GCs was monitored with the probe FtsZ1 fused to the green 
fluorescent protein (FtsZ1-GFP) (Fujiwara et al., 2008). A 
transgenic line, simultaneously expressing a transit peptide 
(TP)-fused CFP and FtsZ1-GFP to visualize the stroma and 
FtsZ1 ring, respectively, was examined by epifluorescence 
microscopy (Fujiwara et al., 2017). Expanding leaf petioles 
(fifth leaves of 4-week-old seedlings) were employed. As a 
result, GCs with symmetrically constricting chloroplasts were 
detected (Figure 1C). These chloroplasts formed the FtsZ1 
ring, a chloroplast division ring on the stromal surface of the 
inner envelope membrane in leaf mesophyll and pavement 
cells (Vitha et al., 2001; Fujiwara et al., 2008), at the equatorial 
constriction site. Consistent with the stomatal patterning 
in Arabidopsis leaf development (Donnelly et al., 1999; 
Andriankaja et al., 2012), dividing chloroplasts were detected 
at the late, as well as early, stage of leaf expansion. Thus, model 
2 is most likely the best fit for Arabidopsis leaf GCs.

RELATIONSHIP BETWEEN CHLOROPLAST 
PROLIFERATION AND EXPANSION IN 
ARABIDOPSIS LEAF GUARD CELLS
Furthermore, an unexpected phenotype of GC chloroplast 
morphogenesis was observed in mature GCs (Figures 1D,  E). 
When epidermal peels of fully expanded leaves (third–fourth 
leaf blades of 4-week-old seedlings) from a TP-fused yellow 
fluorescent protein (YFP) line were microscopically characterized 
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(FL6-5 line; Fujiwara et al., 2018), some stomata showed unequal 
chloroplast distribution patterns in GC pairs, while most 
leaf stomata showed equal or similar chloroplast distribution 
patterns (Robertson et al., 1995; Fujiwara et al., 2018). Within the 
GC pair of a stoma, the size of chloroplasts in the GC containing 
smaller numbers of chloroplasts was larger than in the other GCs 
in the pair containing larger numbers of chloroplasts (Figures 
1D, E). In this way, GCs probably maintain the total chloroplast 
volume per cell at a constant level during cell growth. Enlarged 
chloroplasts represented the terminal phenotype and could no 
longer divide in expanded leaves. These results were confirmed in 
several independent experiments, irrespective of the expression 
of a TP-fused fluorescent protein for stroma labeling (Figure 1F).

This GC chloroplast phenotype is interpreted as a 
compensation mechanism for chloroplast expansion, which was 
well documented in leaf mesophyll cells defective in the control 
of chloroplast division (Pyke and Leech, 1994; Pyke et al., 1994). 
To date, only one study (Ellis and Leech, 1985) has reported a 
negative correlation between chloroplast number and chloroplast 
size in leaf mesophyll cells of wheat, whereas many studies 
have reported a positive correlation between cell volume and 
chloroplast number in normal leaf mesophyll cells (Leech and 
Pyke, 1988; Pyke, 1997). Whereas imbalances in GC chloroplast 
number occur at low frequency (Fujiwara et al., 2018), chloroplast 
heterogeneity in GC pairs indicates that unequal chloroplast 
partitioning could trigger differential chloroplast growth between 
wild-type leaf cells in Arabidopsis, despite symmetric cell division.

The chloroplast compensation effect in GCs may be less strict 
than in leaf mesophyll cells. GCs might be able to withstand 
scarcity or complete loss of total chloroplast volume per cell 
in severely impaired chloroplast division mutants, such as in 
Arabidopsis arc6 and atminE1 and tomato suffulta, whereas many 
mutant GCs showed reduced chloroplast number and enlarged 
chloroplast size similarly to the leaf mesophyll cells (Robertson 
et al., 1995; Forth and Pyke, 2006; Chen et al., 2009; Fujiwara et al., 
2018). In a late chloroplast division mutant, arc5, the reduction 
in GC chloroplast number was not associated with a significant 
increase in chloroplast size, unlike in leaf mesophyll cells (Pyke 
and Leech, 1994). A lower degree of chloroplast expansion in 
GCs than in mesophyll cells (Pyke and Leech, 1994; Barton et al., 
2016), and the variation in chloroplast expansion among GCs, 
might underlie such a wide permissible range of total chloroplast 
volume per GC. Furthermore, the timing of chloroplast division 
during GMC–GC differentiation might significantly affect the 
terminal GC chloroplast phenotype. Although further detailed 
characterization is required to address this issue, it seems plausible 
that Arabidopsis leaf GCs represent a system to investigate the 
unexploited aspects of chloroplast number control in plant cells.

A WORKING MODEL FOR CHLOROPLAST 
NUMBER DETERMINATION IN 
ARABIDOPSIS LEAF GUARD CELLS
On the basis of the above, we propose a working model (an 
extended model 2) for the analysis of chloroplast number in GCs 

(Figure 1G). The final chloroplast number per GC is determined 
by chloroplast partitioning at GMC division and chloroplast 
proliferation in GCs. During GMC division, chloroplasts may 
undergo either equal or unequal partitioning. During chloroplast 
proliferation, GC chloroplasts will proliferate with either equal 
(blue line) or selective (magenta line) division competency. For 
example, if equally partitioned chloroplasts possess equivalent 
division competency, equal chloroplast numbers will occur 
in the GC pair (Fate 1). If unequally partitioned chloroplasts 
possess equivalent division competency, chloroplasts will 
increase at the same rate within the GC pair (Fate 3). If selective 
chloroplast division occurs in GCs, the balance of chloroplast 
number in the GC pair will change after GMC division (Fates 
2 and 4). It is currently difficult to find support for “selective 
chloroplast division,” but if Fates 1 and 4 actually predominate 
in GCs, then they might possess a mechanism that controls total 
chloroplast volume per cell, as in leaf mesophyll cells. The model 
raises two issues: (i) Are GC chloroplasts properly partitioned 
into daughter cells and how do they partition? And (ii) is 
division competency of GC chloroplasts coordinately regulated?

Regarding issue (i), whether chloroplast inheritance occurs 
by random distribution of multiple chloroplasts in the cytoplasm 
or by positive chloroplast partitioning mechanism(s) has 
been a long-standing concern (Butterfass, 1969; Birky, 1983; 
Hennis and Birky, 1984; Nebenführ, 2007; Sheahan et al., 2016). 
Intriguingly, in Arabidopsis arc6, leaf or cotyledon GCs have zero 
to three chloroplasts, and in chloroplast-deficient GCs, non-
photosynthetic plastids still exist in vesicular to elongated forms 
(Robertson et al., 1995; Chen et al., 2009; Fujiwara et al., 2018). 
No GCs devoid of plastids per se have been found in arc6, and no 
explanation for this has been forthcoming, despite the disruption 
of the chloroplast division apparatus (Vitha et al., 2003). 
Accordingly, it will be important to examine the replication and 
morphology of arc6 chloroplasts in stomatal lineage studies. 
Arabidopsis mutant research may also give another clue for 
this issue. The observation that 18% of cotyledon GCs in the 
crumpled leaf (crl) mutant contain no plastidic structures in the 
cytoplasm, while 100% of the leaf mesophyll cells contain one to 
four enlarged chloroplasts (Asano et al., 2004; Chen et al., 2009), 
is of great importance. CRL is a chloroplast outer-envelope 
protein with an unknown function. Understanding CRL 
protein function may provide insights into the mechanism(s) of 
chloroplast partitioning. The analysis of chloroplast proliferation 
and partitioning in leaf mesophyll cells in Arabidopsis arc 
mutants and other transgenic lines has promoted research into 
the proliferation and partitioning of non-mesophyll plastids. 
Likewise, results obtained in GCs may be transferrable to other 
cell systems.

FINAL REMARK
The GC model opens many prospects for the development of 
chloroplast biology. For example, while cytoskeletal systems 
are known to regulate chloroplast morphology, movement, and 
partitioning (Sheahan et al., 2016; Wada, 2016; Erickson and 
Schattat, 2018), the role of each regulatory gene in chloroplast 
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proliferation and partitioning in plants has received little attention. 
On the other hand, once it becomes possible to impair GC 
chloroplast number or morphology via various experimental 
strategies, new insights into the molecular control of chloroplast 
morphogenesis in stomatal lineage cells may be provided. 
Additionally, in conjunction with quantitative analyses of 
chloroplast number during stomatal development, mathematical 
modeling may offer a new avenue for these investigations. 
This paper presents current knowledge of how GC chloroplast 
number is controlled and highlights the potential usefulness of 
Arabidopsis leaf GCs for understanding chloroplast proliferation 
and partitioning.

DATA AvAILABILITY STATEMENT
All datasets for this study are included in the article/ 
supplementary material.

AUTHOR CONTRIBUTIONS
MF conceived the study and wrote the manuscript. MF and AS 
conducted the experiments. AS and RI conducted the analyses. 
All authors read and approved the final manuscript.

FUNDING
This work was supported by the Ministry of Education, Culture, 
Science and Technology of Japan under KAKENHI (grant nos. 
19K05831 to MF and 18K06314 to RI).

ACKNOWLEDGMENTS
The authors thank Dr. Nobuyuki Kanzawa (Sophia University) 
for advice on the work.

REFERENCES
Andriankaja, M., Dhondt, S., De Bodt, S., Vanhaeren, H., Coppens, F., De Milde, L., 

et al (2012). Dev. Cell 22, 64–78. doi: 10.1016/j.devcel.2011.11.011.
Asano, T., Yoshioka, Y., Kurei, S., Sakamoto, W., Sodmergen, and Machida, Y. 

(2004). A mutation of the CRUMPLED LEAF gene that encodes a protein 
localized in the outer envelope membrane of plastids affects the pattern of cell 
division, cell differentiation, and plastid division in Arabidopsis. Plant J. 38, 
448–459. doi: 10.1111/j.1365-313X.2004.02057.x

Barton, K. A., Schattat, M. H., Jakob, T., Hause, G., Wilhelm, C., Mckenna, J. F., 
et al (2016). Epidermal pavement cells of Arabidopsis have chloroplasts. Plant 
Physiol. 171, 723–726. doi: 10.1104/pp.16.00608

Basak, I., and Møller, S. G. (2013). Emerging facets of plastid division regulation. 
Planta 237, 389–398. doi: 10.1007/s00425-012-1743-6

Birky, C. W. Jr. (1983). The partitioning of cytoplasmic organelles at cell division. 
Int. Rev. Cytol. 15, 49–86. 

Boasson, R., and Laetsch, W. M. (1969). Chloroplast replication and growth in 
tobacco. Sci. 166, 749–751. doi: 10.1126/science.166.3906.749

Boffey, S. A., Ellis, J. R., Selldén, G., and Leech, R. M. (1979). Chloroplast division 
and DNA synthesis in light-grown wheat leaves. Plant Physiol. 64, 502–505. 
doi: 10.1104/pp.64.3.502

Butterfass, T. (1969). Die Plastidenverteilung bei der Mitose der 
Schließzellenmutterzellen von haploidem Schwedenklee (Trifolium hybridum 
L.). Planta 84, 230–234. doi: 10.1007/BF00388108

Butterfass, T. (1973). Control of plastid division by means of nuclear DNA amount. 
Protoplasma 76, 167–195. doi: 10.1007/BF01280696

Butterfass, T. (1979). “Patterns of chloroplast reproduction,” in A developmental 
approach to protoplasmic plant anatomy (Wien: Springer-Verlag). doi: 
10.1007/978-3-7091-8561-2

Chen, Y., Asano, T., Fujiwara, M. T., Yoshida, S., Machida, Y., and Yoshioka, Y. (2009). 
Plant cells without detectable plastids are generated in the crumpled leaf mutant 
of Arabidopsis thaliana. Plant Cell Physiol. 50, 956–969. doi: 10.1093/pcp/pcp047

Chiang, Y.-H., Zubo, Y. O., Tapken, W., Kim, H. J., Lavanway, A. M., Howard, L., 
et al (2012). Functional characterization of the GATA transcription factors 
GNC and CGA1 reveals their key role in chloroplast development, growth, and 
division in Arabidopsis. Plant Physiol. 160, 332–348. doi: 10.1104/pp.112.198705

Donnelly, P. M., Bonetta, D., Tsukaya, H., Dengler, R. E., and Dengler, N. G. 
(1999). Cell cycling and cell enlargement in developing leaves of Arabidopsis. 
Dev. Biol. 215, 407–419. doi: 10.1006/dbio.1999.9443

Ellis, J. R., and Leech, R. M. (1985). Cell size and chloroplast size in relation to 
chloroplast replication in light-grown wheat leaves. Planta 165, 120–125. doi: 
10.1007/BF00392220

Erickson, J. L., and Schattat, M. H. (2018). Shaping plastid stromules – principles 
of in vitro membrane tubulation applied in planta. Curr. Opin. Plant Biol. 46, 
48–54. doi: 10.1016/j.pbi.2018.07.003

Forth, D., and Pyke, K. A. (2006). The suffulta mutation in tomato reveals a novel 
method of plastid replication during fruit ripening. J. Exp. Bot. 57, 1971–1979. 
doi: 10.1093/jxb/erj14

Frandsen, N. (1968). Die Plastidenzahl als Merkmal bei der Kartoffel. Theor. Appl. 
Genet. 38, 153–167. doi: 10.1007/BF00933811

Fujiwara, M. T., Hashimoto, H., Kazama, Y., Abe, T., Yoshida, S., Sato, N., et al 
(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. doi: 10.1093/pcp/pcn012

Fujiwara, M. T., Yasuzawa, M., Kojo, K. H., Niwa, Y., Abe, T., Yoshida, S., et al 
(2018). The Arabidopsis arc5 and arc6 mutations differentially affect plastid 
morphology in pavement and guard cells in the leaf epidermis. PLOS ONE 13, 
e0192380. doi: 10.1371/journal.pone.0192380

Fujiwara, M. T., Yasuzawa, M., Sasaki, S., Nakano, T., Niwa, Y., Yoshida, S., et al 
(2017). The Arabidopsis minD mutation causes aberrant FtsZ1 ring placement 
and moderate heterogeneity of chloroplasts in the leaf epidermis. Plant Signal. 
Behav. 12, e1343776. doi: 10.1080/15592324.2017.1343776

Gao, H., and Gao, F. (2011). Evolution of the chloroplast division machinery. 
Front. Biol. 6, 398–413. doi: 10.1007/s11515-011-1139-1

Hachez, C., Ohashi-Ito, K., Dong, J., and Bergmann, D. C. (2011). Differentiation 
of Arabidopsis guard cells: analysis of the networks incorporating the basic 
helix-loop-helix transcription factor, FAMA. Plant Physiol. 155, 1458–1472. 
doi: 10.1104/pp.110.167718

Hamada, S., and Baba, H. (1930). On the number of chloroplasts in the guard cells 
in mulberry (translated in English by Butterfass (1973)). J. Sericult. Sci. Japan 1, 
305–309. doi: 10.11416/kontyushigen1930.1.4_305 

Hennis, A., and Birky, C. W. Jr. (1984). Stochastic partitioning of chloroplasts at 
cell division in the alga Olisthodiscus, and compensating control of chloroplast 
replication. J. Cell Sci. 70, 1–15.

Higaki, T., Kutsuna, N., Hosokawa, Y., Akita, K., Ebine, K., Ueda, T., et al (2012). 
Statistical organelle dissection of Arabidopsis guard cells using image database 
LIPS. Sci. Rep. 2, 405. doi: 10.1038/srep00405

Hoffmann, P. (1968). “Zur Physiologie der Photosynthese bei höheren Pflanzen,” 
in Botanische Studien, vol. 18. (Verlag, Jena: Gustav Fischer).

Honda, S. I., Hongladarom-Honda, T., and Kwanyuen, P. (1971). Interpretations 
on chloroplast reproduction derived from correlations between cells and 
chloroplasts. Planta 97, 115. doi: 10.1007/BF00388401

Itoh, R. D., Ishikawa, H., Nakajima, K. P., Moriyama, S., and Fujiwara, M. T. (2018). 
Isolation and analysis of a stromule-overproducing Arabidopsis mutant suggest 

Frontiers in Plant Science | www.frontiersin.org October 2019 | Volume 10 | Article 1403

https://doi.org/10.1016/j.devcel.2011.11.011
https://doi.org/10.1111/j.1365-313X.2004.02057.x
https://doi.org/10.1104/pp.16.00608
https://doi.org/10.1007/s00425-012-1743-6
https://doi.org/10.1126/science.166.3906.749
https://doi.org/10.1104/pp.64.3.502
https://doi.org/10.1007/BF00388108
https://doi.org/10.1007/BF01280696
https://doi.org/10.1007/978-3-7091-8561-2
https://doi.org/10.1093/pcp/pcp047
https://doi.org/10.1104/pp.112.198705
https://doi.org/10.1006/dbio.1999.9443
https://doi.org/10.1007/BF00392220
https://doi.org/10.1016/j.pbi.2018.07.003
https://doi.org/10.1093/jxb/erj14
https://doi.org/10.1007/BF00933811
https://doi.org/10.1093/pcp/pcn012
https://doi.org/10.1371/journal.pone.0192380
https://doi.org/10.1080/15592324.2017.1343776
https://doi.org/10.1007/s11515-011-1139-1
https://doi.org/10.1104/pp.110.167718
https://doi.org/10.11416/kontyushigen1930.1.4_305 
https://doi.org/10.1038/srep00405
https://doi.org/10.1007/BF00388401
https://www.frontiersin.org/journals/plant-science/
http://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Guard Cell Chloroplasts in ArabidopsisFujiwara et al.

7

the role of PARC6 in plastid morphology maintenance in the leaf epidermis. 
Physiol. Plant. 162, 479–494. doi: 10.1111/ppl.12648

Iura, M. (1934). On the size of the guard cells, as well as the number of chloroplasts 
in them in the leaf of Brassica. Jap. J. Genet. 9, 239–245. doi: 10.1266/jjg.9.239

Jacobs, J. P., and Yoder, J. I. (1989). Ploidy levels in transgenic tomato plants 
determined by chloroplast number. Plant Cell Rep. 7, 662–664. doi: 10.1007/
BF00272055

Kalve, S., De Vos, D., and Beemster, G. T. S. (2014). Leaf development: a cellular 
perspective. Front. Plant Sci. 5, 1–25. doi: 10.3389/fpls.2014.00362

Kawade, K., Horiguchi, G., Ishikawa, N., Hirai, M. Y., and Tsukaya, H. (2013). 
Promotion of chloroplast proliferation upon enhanced post-mitotic cell 
expansion in leaves. BMC Plant Biol. 13, 143. doi: 10.1186/1471-2229-13-143

Keech, O., Pesquet, E., Ahad, A., Askne, A., Nordvall, D., Vodnala, S. M., et al 
(2007). The different fates of mitochondria and chloroplasts during dark-
induced senescence in Arabidopsis leaves. Plant Cell Environ. 30, 1523–1534. 
doi: 10.1111/j.1365-3040.2007.01724.x

Kinsman, E. A., and Pyke, K. A. (1998). Bundle sheath cells and cell-specific 
plastid development in Arabidopsis leaves. Dev. 125, 1815–1822.

Kirk, J. T. O., and Tilney-Bassett, R. A. E. (1978). “The Plastids – Their Chemistry, 
Structure, Growth and Inheritance” (Amsterdam, The Netherlands: Elsevier/
North- Holland).

Lamppa, G. K., Elliot, L. V., and Bendich, A. J. (1980). Changes in chloroplast 
number during pea leaf development. Planta 148, 437–443. doi: 10.1007/
BF00552656

Lawson, T. (2009). Guard cell photosynthesis and stomatal function. New Phytol. 
181, 13–34. doi: 10.1111/j.1469-8137.2008.02685.x

Leech, R. M., and Pyke, K. A. (1988). “Chloroplast division in higher plants 
with particular reference to wheat,” in In Division and Segregation of 
Organelles. Eds. Boffey, S. A., and Lloyd, D. (Cambridge: Cambridge 
University Press), 39–62.

Li, Y., Wang, L., Wang, G., Feng, Y., and Liu, X. (2017). AT2G21280 only has a 
minor role in chloroplast division. Front. Plant Sci. 8, 2095. doi: 10.3389/
fpls.2017.02095

López-Juez, E., and Pyke, K. A. (2005). Plastids unleashed: their development 
and their integration in plant development. Int. J. Dev. Biol. 49, 557–577. doi: 
10.1387/ijdb.051997el

Macfarlane, J. M. (1898). Observations on some hybrids between Drosera 
filiformis and D. intermedia. Trans. Proc. Bot. Soc. Penn. 1, 87–99.

Melaragno, J. E., Mehrotra, B., and Coleman, A. (1993). Relationship between 
endopolyploidy and cell size in epidermal tissue of Arabidopsis. Plant Cell 5, 
1661–1668. doi: 10.1105/tpc.5.11.1661

Miyagishima, S., Nakanishi, H., and Kabeya, Y. (2011). Structure, regulation, and 
evolution of the plastid division machinery. Int. Rev. Cell Mol. Biol. 291, 115–
153. doi: 10.1016/B978-0-12-386035-4.00004-5

Mochizuki, A., and Sueoka, N. (1955). Genetic studies on the number of plastid in 
stomata I. Effects of autopolyploidy in sugar beets. Cytologia 20, 358–366. doi: 
10.1508/cytologia.20.358

Mullet, J. E. (1988). Chloroplast development and gene expression. Ann. 
Rev. Plant Physiol. Plant Mol. Biol. 39, 475–502. doi: 10.1146/annurev.
pp.39.060188.002355

Nadeau, J. A., and Sack, F. D. (2002). Stomatal development in Arabidopsis. The 
Arabidopsis Book 1, e0066. doi: 10.1199/tab.0066

Nebenführ, A. (2007). “Organelle dynamics during cell division,” in Cell Division 
Control in Plants Plant Monographs, vol. 9. Eds. Verma, D. P. S., and Hong, Z. 
(Springer, Berlin, Heidelberg), 195–206. doi: 10.1007/7089_2007_129.

Nebenführ, A., Frohlick, J. A., and Staehelin, L. A. (2000). Redistribution of Golgi 
stacks and other organelles during mitosis and cytokinesis in plant cells. Plant 
Physiol. (Springer-Verlag) 124, 135–151. doi: 10.1104/pp.124.1.135

Okazaki, K., Kabeya, Y., Suzuki, K., Mori, T., Ichikawa, T., Matsui, M., et al 
(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. doi: 10.1105/tpc.109.067785

Osteryoung, K. W., and Pyke, K. A. (2014). Division and dynamic 
morphology of plastids. Annu. Rev. Plant. Biol. 65, 443–472. doi: 10.1146/
annurev-arplant- 050213-035748

Possingham, J. V., and Lawrence, M. E. (1983). Controls to plastid division. Int. 
Rev. Cytol. 84, 1–56. doi: 10.1016/S0074-7696(08)61014-1

Possingham, J. V., and Saurer, W. (1969). Changes in chloroplast number per cell 
during leaf development in spinach. Planta 86, 186–194. doi: 10.1007/BF00379826

Pyke, K. A. (1997). Plastid division and development. Am. J. Bot. 84, 1017–1027. 
doi: 10.2307/2446145

Pyke, K. A., and Leech, R. M. (1987). The control of chloroplast number in wheat 
mesophyll cells. Planta 170, 416–420. doi: 10.1007/BF00395035

Pyke, K. A., and Leech, R. M. (1991). Rapid image analysis screening 
procedure for identifying chloroplast number mutants in mesophyll cells of 
Arabidopsis thaliana (L.) Heynh. Plant Physiol. 96, 1193–1195. doi: 10.1104/
pp.96.4.1193

Pyke, K. A., and Leech, R. M. (1994). A genetic analysis of chloroplast division and 
expansion in Arabidopsis thaliana. Plant Physiol. 104, 201–207. doi: 10.1104/
pp.104.1.201

Pyke, K. A., Rutherford, S. M., Robertson, E. J., and Leech, R. M. (1994). arc6, 
a fertile Arabidopsis mutant with only two mesophyll cell chloroplasts. Plant 
Physiol. 106, 1169–1177. doi: 10.1104/pp.106.3.1169

Qin, X., and Rotino, G. L. (1995). Chloroplast number in guard cells as ploidy 
indicator of in vitro-grown androgenic pepper plantlets. Plant Cell Tissue 
Organ Cult. 41, 145–149. doi: 10.1007/BF00051583

Robertson, E. J., Pyke, K. A., and Leech, R. M. (1995). arc6, an extreme chloroplast 
division mutant of Arabidopsis also alters proplastid proliferation and 
morphology in shoot and root spices. J. Cell Sci. 108, 2937–2944.

Sachs, J. (1875). Textbook of Botany. Oxford: Clarendon Press.
Sakisaka, M. (1929). On the number of chloroplasts in the guard cells of seed 

plants. Bot. Mag. 43, 46–48. doi: 10.15281/jplantres1887.43.46
Seguí-Simarro, J. M., and Staehelin, L. A. (2009). Mitochondrial reticulation in 

shoot apical meristem cell provides a mechanism for homogeneization of 
mtDNA prior to gamete formation. Plant Signal. Behavior. 4, 168–171. doi: 
10.4161/psb.4.3.7755

Sheahan, M. B., McCurdy, D. W., and Rose, R. J. (2016). “Mechanisms of organelle 
inheritance in dividing plant cells,” in Molecular Cell Biology of the Growth 
and Differentiation of Plant Cells. Ed. Rose, R. J. (Boca Raton: FL: CRC Press), 
66–85. doi: 10.1201/b20316

Sheahan, M. B., Rose, R. J., and McCurdy, D. W. (2004). Organelle inheritance in 
plant cell division: the actin cytoskeleton is required for unbiased inheritance of 
chloroplasts, mitochondria and endoplasmic reticulum in dividing protoplasts. 
Plant J. 37, 379–390. doi: 10.1046/j.1365-313X.2003.01967.x

Singsit, C., and Veilleux, R. E. (1991). Chloroplast density in guard cells of leaves 
of anther-derived potato plants grown in vitro and in vivo. HortScience 26, 
592–594. doi: 10.21273/HORTSCI.26.5.592

Stokes, K. D., McAndrew, R. S., Figueroa, R., Vitha, S., and Osteryoung, K. W. 
(2000). Chloroplast division and morphology are differentially affected by 
overexpression of FtsZ1 and FtsZ2 genes in Arabidopsis. Plant Physiol. 124, 
1668–1677. doi: 10.1104/pp.124.4.1668

Taiz, L., Zeiger, E., Møller, I. M., and Murphy, A. (2015). Plant Physiology and 
Development, Sixth Ed. Sunderland, MA: Sinauer Associates Inc.

Thomas, M. R., and Rose, R. J. (1983). Plastid number and plastid structural 
changes associated with tobacco mesophyll protoplast culture and plant 
regeneration. Planta 158, 329–338. doi: 10.1007/BF00397335

Tirlapur, U. K., and König, K. (2001). Femtosecond near-infrared lasers as a 
novel tool for non-invasive real-time high-resolution time-lapse imaging of 
chloroplast division in living bundle sheath cells of Arabidopsis. Planta 214, 
1–10. doi: 10.1007/s004250100597

Vitha, S., McAndrew, R. S., and Osteryoung, K. W. (2001). FtsZ ring formation at 
the chloroplast division site in plants. J. Cell Biol. 153, 111–120. doi: 10.1083/
jcb.153.1.111

Vitha, S., Froehlich, J. E., Koksharova, O., Pyke, K. A., van Erp, H., and Osteryoung, 
K. W. (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. doi: 10.1105/tpc.013292

Wada, M. (2016). Chloroplast and nuclear photorelocation movements. Proc. Jpn. 
Acad. Ser. B Phys. Biol. Sci. 92, 387–411. doi: 10.2183/pjab.92.387

Wild, A., and Wolf, G. (1980). The effect of different light intensities on the 
frequency and size of stomata, the size of cells, the number, size and chlorophyll 
content of chloroplasts in the mesophyll and the guard cells during the 
ontogeny of primary leaves of Sinapis alba. Z. Pflanzenphysiol. Bd. 97, 325–342. 
doi: 10.1016/S0044-328X(80)80006-7

Frontiers in Plant Science | www.frontiersin.org October 2019 | Volume 10 | Article 1403

https://doi.org/10.1111/ppl.12648
https://doi.org/10.1266/jjg.9.239
https://doi.org/10.1007/BF00272055
https://doi.org/10.1007/BF00272055
https://doi.org/10.3389/fpls.2014.00362
https://doi.org/10.1186/1471-2229-13-143
https://doi.org/10.1111/j.1365-3040.2007.01724.x
https://doi.org/10.1007/BF00552656
https://doi.org/10.1007/BF00552656
https://doi.org/10.1111/j.1469-8137.2008.02685.x
https://doi.org/10.3389/fpls.2017.02095
https://doi.org/10.3389/fpls.2017.02095
https://doi.org/10.1387/ijdb.051997el
https://doi.org/10.1105/tpc.5.11.1661
https://doi.org/10.1016/B978-0-12-386035-4.00004-5
https://doi.org/10.1508/cytologia.20.358
https://doi.org/10.1146/annurev.pp.39.060188.002355
https://doi.org/10.1146/annurev.pp.39.060188.002355
https://doi.org/10.1199/tab.0066
https://doi.org/10.1007/7089_2007_129
https://doi.org/10.1104/pp.124.1.135
https://doi.org/10.1105/tpc.109.067785
https://doi.org/10.1146/annurev-arplant- 050213-035748
https://doi.org/10.1146/annurev-arplant- 050213-035748
https://doi.org/10.1016/S0074-7696(08)61014-1
https://doi.org/10.1007/BF00379826
https://doi.org/10.2307/2446145
https://doi.org/10.1007/BF00395035
https://doi.org/10.1104/pp.96.4.1193
https://doi.org/10.1104/pp.96.4.1193
https://doi.org/10.1104/pp.104.1.201
https://doi.org/10.1104/pp.104.1.201
https://doi.org/10.1104/pp.106.3.1169
https://doi.org/10.1007/BF00051583
https://doi.org/10.15281/jplantres1887.43.46
https://doi.org/10.4161/psb.4.3.7755
https://doi.org/10.1201/b20316
https://doi.org/10.1046/j.1365-313X.2003.01967.x
https://doi.org/10.21273/HORTSCI.26.5.592
https://doi.org/10.1104/pp.124.4.1668
https://doi.org/10.1007/BF00397335
https://doi.org/10.1007/s004250100597
https://doi.org/10.1083/jcb.153.1.111
https://doi.org/10.1083/jcb.153.1.111
https://doi.org/10.1105/tpc.013292
https://doi.org/10.2183/pjab.92.387
https://doi.org/10.1016/S0044-328X(80)80006-7
https://www.frontiersin.org/journals/plant-science/
http://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Guard Cell Chloroplasts in ArabidopsisFujiwara et al.

8

Yoder, D. W., Kadirjan-Kalbach, D., Olson, B. J. S. C., Miyagishima, S., 
DeBlasio, S. L., Hangarter, R. P., et al (2007). Effects of mutations in 
Arabidopsis FtsZ1 on plastid division, FtsZ ring formation and positioning, 
and FtsZ filament morphology in vivo. Plant Cell Physiol. 48, 775–791. doi: 
10.1093/pcp/pcm049

Yu, Z., Haage, K., Streit, V. E., Gierl, A., and Torres-Ruiz, R. A. (2009). A large 
number of tetraploid Arabidopsis thaliana lines, generated by a rapid strategy, 
reveal high stability of neo-tetraploids during consecutive generations. Theor. 
Appl. Genet. 118, 1107–1119. doi: 10.1007/s00122-009-0966-9

Zhao, L., and Sack, F. D. (1999). Ultrastructure of stomatal development in 
Arabidopsis (Brassicaceae) leaves. Am. J. Bot. 86, 929–939. doi: 10.2307/2656609

Conflict of Interest: The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could be construed as a 
potential conflict of interest.

Copyright © 2019 Fujiwara, Sanjaya and Itoh. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) and the copyright owner(s) are credited and 
that the original publication in this journal is cited, in accordance with accepted 
academic practice. No use, distribution or reproduction is permitted which does 
not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org October 2019 | Volume 10 | Article 1403

https://doi.org/10.1093/pcp/pcm049
https://doi.org/10.1007/s00122-009-0966-9
https://doi.org/10.2307/2656609
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science/
http://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

	Arabidopsis thaliana Leaf Epidermal Guard Cells: A Model for Studying Chloroplast Proliferation and Partitioning in Plants
	Introduction
	History of Research on Guard Cell Chloroplast Number
	Utility of Leaf Guard Cells For the Analysis Of Chloroplast Number Control
	Arabidopsis Leaf Guard Cells as a Model for Studying the Control of Chloroplast Number
	Relationship Between Chloroplast Proliferation And Expansion in Arabidopsis Leaf Guard Cells
	A Working Model For Chloroplast Number Determination in Arabidopsis Leaf Guard Cells
	Final Remark
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


