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Growth and division are the two most important processes in plant organogenesis. Cell 
size results from the dynamic combination of these two processes. Hence studying cell 
size patterning is crucial to understand organogenesis. The Arabidopsis sepal 
epidermis is an ideal system to study cell size as it forms a characteristic cell size 
pattern ranging from cells with only one hundredth the length of the sepal (small cells) 
to cells with one-fifth the length of the sepal (giant cells). Small cells are produced by 
ordinary mitosis whereas giant cells are produced by endoreduplication. 

In my dissertation, I addressed how cell size patterning is generated by genetic 
and genomic approaches. In my first study, I discovered that the endomembrane 
trafficking protein SEC24A suppresses endoreduplication in an ACR4, DEK1 and 
LGO dependent manner. SEC24A, the first identified giant cell formation inhibitor, 
unraveled a hidden layer of the complicated regulatory network of cell size 
patterning.   

In my second study, I applied translating ribosome affinity purification coupled 
with deep sequencing (TRAP-seq) to systematically discover changes in gene 
expression between differently sized cells. It was discovered that the giant and small 
cells have very distinct translatomes, implying they are different cell types. In 
addition, by comparing the giant cell and another highly endoreduplicated cell type, 
the trichome, we discovered that although endoreduplication triggers common 
downstream responses, the giant cell and trichome do have distinct genomic regulation 
modules. Cell biology and genetics were applied and validated the high-throughput 
sequencing results. 
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CHAPTER 1 

 

Reprinted with permission from BioMed Central  

Section of Forum Article:  

Plant Cell Size Control: All Things Considered 

Xian Qu and Adrienne H. K. Roeder 

From 

Marshall, W.F., Young, K.D., Swaffer, M., Wood, E., Nurse, P., Kimura, A., Frankel, 

J., Wallingford, J., Walbot, V., Qu, X., and Roeder, A.H.K. (2012) “What determines 

cell size?” BMC Biology 10:101. 

 

Plant Cell Size Control: All Things Considered 

Xian Qu and Adrienne H. K. Roeder 

Weill Institute for Cell and Molecular Biology and Department of Plant Biology, 

Cornell University, Ithaca, NY, USA 

 

Plant biologists have long wondered about the mysterious phenomenon called 

“compensation”:  when the cell number is decreased due to a mutation, the cell size 

increases, leading to production of organs with nearly normal area [1]. This 

phenomenon raises two basic questions for plant biologists: how is the size of a plant 

organ controlled, and how is cell size regulated? Although these interrelated puzzles 

have been extensively studied for many years, neither is well understood. Two 

processes contribute to size control during organogenesis: cell division, and growth in 
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cell size. Cell size growth in plants is itself driven by increases in mass (due to 

macromolecular synthesis) and in volume (due to vacuolation). However, the 

relationship between cell division, growth, cell size, and organ size remains 

controversial, as illustrated by the contradictory conclusions of two recent 

computational models [2, 3]. 

 

Changing cell cycle parameters can alter the length of time that cells spend in growth 

phases G1 and G2 before dividing, thus affecting size. In Arabidopsis leaves, 

overexpression of cyclin D3;1(CYCD3;1) triggers a quick transition to mitotic cycle, 

reducing the proportion of cells in the G1-phase of the cell cycle and producing 

smaller mesophyll cells [4]. In contrast, slowing division with a dominant negative 

form of the cyclin dependent kinase A;1(CDKA;1) increases final cell size [5]. 

Likewise, expressing the CDKA;1 inhibitor Kip related protein 1(KRP1) under the 

control of an epidermis-specific promoter results in slower epidermal division and 

increased epidermal cell size [2, 3]. Although changing cell cycle parameters often 

alters cell size, it is not always the case. Overexpresssing either of two subunits of the 

anaphase-promoting complex/cyclosome (APC/C), APC10 and CDC27, causes 

increased cell division rates without decreasing cell size [6, 7]. This suggests that the 

APC/C is not part of the sensing mechanism for cell size control. 

 

Endoreduplication – a variant of the cell cycle in which cells stop dividing and instead 

continue to grow and replicate their DNA [8] – causes an increase in both cell size and 

DNA content [9]. Endoreduplication is very common in plants and is often associated 
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with specialized cell types. Endocycles and mitotic cell cycles occur simultaneously 

during the development of the organ in neighboring cells [3] and endoreduplication 

appears to be primarily a mechanism for cell enlargement. Many alterations inhibiting 

the cell cycle regulatory machinery cause increased endoreduplication. Although the 

exact trigger that causes an individual cell to endoreduplicate is unknown, one 

speculative hypothesis is that the cell exceeds a prior cell size checkpoint. One finding 

supporting this hypothesis is that smaller cell size due to overexpression of either of 

two D-type cyclins, CYCD2;1 or CYCD3;1, correlates with the inhibition of 

endoreduplication [4, 10]. Once the cell size checkpoint is passed, endoreduplication 

can be switched on by various mechanisms. One major mechanism is prevention of 

mitosis by reduction of CDKA;1/CYCLIN B activity to a level that fails to initiate 

mitosis but is able to drive replication of DNA. Reduced expression of CDKA;1 and 

CYCLIN B is seen during endoreduplication in trichomes (hair cells), epidermal and 

mesophyll cells of the Arabidopsis leaf [11, 12]. Additionally, mitotic CDKA;1 

activity might be reduced by elevation of the KRP family of cyclin-dependent kinase 

inhibitors [12, 13]. SIAMESE is another kinase inhibitor family that acts like KRP. It 

has CYCLIN and CDKA;1 binding sites which inhibit mitosis and stimulate 

endoreduplication in the Arabidopsis trichome [14, 15]. Lastly, endoreduplication can 

be triggered by ectopic DNA replication. CDC6 catalyzes assembly of the origin of 

replication (ORC) complex, enabling DNA replication [16], and overexpression of 

CDC6 increases endoreduplication in Arabidopsis.  

 

In addition to cell size control by cell cycle genes, protein synthesis and degradation 
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can also change the amount of cytoplasm, and thus influence cell size. The growth 

potential of a cell is restricted by its access to energy and nutrients. One of the most 

conserved growth regulation pathways in eukaryotes is the target of rapamycin (TOR) 

pathway. TOR is a highly conserved Ser/Thr kinase belonging to the family of 

phosphatidylinositol kinase-related kinases [17]. The pathway regulates cell growth 

and metabolism in response to growth factors, nutrients, energy, and environmental 

conditions in yeast and mammals [18, 19]. Arabidopsis contains one TOR gene which 

stimulates initiation of translation and the preferential synthesis of more ribosomal 

proteins, and whose overexpression stimulates cell growth [20].  Moreover, 

Arabidopsis also contains EPB1, which is homologous to a human ErbB-3 epidermal 

growth factor receptor binding protein that enhances translation. Overexpression of 

EPB1 also causes increased cell growth [21]. Conversely, inhibiting protein 

degradation by mutation of the 26S proteasome [22] subunit REGULATORY 

PARTICLE AAA-ATPASE 2a (RPT2a) produces larger cells in Arabidopsis leaves [23, 

24], showing that the maintenance of optimal proteasome activity levels is important 

for cell size control.  

 

Expansion is another mechanism controlling cell size. One distinct feature of plant 

cells is their rigid cell wall, which consists primarily of complex polysaccharides and a 

small number of structural proteins, and which greatly confines the enlargement of 

plant cells [25]. Thus, modulating cell wall extensibility is an important means of 

controlling plant cell growth. The EXPANSIN (EXP) family is one class of cell wall 

loosening agents in plants. Overexpression of EXP10 in Arabidopsis under the control 
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of its own promoter results in larger leaves containing larger cells [26]. While the 

external rigidity of the cell is determined by its cell wall, cytoskeleton controls its 

internal strength and the direction in which its cell wall is reinforced. In Arabidopsis, 

both microtubule and microfillament associated proteins have been shown to facilitate 

normal cell expansion in different organs [27, 28]. Cellulose microfibrils are an 

important component of the cell wall and are synthesized in vascular plants by a 

plasma membrane–localized cellulose synthase [25]. Paredez et al. discovered that 

cellulose synthase tracks along the cortical microtubules. Microtubules thus determine 

the orientation of the cellulose microfibril, and as a result affect the direction of 

structural reinforcement [29].  The cell wall presents a second challenge to plant cell 

growth, in that the walls of neighboring cells are tightly connected at the middle 

lamella. Since plant cells generally do not slip relative to one another, the growth of 

neighbors is coordinated along their adjoining walls.  However, Elsner et al. found 

that heterogeneity of cell growth exists in individual cells because portions of the cell 

wall in contact with different neighbors grow with different rates [30].  

 

Regulation of these general mechanisms shows temporal, tissue and spatial specificity 

to achieve a variety of different cell sizes corresponding to specialized cellular 

functions. Cell size is regulated by transcription factors and co-activators such as 

GROWTH-REGULATING FACTOR (GRF) [31, 32] and ANGUSTIFOLIA3 (AN3) 

[33, 34]. Furthermore, cell size is actively patterned in different plant organs. For 

example, the Arabidopsis sepal epidermis has a broad diversity of cell sizes, from 

small cells with one-hundredth the length of the sepal to giant cells with one-fifth the 
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length of the sepal.  This pattern forms due to the stochastic entry of cells into 

endoreduplication at different times [3]. However, the pattern is also regulated by the 

epidermal specification pathway, which promotes the formation of giant cells [35]. 

Giant cells are found on the back (abaxial) epidermis of Arabidopsis leaves, whereas 

the epidermal cells in the petal blade do not endoreduplicate and have a uniform small 

size.   

 

In summary, cell size control in plants is a highly dynamic and complicated process 

involving multiple biological pathways (Figure 1). Although a large number of 

individual cell size regulators have been discovered, a future challenge will be 

determining how these pathways integrate to form a complete cell size control 

network. Two recent advances will likely guide the construction of such a network 

[36]. First, live imaging of cells in the developing organs will allow us to determine 

the exact timing and detailed mechanism through which each player affects cell 

division, cell growth, and cell expansion. Analysis at static time points has been highly 

successful in identifying relevant factors. For example, live imaging shows that the 

transcription factor JAGGED (JAG) regulates proliferation to control lateral organ 

shape and size [37, 38]. Moreover, by using 3D live imaging, Schiessl et al. 

discovered that JAG regulates the transition between tight coordination of cell volume 

with initiation of S phase of the cell cycle in the meristem and loose coordination in 

the primordium [39]. Ectopic expression of JAG in the floral meristem bypasses this 

tight cell size checkpoint, resulting in smaller cells entering S phase [39]. Second, 

computational modeling will allow us to determine the cumulative result of multiple 
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pathways acting simultaneously and feeding back on one another. While a diagram 

can be used to conceptualize the increase in cell size caused by one cell entering 

endoreduplication earlier than its neighbors [40], a computational model reveals the 

combined effects of variability in cell cycle length and timing of endoreduplication on 

the sizes of approximately 1,400 cells in the sepal epidermis [3]. Such an integrated 

understanding may finally show how plant cells increase in size to compensate for 

decreased cell numbers to achieve consistent organ size. 

 

 

 

 

Figure 1. Overview of cell size control in plants. 
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Endomembrane trafficking protein SEC24A regulates cell size 

patterning in Arabidopsis thaliana 

 

Xian Qu, Prerana Rao Chatty and Adrienne H. K. Roeder 

Weill Institute for Cell and Molecular Biology and Department of Plant Biology, 

Cornell University, Ithaca, NY, USA 

 

Abstract 

Size is a critical property of a cell, but how it is determined is still not well understood. 

The sepal epidermis of Arabidopsis thaliana contains cells with a diversity of sizes 

ranging from giant cells to small cells. Giant cells have undergone endoreduplication, 

a specialized cell cycle in which cells replicate their DNA, but fail to divide, becoming 

polyploid and enlarged. Through forward genetics, we have identified a new mutant 
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with ectopic giant cells covering the sepal epidermis. Surprisingly, the mutated gene, 

SEC24A, encodes a COPII vesicle coat subunit involved in ER to Golgi trafficking in 

the early secretory pathway. We show that the ectopic giant cells of sec24a-2 are 

highly endoreduplicated and that their formation requires the activity of giant cell 

pathway genes, LOSS OF GIANT CELLS FROM ORGANS (LGO), DEFECTIVE 

KERNEL1 (DEK1) and Arabidopsis CRINKLY4 (ACR4). In contrast to other 

trafficking mutants, cytokinesis appears to occur normally in sec24a-2. Our study 

reveals an unexpected yet specific role of SEC24A in endoreduplication and cell size 

patterning in the Arabidopsis sepal. 

 

Introduction 

Size is a fundamental characteristic of a cell, but how cell size is determined is still not 

well understood in most living organisms (Marshall et al., 2012). Cells of different 

types typically have characteristic sizes, indicating that size is carefully regulated to fit 

cell functions during differentiation. At the simplest level, growth and division 

determine cell size. Although many factors regulating these two processes have been 

studied, how they are comprehensively regulated to achieve specific size outcomes 

remains unclear. 

The sepal of Arabidopsis thaliana is an excellent model to study the regulation 

of cell size because it exhibits a characteristic pattern of giant cells interspersed in 

between small cells. The giant cells are large cells that span about one-fifth the length 

of the sepal (approximately 360 µm), while the smallest cells only reach to about 10 

µm (Roeder et al., 2010). Previously, we have shown that variability in cell division 
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times is sufficient to produce the cell size pattern (Roeder et al., 2010). The giant cells 

stop dividing and enter endoreduplication, a specialized cell cycle in which the cell 

replicates its DNA but skips mitosis to continue growing (Edgar and Orr-Weaver, 

2001; Sugimoto-Shirasu and Roberts, 2003; Inze and De Veylder, 2006; Breuer et al., 

2010). Alongside the giant cells, the smaller cells continue dividing mitotically. Giant 

cells and small cells are different cell types, as they can be distinguished by the 

expression pattern of two independent enhancers. Furthermore, mutant screens have 

shown that genes involved in epidermal specification and cell cycle regulation are 

crucial for sepal cell size patterning. DEFECTIVE KERNEL1 (DEK1), MERISTEM 

LAYER1 (ATML1), Arabidopsis CRINKLY4 (ACR4) and HOMEODOMAIN 

GLABROUS11 (HDG11) first establish the identity of giant cells, and then the cyclin 

dependent kinase inhibitor (CKI) LOSS OF GIANT CELLS FROM ORGANS (LGO) 

influences the probability with which cells enter endoreduplication. Endoreduplication 

can further suppress the identity of small cells through an unknown mechanism 

(Roeder et al., 2010; Roeder et al., 2012). The number of giant cells influences the 

curvature of the sepal, which is important for protecting the flower (Roeder et al., 

2012). Therefore, cell size patterning ensures the protective role of sepals at the 

physiological level. 

The secretory pathway in eukaryotes is crucial for cells to maintain membrane 

homeostasis and protein localization. Proteins destined for the cell surface are first 

translated on the rough endoplasmic reticulum (ER) and then incorporated into COPII 

vesicles that bud from ER membranes on the way to the Golgi apparatus. COPII 

machinery is highly conserved in eukaryotes and each COPII component acts 
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sequentially on the surface of the ER (Bickford et al., 2004; Marti et al., 2010; Zanetti 

et al., 2012). Vesicle coat assembly is initiated by SEC12, an ER membrane-anchored 

guanine nucleotide exchange factor (Barlowe and Schekman, 1993). SEC12 

exchanges GDP with GTP on the small GTPase SAR1, which increases the membrane 

affinity of SAR1. The ER membrane bound SAR1 subsequently brings the SEC23/24 

subunits to form the pre-budding complex and eventually SEC13/31 are recruited to 

increase rigidity of the COPII vesicle coat (Nakano and Muramatsu, 1989; Barlowe et 

al., 1994; Shaywitz et al., 1997; Aridor et al., 1998; Kuehn et al., 1998; Stagg et al., 

2006; Copic et al., 2012). For COPII vesicles to fuse with the target membrane, 

superfamily N-ethylmaleimide-sensitive factor adaptor protein receptors (SNAREs) 

must be incorporated by SEC24 (Mossessova et al., 2003; Lipka et al., 2007; Mancias 

and Goldberg, 2008). In addition to its role in SNARE packaging, SEC24 also binds 

and loads secretory cargo proteins (Miller et al., 2003). Both the cargo and SNARE 

specificities are determined by the correspondence between the SEC24 isoform and 

the various ER export signals of cargoes and SNARES (Barlowe., 2003; Mancias and 

Goldberg., 2008; Miller et al., 2003; Mossessova et al., 2003). The Arabidopsis 

genome encodes four SEC24 isoforms, SEC24A-D; how they differentially regulate 

trafficking is unknown (Bassham et al., 2008). Likewise, SEC24-cargo/SNARE 

interactions remain elusive in plants. 

Secretion defects in plants often lead to cell division defects due to the unique 

mechanisms of plants cytokinesis (Sylvester, 2000; Jurgens, 2005). In many 

eukaryotes other than plants, cytokinesis is accomplished by contraction of the 

cleavage furrow at the division plane. In contrast, cytokinesis in plants requires de 
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novo secretion of vesicles to the division plane, after formation of the phragmoplast as 

the scaffold for delivery. Homotypic vesicle fusion sets up the early cell plate, which 

then expands laterally by fusing with other arriving vesicles (Balasubramanian et al., 

2004; Jurgens, 2005; Reichardt et al., 2007). Hence, disruption of secretion in plants 

can often result in cytokinesis defects. For instance, a mutation in the SNARE 

KNOLLE leads to enlarged embryo cells with multiple nuclei (Lukowitz et al., 1996). 

Another common phenotype observed in secretion-deficient plants is abnormal 

auxin responses. The phytohormone auxin acts as a prominent signal in Arabidopsis 

development, and auxin influx/efflux carriers are essential in directing auxin transport 

and creating local maxima in an auxin gradient (Reinhardt et al., 2003; Heisler et al., 

2005; Jonsson et al., 2006; Smith et al., 2006; Vanneste and Friml, 2009). To maintain 

appropriate auxin gradients, the subcellular localization of auxin carriers must be 

delicately regulated. Thus, auxin responses are highly sensitive to trafficking 

perturbations in plants (Geldner et al., 2003; Grunewald and Friml, 2010). 

Here, we have identified a new mutant with ectopic giant cells. Through 

positional cloning we determined that the mutation occurs in the SEC24A gene, which 

encodes the cargo binding subunit of the COPII vesicle complex. In addition to altered 

cell size, this novel sec24a-2 allele shows pleiotropic defects including dwarfism, 

which have not been reported previously for other SEC24A alleles (Faso et al., 2009; 

Nakano et al., 2009; Conger et al., 2011). Although the mutant is developmentally 

aberrant, both cytokinesis and auxin response appear normal in sec24a-2, unlike other 

transport mutants. Instead we find SEC24A regulates cell size specifically via the giant 

cell development pathway. Thus our data reveal an unexpected role of SEC24A in 
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endoreduplication and cell size patterning in the Arabidopsis sepal. 

 

Results 

A novel sec24a allele increases cell size in the sepal epidermis. 

To identify new genes in the genetic pathway controlling cell size patterning in the 

Arabidopsis sepal, we carried out an ethyl methanesulfonate (EMS) mutagenesis 

screen in the Landsberg erecta (Ler) accession and identified one recessive mutant 

with increased numbers of giant cells in sepals and leaves (Figure 1A-B, 1A’-B’ and 

Supplemental Figure 1). Using map-based cloning, the mutation was pinpointed to a C 

to T change at residue 1327 of the SEC24A (At3g07100) coding sequence. SEC24A 

encodes the cargo loading subunit of the COPII vesicle complex. This mutation 

converts a proline to a serine at residue 443 in the trunk domain (Figure 1F). P443 is 

highly conserved; in yeast and human crystal structure studies, this proline residue is 

important for the interaction between SEC24A and the COPII vesicle coat SNARE 

SEC22 (Miller et al., 2003; Mancias and Goldberg, 2007). 

Two other alleles of SEC24A have been previously identified. The G92/ermo2 

allele has a conversion of arginine to lysine at residue 693, which leads to abnormal 

ER and Golgi morphology in Arabidopsis seedlings (Faso et al., 2009; Nakano et al., 

2009) (Figure 1F). Yeast and mammalian studies have shown that residue 693 is 

crucial for cargo binding (Mancias and Goldberg, 2007; Miller et al., 2003). In a later 

study, Conger et al. found that an upstream T-DNA insertion (sec24a-1 allele) leads to 

a male transmission defect in heterozygous mutants, and thus no homozygous 

individuals can be recovered (Conger et al., 2011) (Figure 1F). We therefore named 
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our homozygous viable mutant allele “sec24a-2”. 

The ectopic giant cells phenotype of sec24a-2 homozygous plants always co-

segregates with prominent shoot developmental defects, dwarfism, increased lobing of 

sepal cells and male sterility in all of the 512 F2 mutant plants examined in the 

mapping population. This data suggests that SEC24A has roles in multiple different 

developmental pathways, as expected for a protein that is thought to transport many 

different cargoes (Figure 1B, 1B’, 1G and Supplemental Figure 2). The sec24a-2 

seedling mutant phenotype segregates as a single recessive mutation (Supplemental 

Figure 2). Genetic rescue was carried out by transforming heterozygous sec24a-2 

plants with SEC24A:SEC24A-GFP. Plants homozygous for sec24a-2 containing the 

transgene  

 

 

Figure 1. A novel allele of sec24a increases cell size in the sepal.  

(A-D) Scanning electron micrographs (SEMs) of sepals from Landsberg erecta (Ler) 

(A), sec24a-2 (B), sec24a-2 rescue line (C) and the G92 allele of sec24a (D). Giant 
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cells that are at least twice the length and width of regular cells have been false-

colored in red. Note that sec24a-2 has the highest density of giant cells. Scale bar: 200 

µm.   

(A’- D’) Magnified SEM images of (A-D) to show the details of sepal epidermal cell 

size. Note that lobing is also increased in sec24a-2 cells in comparison to Ler. Scale 

bar: 30 µm. 

(E) Density plot of cell area of Ler (blue) and sec24a-2 (red).  915 sec24a-2 and 2077 

Ler cells from three biological replicates were used for quantification. The sec24a-2 

sepal shows a higher density of cells larger than approximately 5000 µm2 (arrow). The 

small p-value of Kolmogorov-Smirnov test indicates that Ler and sec24a-2 sepals 

have significantly different cell size distributions. 

(F) The gene model of SEC24A. Arrows indicate the positions of the newly identified 

sec24a-2 mutation and of the previously published G92 and sec24a-1 mutations. 

Domain abbreviations: ZF, zinc finger; Trunk, Sec23/24 α/β trunk domain; BB, β-

barrel domain; HR, helical region; GL, gelsolin-like repeat.  

(G) Plant phenotypes of Ler, sec24a-2, complemented sec24a-2 and G92. Note that 

only sec24a-2 is dwarfed. 

 

appeared similar to Ler in their morphology, fertility and sepal cell size patterns, 

indicating a complete rescue (Figure 1C, 1C’, 1G and Figure 2). For comparison, we 

also examined the previously published G92 allele. Based on Golgi morphology, 

sec24a-2 fails to complement G92 (see below), indicating sec24a-2 and G92 are 

allelic. However, G92 mutants only show slight developmental defects and have a 
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normal number of giant cells (Figure 1D, 1D’, 1G and Figure 2) (Faso et al., 2009). 

This suggests that G92 is a weaker allele compared with sec24a-2 in terms of 

ectopically high number of giant cells in the sepal. 

To quantify the cell size increase in sec24a-2, we used a semi-automated 

image processing approach to measure the cell size distributions of Ler and mutant 

sepals (Cunha et al., 2010; Roeder et al., 2010; Roeder et al., 2012). Compared with 

the Ler, sec24a-2 has significantly fewer small cells (below 5000 µm2) and more large 

cells (Figure 1E). In summary, we have identified a novel mutant sec24a-2 with 

enlarged epidermal cells in the sepal. 
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Figure 2. Quantification of sepal cell size distribution from SEM images. 

Each cell size in a genotype is plotted as an individual circle to display the distribution 

of cell sizes. The red line highlights the approximate threshold of giant cell size as 

determined earlier (Roeder et al., 2010). Kolmogorov-Smirnov tests were carried out 

to test whether two genotypes have the same cell size distribution.  

Small p-value between sec24a-2 and Ler, sec24a-2 rescue line and G92 homozygous 

mutant indicates sec24a-2 has a different cell size distribution. No significant 

differences were found in a pairwise manner between Ler, sec24a-2 rescue line and 

G92 homozygous mutant, suggesting a complete rescue of sec24a-2 by our construct 
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and lack of ectopic giant cell phenotype of G92 allele.  

No significant difference in the cell size distribution (large p-values) between lgo-1 

and lgo-1 sec24a-2, acr4-24 and acr4-24 sec24a-2, or dek1-4 and dek1-4 sec24a-2 

support the conclusion that lgo-1, acr4-24 and acr4-24 are epistatic to sec24a-2.  

 

The SEC24A regulatory region is broadly expressed in rapidly growing tissues.  

To determine the expression pattern of SEC24A, we first examined publicly available 

microarray datasets (Genevestigator). SEC24A is expressed through all the 

developmental stages (Figure 3A).  

To examine the tissue and cell type specificity of the SEC24A regulatory 

region, we created SEC24A reporters including both the same upstream (~2 kb) and 

downstream (~1 kb) regulatory regions used to rescue the mutant. To examine the 

tissue, we constructed a β-glucuronidase (GUS) reporter and stably transformed it into 

Ler plants. At 7 days, the strongest SEC24A:GUS signals were observed in the shoot 

apex and the distal root region (Figure 3B). At 30 days, SEC24A:GUS was highly 

expressed in inflorescences, cauline leaves and roots (especially lateral root tips) 

(Figure 3C-F). Consistent with the sepal cell phenotype in our mutant, strong 

SEC24A:GUS signal was found in developing sepals (Figure 3D).  

To view the expression pattern of the SEC24A regulatory region on the cellular 

level in the sepal, we expressed a fluorescent nuclear reporter (H2B-mGFP) under the 

same SEC24A regulatory region. We found ubiquitous SEC24A:H2B-mGFP 

expression throughout sepal development and the expression is not giant cell or small 

cell specific (Figure 3G-H). In conclusion, consistent with the microarray data, the 
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SEC24A regulatory region is broadly expressed particularly in rapidly growing tissues 

throughout development. 
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Figure 3. The expression pattern of the SEC24A regulatory region. 

(A) Expression level of SEC24A in different developmental stages. Quantitative 

microarray data were acquired from Genevestigator and their expression values were 

normalized relative to expression in the seed. SEC24A shows high expression 

throughout the entire developmental stages.  

(B-F) GUS staining of SEC24A:GUS transgenic lines at 7 days and 30 days. (B) At 7 

days, SEC24A is highly expressed in the shoot apex and the distal root region 

(arrows). (C-F) At 30 days, SEC24A is highly expressed in inflorescences (D), cauline 

leaves (E) and roots (F). Arrow in (D) indicates the strong expression of SEC24A in 

the sepal. Arrows in (F) indicate the strong expression in lateral root tips. Scale bar: 

0.5 cm (B, D, E, F); 1 cm (C). 

(G-H) Confocal images of an early flower and a mature sepal expressing 

SEC24A:H2B-mGFP (green nuclei). The SEC24A promoter fragment drives 

expression from early (G) through late stages (H) of sepal development. Early sepals 

are designated as “SP” in (G). In (H), all cells including giant and small cells express 

strong green nucleus signal. Cell edges were stained red with either FM4-64 (G) or 

propidium iodide (PI) (H). Scale bar: 30 µm.    

 

The interactions between SEC24A and other COPII subunits are conserved in 

Arabidopsis. 

Given the surprising result that SEC24A has a role in controlling cell size in the sepal, 



 

 27 

we next tested whether SEC24A interacts with other components of the COPII coat, as 

expected for a canonical SEC24 protein involved in ER to Golgi trafficking. SEC24A 

has been shown to interact directly with coat protein SEC23 and the SNARE protein 

SEC22 in yeast and human (Bi et al., 2002; Mancias and Goldberg, 2007, 2008). To 

check if the COPII complex has similar interactions in Arabidopsis, we carried out 

protein-protein interaction assays. Positive interactions were detected between 

SEC24A and all selected SEC23 homologs using yeast two-hybrid assays, validating 

that SEC24-SEC23 interaction is conserved in Arabidopsis (Figure 4A).  

The Arabidopsis genome encodes two SEC22 homologs: SEC221 and SEC222 

(Lipka et al., 2007). SEC221 was found to be essential for gametophyte development, 

and thus no loss-of-function homozygous mutants could be recovered (El-Kasmi et al., 

2011). Due to the phenotypic similarity (gametophyte lethality) of sec24a-1 and 

sec221 loss-of-function alleles, we hypothesized that SEC24A and SEC221 have a 

direct physical interaction. We tested the interaction between SEC24A and SEC221 

∆TM (see Material and Methods for more details) through bimolecular fluorescence 

complementation (BiFC) in transiently infiltrated Nicotiana benthamiana leaves 

(Figure 4B). Positive signals were detected in infiltrated leaves, suggesting a positive 

interaction between SEC24A and SEC221. We further confirmed the interaction 

between SEC24A and SEC221 ∆TM through pull down experiment using 

recombinant proteins (Figure 4C).  Our data show that SEC24/SEC23 and 

SEC24/SEC22 interactions are conserved in Arabidopsis, suggesting that SEC24A acts 

as a COPII coat protein as expected. 
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Figure 4. The interactions between SEC24A and other COPII components are 

conserved. 

(A) Yeast two-hybrid assay between SEC24A and selected Arabidopsis SEC23 

isoforms. Positive interactions show blue color in the X-gal reaction. SEC24A was 

found to interact with SEC23A, SEC23B, SEC23C and SEC23D. 

(B) BiFC between SEC24A and SEC221 with transmembrane domain truncation 

(SEC221 ∆TM). Reconstituted green fluorescent protein signal was detected when 

nGFP-SEC24A and SEC221 ∆TM-cGFP were co-infiltrated, indicating a positive 

interaction between them. Chlorophyll (red) is shown for contrast. Scale bar: 20 µm. 

(C) Pull down assay to verify the interaction between SEC24A and SEC221 from 

BiFC experiment. Recombinant MBP-6xHis-SEC24A ∆N protein was immobilized on 

Ni-NTA beads and recombinant SEC221∆TM-GST protein was added afterwards. 

Western blotting using anti-His and anti-GST antibodies shows that both proteins can 

be detected on the beads.  
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Golgi and ER morphologies are abnormal in the sec24a-2 mutant. 

Previously, dysfunction of SEC24A has been shown to affect the Golgi morphology in 

Arabidopsis. In cotyledon epidermal cells, the fluorescent Golgi marker ST-GFP 

labels a few sparse punctate structures, whereas Faso et al. showed that in the G92 

allele ST-GFP labelled large fluorescent globular structures (Faso et al., 2009). We 

used the same ST-GFP marker to test if our sec24a-2 allele has the similar defect. 

Similar to G92, we observed a great increase in the ST-GFP signal number as well as 

many “Golgi clumps” (Figure 5A-C). Those “Golgi clumps” consist of punctate and 

diffuse fluorescence which are highly similar to the abnormal globular structures 

described by Faso et al (Faso et al., 2009). Furthermore the sec24-2/G92 

transheterozygote also forms “Golgi clumps” indicating that sec24a-2 is allelic to G92 

(Figure 5A). Thus the sec24a-2 has Golgi structure defects similar to those previously 

reported.   

 In yeast and human SEC24 proteins, the conserved proline residue mutated in 

sec24a-2 is predicted to be structurally crucial for binding with the SNARE SEC22 

(Miller et al., 2003; Mancias and Goldberg, 2007). Previous studies show that 

mutations of SEC221 and SEC24A both lead to morphological disruption of the ER 

(Faso et al., 2009; Nakano et al., 2009; El-Kasmi et al., 2011). We then hypothesized 

that in addition to the structural defects of Golgi, our sec24a-2 plant also has disrupted 

ER. We visualized the ER morphology with a well-established ER marker GFP-HDEL 

(Gordon et al., 2007). The ER structure in Ler forms highly regular networks, 
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particularly localized around the nucleus and in the periphery of the cell near the 

plasma membrane (Figure 5D). In contrast, sec24a-2 mutant sepals show disorganized 

ER structures, with globular structures that is never observed in Ler (Figure 5D). Our 

data is consistent with the previous finding that abnormal spherical ER structure 

appeared as a result of a SEC24A mutation (Nakano et al., 2009). In summation, both 

the ER and Golgi are morphologically abnormal in the newly identified sec24a-2 

allele similar to previously described sec24a alleles.  
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Figure 5. sec24a-2 has abnormal Golgi and ER (endoplasmic reticulum) 

morphologies. 
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(A) Golgi morphologies (ST-GFP) in Ler, G92, G92/sec24a-2 and sec24a-2 sepal 

cells. Cell boundaries from different genotypes are delineated using white dashed 

lines. In Ler, the number of signal is relatively low and the signal is punctate (as 

indicated by white arrow heads). In G92, G92/sec24a-2 and sec24a-2, the number of 

ST-GFP signal increases significantly and abnormal “Golgi clumps” (white arrow) are 

observable. Chlorophyll (red) is shown for contrast. Scale bar: 10 µm. 

(B) Quantification of ST-GFP signal numbers per cell in Ler, G92, G92/sec24a-2 and 

sec24a-2. Average numbers of ST-GFP signal per cell from all indicated genotypes 

were plotted in a bar graph. T-tests were carried out in a pairwise manner between Ler 

and other genotypes. A small p-value indicates that there is a significant increase of 

ST-GFP signal numbers in G92, G92/sec24a-2 and sec24a-2 compared with Ler.  

(C) Quantification of ST-GFP signal size distributions in in Ler, G92, G92/sec24a-2 

and sec24a-2. Sizes of ST-GFP signals per genotype were plotted as individual circles. 

Kolmogorov-Smirnov tests were carried out in a pairwise manner between Ler and 

other genotypes. A small p-value indicates that Ler and G92, G92/sec24a-2, sec24a-2 

sepals have different signal size distributions. 

(D) ER (endoplasmic reticulum) morphologies (GFP-HDEL) in Ler and sec24a-2 

sepal cells. In Ler sepal cells, ER is consisted of a highly regular network, with 

increased signals around the nucleus and in the periphery of the cell near the plasma 

membrane. In sec24a-2 sepal cells is ER is severely disorganized. Although normal 

ER structures still exist, prominent globular structures in different sizes (indicated by 

white circles) are visible. Scale bar: 8 µm. 
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PIN1/PIN7 trafficking and auxin response are not disrupted in sec24a-2. 

Considering the versatility of auxin in plant development and the pleotropic defects of 

sec24a-2, we next tested whether the mutant has a compromised auxin response due to 

mis-regulated trafficking of auxin efflux PIN proteins. We checked in vivo 

localizations of PIN1-GFP and PIN7-GFP (Blilou et al., 2005; Heisler et al., 2005). 

Both proteins exhibited similar distributions in sec24a-2 and Ler plants (Supplemental 

Figure 3A-F). On the cellular level, we observed polarized localizations of PIN1/PIN7 

in sec24a-2 similar to those in Ler (Supplemental Figure 3A-F insets). Hence, no 

defect in PIN1 and PIN7 trafficking is visible in sec24a-2. To further confirm that the 

auxin response is normal in sec24a-2, we used the well-established auxin response 

reporter DR5:3x-Venus-N7 (Heisler et al., 2005). No differences in the expression 

pattern of this reporter were found between sec24a-2 and Ler plants (Supplemental 

Figure 3A, 3B). To validate our discoveries on the physiological level, we checked the 

root gravitropism. As expected, both the Ler and sec24a-2 roots are able to properly 

respond to the gravity by growing downward (Supplemental Figure 3G, 3H). 

Therefore, although sec24a-2 has disorganized ER and Golgi structures, it is not 

compromised in PIN1/PIN7 trafficking and has apparently normal auxin responses. 

 

Ectopic giant cells are formed through increased endoreduplication in sec24a-2 

mutants. 

As our genetic screen was cell size-based and many secretion mutants have 

cytokinesis defects, giant cells in sec24a-2 might be enlarged cells with multiple 

nuclei resulting from failure of cell division. To test whether the ectopic giant cells in 
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sec24a-2 are formed through cytokinesis defects or through increased 

endoreduplication, we first examined the nuclei in sec24a-2 cells. The sec24a-2 cells 

each had a single enlarged nucleus, suggesting that the cells had undergone 

endoreduplication, not a failure of cytokinesis (Supplemental Figure 4). To further 

determine how enlarged cells form in sec24a-2, we performed live imaging on young 

growing flowers. In both Ler and sec24a-2, some of the cells divided, indicating that 

cytokinesis can occur in sec24a-2 mutants (Figure 6A, 6B and Supplemental Figure 

5). Likewise, cell wall stubs that are typically found in cytokinesis defective mutants 

were not observed in sec24a-2 mutants (Figure 6B) (Sollner et al., 2002). Instead, in 

sec24a-2, an increased number of cells endoreduplicated; these cells grew larger and 

the nucleus increased in size, suggesting an increase in DNA content, without 

condensation of the chromosomes or initiation of nuclear or cell division (Figure 6A, 

6B). 
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Figure 6. Ectopic giant cells are formed by increased endoreduplication in 

sec24a-2 mutants. 

 (A) Live imaging of sec24a-2 early sepal development. Images representing start (0 

hr) and end (48 hr) time points are shown. Yellow color represents plasma membrane 

(ML1:mCitrine-RCI2A) and nuclear (ML1:H2B-mYFP) signals. Individual cell 

lineages are traced using individual color dots. The white dashed line highlights an 

endoreduplicating cell and the red dashed line highlights an adjacent dividing cell. 

Scale bar: 25 µm. 

(B) Time-series images of the two cells highlighted in (B). The arrow-heads indicate 

the complete fusion of plasma membranes between the cell division plane and the 

lateral side. Scale bar: 10 µm. 
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(C) Representative flow cytometry graphs measuring the frequency of nuclei with 

different DNA contents for Ler and sec24a-2 sepal epidermal cells from both adaxial 

(2 and 4C) and abaxial (pattern observed) sides of the sepal. 

(D) Quantification of the ploidy levels of four biological replicates. Bar height 

represents the average percentage of cells with indicated ploidy level. Standard error 

of the mean is marked as the error bar. The box shows an enlargement of 16C and 32C 

regions and T-tests indicate that there is a significant difference in their percentages 

between Ler and sec24a-2.  

(E) CDKA;1 protein and phosphorylation quantification. Western blot using α-FLAG 

antibody to probe the phosphorylation state of CDKA;1 in Ler and sec24a-2. The 

upper left image shows a representative western blot image. The upper and lower band 

are phosphorylated and unphosphorylated form of CDKA;1 respectively (as shown 

previously by Dissmeyer et al., 2007). The upper right image shows a Ponceau 

staining image of Rubisco large subunit (RBCL) from the exactly same lanes used for 

blotting. Quantifications of total CDKA;1 protein (relative to loading control) and 

relative phosphorylation level (phosphorylated versus unphosphorylated) were plotted 

on the bar graph. Standard error of the mean is marked as the error bar. T-tests were 

carried out and small p-values indicate that there is a significant difference in total 

CDKA;1 protein level and CDKA;1 phosphorylation level between Ler and sec24a-2. 

 

To quantify endoreduplication in sec24a-2, we measured the DNA content of 

sepal epidermal nuclei using flow cytometry (Roeder et al., 2010). Endoreduplication 

is expected to increase the ploidy of nuclei. Strikingly, sec24a-2 has a highly 
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endoreduplicated 32C peak signal that is not detectable in Ler sepals (Figure 6C-D). 

The proportions of 16C and 32C cells, which correspond to giant cells, were 

significantly increased in sec24a-2 sepals (Figure 6D). Many 2C diploid cells were 

still detected in sec24a-2 sepals because the assay detects epidermal cells on both 

sides of the sepal and those on the adaxial (inward) side are 2C or 4C in both Ler and 

sec24a-2 mutant plants. Inducing ectopic endoreduplication in sepals through 

overexpression of the Cyclin Dependent Kinase (CDK) inhibitor KRP1 produces a 

similar result (Roeder et al., 2010). Likewise in sec24a-2 leaves, where ectopic giant 

cells are also observed, the portion of highly endoreduplicated nuclei (16C, 32C, and 

64C) is increased (Supplemental Figure 1).  

Previous studies have suggested that the onset of endoreduplication is 

dependent on the CDKA;1 phosphorylation state. Inhibition of CDKA;1 

phosphorylation by kinase inhibitors prevents conformational changes needed for 

CDKA;1 to execute cell division and triggers endoreduplication (Leiva-Neto et al., 

2004; Dissmeyer et al., 2007). Since more endoreduplicated cells are observed in 

sec24a-2 mutant, we hypothesized that phosphorylation of CDKA;1 would be 

reduced. We generated CDKA;1 expressing plants and probed their phosphorylation 

level using Western blotting. A significant decrease of total CDKA;1 protein level and 

phosphorylated CDKA;1 are detected in sec24a-2 compared with Ler (Figure 6E). 

This observation corresponds well with our live imaging and flow cytometry data and 

further validates that sec24a-2 has increased endoreduplication.  

Next we asked which endoreduplication machinery is required to form ectopic 

giant cells in sec24a-2. Prevention of CDKA;1 phosphorylation is carried out by many 
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kinase inhibitors (Verkest et al., 2005; Churchman et al., 2006). Previously, the cyclin 

dependent kinase inhibitor (CKI) LOSS OF GIANT CELLS FROM ORGANS (LGO) / 

SIAMESE RELATED 1(SMR1) has been shown to be crucial for promoting 

endoreduplication in sepal giant cells. Sepals of the lgo-1 mutant, a loss-of-function 

allele of lgo, fail to form giant cells (Roeder et al., 2010; Roeder et al., 2012). To test 

whether LGO activity is required to make ectopic giant cells in the sec24a-2 mutant, 

we removed/reduced LGO activity from sec24a-2 in the sec24a-2 lgo-1 double 

mutant. Many small cells cover the surface of sec24a-2 lgo-1 double mutant sepals 

similar to lgo-1 single mutant sepals (Figure 7C, 7D and 7C’, 7D’). In terms of sepal 

epidermal cell size, lgo-1 is completely epistatic to sec24a-2, and the cell size 

distributions of lgo-1 and lgo-1 sec24a-2 sepals are not significantly different (Figure 

2). Our genetic evidence again corroborates that the ectopic giant cells in sec24a-2 are 

formed through increased endoreduplication. Further, the formation of many small 

cells in lgo-1 sec24a-2 double mutant sepals demonstrates that cytokinesis can occur 

normally in the lgo-1 sec24a-2 double mutant. Despite their lack of giant cells, 

sec24a-2 lgo-1 plants remain dwarfed and male sterile, and the sepal cells remain 

abnormally lobed (Figure 7D-D’ and Supplemental Figure 6A), suggesting that 

multiple other developmental pathways are still affected as expected because SEC24A 

likely traffics many cargo proteins that participate in many different processes in the 

plant.  
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Formation of ectopic giant cells in sec24a-2 mutants requires the giant cell 

pathway members DEK1 and ACR4. 

As we have shown that ectopic giant cells in sec24a-2 mutants form through 

increased endoreduplication mediated by the giant cell pathway member LGO, we 

further tested how SEC24A genetically interacts with other genes involved in giant cell 

formation. ACR4 encodes a receptor-like kinase that promotes giant cell formation and 

DEK1 encodes a transmembrane calpain protease required for giant cell formation 

(Becraft et al., 1996; Lid et al., 2002; Gifford et al., 2005; Johnson et al., 2008; Roeder 

et al., 2012). To test whether their activities are required for the formation of ectopic 

giant cells in sec24a-2 mutants, we generated sec24a-2 acr4-24 and sec24a-2 dek1-4 

double mutants. Both double mutants show decreased numbers of giant cells, similar 

to single acr4-24 and dek1-4 mutants (Figure 7E, 7E’ and 7H, 7H’).  Measurement of 

cell sizes in the double mutants indicates that both acr4 and dek1 are completely 

epistatic to sec24a-2 in terms of sepal cell size, similar to lgo-1 (Figure 2). However, 

we found that both double mutants are dwarfed and male sterile, as in single sec24a-2 

mutants (Supplemental Figure 6). This suggests that in the sepal giant cell formation 

pathway, ACR4 and DEK1 act downstream of SEC24A, and that their activities are 

required for ectopic giant cell formation in sec24a-2. 

 In a previous study, we have identified two enhancers that distinguish giant 

cells from small cells (Roeder et al., 2012). To better understand how SEC24A fits in 

the established giant cell formation pathway, we examined the expression pattern of 

these markers in sec24a-2 mutant sepals. The small cell marker expression is largely 

suppressed in the sec24a-2 sepal, which is consistent with the previous finding that 
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endoreduplication suppresses small cell identity (Supplemental Figure 7) (Roeder et 

al., 2012). However, the number of cells expressing the giant cell marker was not 

increased in sec24a-2 (Supplemental Figure 7). This result is consistent with the 

previous finding that increased endoreduplication through KRP1 overexpression is not 

sufficient to promote giant cell identity (Roeder et al., 2012). In conclusion, the 

ectopic giant cells in sec24a-2 are formed through endoreduplication which requires 

the activity of DEK1, ACR4, and LGO. 

 

 

 

Figure 7. Formation of ectopic giant cells in sec24a-2 requires LGO, DEK1 and 

ACR4 activities. 

(A-B) SEM images of Ler (A), sec24a-2 (B) sepals. Scale bar: 200 µm.  

(A’- B’) Magnified SEM images of (A, B) to show the details of sepal epidermal cell 
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size. Scale bar: 30 µm. 

(C-D) SEM images of lgo-1 (C), lgo-1 sec24a-2 (D) sepals. Note that lgo-1 and lgo-1 

sec24a-2 do not have giant cells. Scale bar: 200 µm.  

(C’- D’) Magnified SEM images of (C, D) to show the details of sepal epidermal cell 

size. The increased lobing of sec24a-2 cells is still observed in lgo-1 sec24a-2. Scale 

bar: 30 µm. 

 (E-F) SEM images of acr4-24 (E), acr4-24 sec24a-2 (F) sepals. Large cells that are at 

least twice the length and width of regular cells are false-colored in red. Note that 

acr4-24 and acr4-24 sec24a-2 both have few giant cells. An attached petal is 

designated as “P” and the outline of the sepal is emphasized using the dashed line in 

(F). Scale bar: 200 µm.  

(E’- F’) Magnified SEM images of (E, F) to show the details of sepal epidermal cell 

size. The increased lobing of sec24a-2 cells is still observed in acr4-24 sec24a-2. 

Scale bar: 30 µm. 

(G-H) SEM images of dek1-4 (G), dek1-4 sec24a-2 (H) sepals. Note that dek1-4 and 

dek1-4 sec24a-2 both lack giant cells. Scale bar: 200 µm. 

(G’- H’) Magnified SEM images of (G, H) to show the details of sepal epidermal cell 

size. The increased lobing of sec24a-2 cells is still observed in dek1-4 sec24a-2. Scale 

bar: 30 µm. 

 

ACR4 and DEK1 are unlikely to be cargoes of SEC24A. 

Both ACR4 and DEK1 localize to the plasma membrane, and are probably transported 

from the ER to the Golgi via COPII vesicles (Gifford et al., 2005; Johnson et al., 
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2008). Since the SEC24 family is required for cargo loading, we hypothesized that 

ACR4 and DEK1 should have direct interactions with one or multiple SEC24 

members. To test this hypothesis, we used BiFC, because interactions between cargoes 

and SEC24 coat proteins are normally transient, and dimerization of the GFP can 

stabilize them enough to be visible (Magliery et al., 2005). We tested the interaction of 

all four Arabidopsis SEC24 isoforms with DEK1 and ACR4. Positive protein-protein 

interaction signals were only observed when SEC24C and ACR4 or DEK1 were co-

inoculated (nGFP-SEC24C with ACR4-cGFP or DEK1-cGFP) (Figure 8). In contrast, 

no interaction signal was observed between SEC24A and ACR4 or DEK1 (nGFP-

SEC24A with ACR4-cGFP or DEK1-cGFP). These data provide no evidence for 

direct physical interactions between SEC24A and ACR4 or DEK1, and suggest that 

ACR4 and DEK1 are likely to be transported by a SEC24C-dependent pathway. 

 To determine whether ACR4 or DEK1 trafficking were indirectly affected in 

the sec24a-2 mutant, we examined the subcellular localization of ACR4 and DEK1 

fluorescent fusion proteins in sec24a-2 (ACR4:ACR4-GFP and RPS5A:DEK1-GFP) 

(Gifford et al., 2005; Johnson et al., 2008). ACR4-GFP and DEK1-GFP showed 

similar signals on the plasma membrane and in internal structures in both control and 

sec24a-2 (Supplemental Figure 8). Thus the increased giant cell phenotype in sec24a-

2 cannot be explained by an obvious change in the subcellular localization of DEK1 or 

ACR4.  
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Figure 8. DEK1 and ACR4 interact with SEC24C, not SEC24A in BiFC. 

BiFC of SEC24 family members with DEK1 and ACR4. Reconstituted green 

fluorescent protein signals can only be observed in the SEC24C group (C, G), and not 

in the SEC24A/B/D groups (A, B, D, E, F, H). Chlorophyll (red) is shown for contrast. 

Scale bar: 20 µm. 

 

Discussion 

Our study reveals a novel role of SEC24A in endoreduplication and cell size patterning 

in the Arabidopsis sepal (Figure 9).  SEC24A is a COPII coat protein that binds and 

recruits cargo into vesicles to traffic from the ER to the Golgi (Miller et al., 2003; 

Zanetti et al., 2012). Clearly, SEC24A plays a role in the multitude of processes 

associated with each of the cargo proteins, which is consistent with the pleiotropic 

phenotypes of the sec24a-2 mutant plants. Through genetics, we show that one of 

those processes is regulation of endoreduplication by the giant cell formation pathway. 

Double mutant analysis shows that the formation of ectopic giant cells on the sepals of 

sec24a-2 mutants requires the activities of giant cell pathway genes LGO, DEK1, and 

ACR4.  In terms of cell size, the complete epistasis of lgo-1, dek1-4, and acr4-24 to 
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sec24a-2 demonstrates that these genes belong to the same genetic pathway and 

additionally, SEC24A acts upstream of DEK1, ACR4 and LGO.  However, the 

interaction is likely to be indirect, since we could not detect a physical interaction 

between SEC24A and these giant cell regulators. How alterations in COPII vesicle 

trafficking lead to the increased giant cell numbers in sepals is still unknown. We 

postulate that SEC24A regulates giant cell formation and endoreduplication by 

transporting an unknown factor (X in Figure 9).  

 

  

Figure 9. The genetic regulatory network through which SEC24A affects giant 

cell formation. 

DEK1 and ACR4 act upstream of LGO to promote giant cell formation. As the 

interaction between SEC24A and DEK1 and ACR4 is indirect, we propose that 

SEC24A suppresses endoreduplication through trafficking a hypothetical factor X 

upstream of DEK1, ACR4 and LGO. The arrows indicate genetic interactions. 

 

An important question raised by this study is how the mutation in sec24a-2 can 

increase the number of highly endoreduplicated cells. Pattern formation is usually a 

consequence of antagonistic interactions between activators and inhibitors (Lewis, 

2008). For example, during early embryogenesis, HD-ZIP III genes and PLT1/2 genes 
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are activators and inhibitors of apical fate establishment respectively: they act 

antagonistically so that a normal apical-basal pattern can be formed (Smith and Long, 

2010). By analogy, we hypothesize that SEC24A delivers a yet unknown inhibitor of 

giant cell formation, possibly of ACR4 and DEK1, to the Golgi from the ER during 

exocytosis (Figure 9). This unknown inhibitor could be another plasma membrane 

protein harboring COPII binding motif(s). Normally, this inhibitor would be correctly 

transported and thus capable of antagonizing ACR4 and DEK1 activities. In this 

situation, the endoreduplication level would be maintained at an appropriate level to 

generate the normal cell size patterning in the Arabidopsis sepal. In contrast, mutation 

of SEC24A in our sec24a-2 allele would handicap the correct targeting of the potential 

inhibitor. As a consequence, endoreduplication would be up-regulated and the sepal 

covered with giant cells due to hyperactivation of the giant cell formation pathway. 

Our study suggests that over-activation of ACR4 and DEK1 can lead to ectopic 

giant cell formation, so elucidating activation mechanisms of these two receptors are 

important to understand the giant cell formation pathway. Previous studies have 

implicated endocytotic trafficking in the regulation of DEK1 and ACR4 activities. 

Tian et al. discovered that maize CR4 and DEK1 co-localize with SAL1, the ESCRT 

III complex subunit, which regulates formation of multivesicular bodies (MVB) 

during endocytosis of plasma membrane proteins (Tian et al., 2007). Whereas maize 

crinkly4 and dek1 mutants have reduced or absent aleurone layers, the sal1 mutant has 

increased numbers of aleurone cell layers, a phenotype consistent with increased CR4 

and DEK1 signaling (Becraft and Asuncion-Crabb, 2000; Shen et al., 2003). Tian et 

al. proposed that CR4 and DEK1 are regulated by ligand-induced endocytosis, and 
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that ACR4/DEK1 activities can be increased by over-accumulation in MVB (Tian et 

al., 2007). This raises the question of where ACR4 and DEK1 signal in vivo. 

Traditionally, endocytosis is regarded as a way to terminate the signaling events from 

the plasma membrane. For instance, deletion of two U-box (PUB) E3 ubiquitin ligases 

PUB12 and PUB13 leads to impeded internalization of the receptor FLS2 from the 

plasma membrane after ligand binding. As a result, elevated immune responses to 

flagellin treatment were observed in the mutant plants (Lu et al., 2011). However, an 

increasing number of studies in multiple species have indicated that endosomes can 

also act as signaling platforms: instead of attenuating signaling, endocytosis is actually 

required to bring activated receptors to the endosome for downstream execution 

(Vieira et al., 1996; Leof, 2000; Panopoulou et al., 2002; Geldner et al., 2007). A 

prominent example of this in Arabidopsis is the steroid receptor kinase BRI1: 

increasing the endosomal localization of BRI1 enhances its downstream response 

(Geldner et al., 2007). It would be interesting to see whether trapping ACR4 and 

DEK1 in endosomes leads to their hyperactivation. 

The absence of the ectopic giant cell phenotype in the G92 allele of sec24a 

indicates this phenotype is highly allele-specific. Our sec24a-2 allele affects the 

conserved binding site of the SNARE SEC221. In yeast, the Sec22p protein constantly 

cycles between the ER and the Golgi, which allows it to participate in fusion events 

for both anterograde and retrograde trafficking (Spang and Schekman, 1998; Cao and 

Barlowe, 2000; Liu and Barlowe, 2002). Sec22p also participates in autophagosome 

formation (Nair et al., 2011). Even though it functions in multiple processes, deletion 

of the SEC22 gene in yeast does not result in lethality due to genetic redundancy with 
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YKT6 (Dascher et al., 1991; Liu and Barlowe, 2002). Nevertheless, in contrast to the 

non-essential role of SEC22 in yeast, SEC221 is essential in Arabidopsis (El-Kasmi et 

al., 2011). Although its role in ER-Golgi anterograde trafficking has been confirmed in 

plants, our knowledge about this gene is still very limited (Chatre et al., 2005). In view 

of the strong defects of the complete loss-of-function sec221 allele, it will be 

interesting to create a partial loss-of-function allele to see if SEC221 also contributes 

to endoreduplication, and to clarify the relationship between endomembrane 

trafficking and cell size patterning in the Arabidopsis sepal. 

Our study reveals an unexpected role of the secretion gene SEC24A in 

regulating cell size patterning, suggesting the existence of an inhibitor of giant cell 

formation, which complements the activators already identified. This work further 

illustrates the specificity of phenotypes that can be caused by defects in particular 

proteins involved in endomembrane trafficking. SEC24A clearly has a role in 

regulating cell size through the giant cell formation pathway, but not cytokinesis or 

auxin transport, which are both affected specifically in other trafficking mutants 

(Lukowitz et al., 1996; Geldner et al., 2003). Finally, our results in parallel with those 

in other systems reinforce the centrality of cell size regulation within developmental 

pathways, which ensures that differentiating cells attain the correct size to function. 

 

Methods 

Accession Numbers 

Arabidopsis Genome Initiative numbers from this article are as follows: 

SEC24A (AT3G07100), SEC24B (AT3G44340), SEC24C (AT4G32640), SEC24D 
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(AT2G27460), SEC23A (AT3G23660), SEC23B (AT1G05520), SEC23C 

(AT5G43670), SEC23D (AT4G14160), SEC221 (AT1G11890), DEK1 (AT1G55350), 

ACR4 (AT3G59420), LGO (AT3G10525), PIN1 (AT1G73590), PIN7 (AT1G23080), 

H2B (At5g22880), RCI2A (At3g05880), CDKA;1 (AT3g48750). 

Generation of SEC24A Regulatory Region Constructs 

The SEC24A native promoter/Gateway expression vector, pART27-pSEC24A:GW, 

was generated using pART27 as the backbone. The 5' flank of SEC24 (-2015 to -1 of 

the SEC24 start codon) was PCR-amplified with primers 5'-TTTTCACTCAGCTCT

GATCAGCCGCA-3' and 5'-CGGCGCGCCTATTGATCACAACTTATCACTTAC-

3'), the gateway cassette was PCR-amplified with 5'-CGGCGCGCCATCAACAAG

TTTGTACAAAAAAGCT-3' and 5'-CGGTACCATCAACCACTTTGTACAAGA

AAGCT-3'); and the 3' flank of SEC24A 3’ sequence (994 bp following the stop 

codon) was amplified with 5'-CGGCGCGCCGGTACCGATAGCTCACAATGGTAA

GGAAAAAAC-3' and 5'-CACTAGTAATCGGGAACACATAATTGATAAAAT-3'). 

All three amplification products were inserted into the backbone using standard 

cloning methods. 

To create SEC24A:GUS, SEC24A:H2B-mGFP, SEC24A:SEC24A-GFP and 

SEC24A:CDKA;1-FLAG constructs, LR reactions (Invitrogen/Gateway) were carried 

out using pART27-pSEC24A:GW as the destination vector and corresponding PENTR-

DTOPO vectors as entry vectors. Final products were verified by sequencing and used 

for Agrobacterium transformation. 

Plant Materials 

The Landsberg erecta (Ler) accession, which contains the erecta mutation, has been 
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used as the Arabidopsis thaliana genetic background for this study. M2 ethyl 

methanesulfonate (EMS) mutagenized Ler seeds were purchased from Lehle Seeds, 

and examined under a dissecting microscope for altered giant cells in the sepal 

(Roeder et al, 2010; Roeder et al. 2012). Only one mutant with supernumerary giant 

cells was isolated from the screen, later named sec24a-2. This mutant with ectopic 

giant cells was back-crossed to Ler 3 times prior to further analysis. This mutant was 

also crossed with a Col plant to generate the mapping population. The sec24a-2 

mutation was isolated using standard map-based cloning (Lukowitz et al., 2000). The 

mutation was mapped to the interval between CER468287 at base 2235949 and 

CER464185 at base 2354032 of chromosome 3 and subsequently candidate genes 

were PCR amplified and sequenced. To genotype sec24a-2 plants, a SEC24A fragment 

is PCR-amplified with 5'-CATAGCTCCAACTGAATACATGGTTCGGACT-3' and 

5'-AAGTGGGATATTCAAATCGATCATGCT-3' at an annealing temperature of 55 

°C, followed by digesting the product with HinfI to produce a 102-bp wild-type 

product or a 130-bp mutant product. In each generation, homozygous mutant sec24a-2 

plants are segregated from a heterozygous parent because the homozygous plant is 

male sterile and no homozygous progeny are produced.   

The sec24a-2 rescue line was generated by transforming heterozygous sec24a-

2 with SEC24A:SEC24A-GFP. SEC24A:GUS, SEC24A:H2B-mGFP and 

SEC24A:CDKA;1-FLAG lines were generated by transforming Ler with the 

corresponding constructs. In all cases, we used the standard Agrobacterium-mediated 

floral dipping transformation methods (Clough and Bent, 1998). Seeds were selected 

on ½ MS agar plates with 50 µg/mL kanamycin, and healthy plants were transferred to 
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soil after 2 weeks. 

Other plant materials (mutants and reporter lines) used in this study were either 

generated in our lab previously, or requested from others as described: PIN7-GFP 

(Blilou et al., 2005); ACR4-GFP (Gifford et al., 2005); PIN1-GFP (Heisler et al., 

2005); GFP-HDEL (Gordon et al., 2007); DE1K-GFP (Johnson et al., 2008);ST-GFP 

(Faso et al., 2009); ML1::mCirtrine-RCI2A, ML1::H2B-mGFP, ML1::H2B-mYFP, 

giant cell marker small cell marker, lgo-1, acr4-24, and dek1-4 (Roeder et al., 2010; 

Roeder et al., 2012).Combinations of mutants and markers were made by crossing. 

Pollen from the marker lines was used to pollinate the stigma of sec24a-2 homozygous 

plants. The presence of the fluorescent marker and the sec24a-2 mutation were 

verified in the F1 population by confocal microscopy and PCR genotyping. In the F2 

population, homozygous sec24a-2 plants were selected based on developmental 

defects and confirmed with PCR genotyping before further analysis. Similarly, double 

mutants were confirmed by PCR genotyping (Roeder et al., 2010 and Roeder et al., 

2012). 

Scanning Electron Microscopy 

Stage 14 flowers were fixed in FAA (50% ethanol, 5% acetic acid, and 37% 

formaldehyde) for 4 hours and dehydrated through an ethanol series (Roeder et al., 

2003).  Flowers were critical point dried and sepals were dissected.  Tissue was sputter 

coated with platinum palladium and viewed on a LEICA 440 SEM.  

Cell Area Measurements 

To quantify cell area in confocal images, the plasma membrane marker pAR169 

ML1::mCirtrine-RCI2A was introduced to Ler and sec24a-2 plants by transformation 
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and crossing (Roeder et al., 2010). Stage 12 sepals were imaged, segmented, hand 

corrected and processed as described previously (Roeder et al., 2012). To quantify cell 

area in SEM images, cell outlines were traced manually and subsequent segmentation, 

hand correction and processing were performed the same as the confocal image 

quantification. In both cases a Matlab function was used to measure the area of each 

cell from the segmented image (Cunha et al., 2010). The data were sorted in Microsoft 

Excel and the cell area density plot is generated using the statistical software R with 

the Gaussian model as the smoothing kernel.    

ST-GFP Quantification 

ST-GFP confocal images were quantified using the Image J plug-in Squassh (Rizk et 

al., 2014). Subsequent data analysis and plotting were carried out in Excel and R. 

Flow Cytometry 

The ploidy of stage 14 sepal epidermal cells for each of the genotype was processed as 

described previously (Roeder et al., 2010). All the measurements are carried out on an 

Accuri C6 flow cytometer.  

GUS staining  

GUS staining was performed with as described previously (Sessions et al., 1999). 

Propidium Iodide Staining 

Sepals were stained with 0.1 mg/ml propidium iodide for 10 minutes and mounted in 

0.01% Triton X-100 for imaging. The imaging settings are used as described 

previously on a Zeiss 710 confocal microscope (Roeder et al., 2012).  

FM4-64 staining 

Flowers were dissected and stained in 10 µg/ml FM4-64 (Molecular Probes) for 15 
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minutes before imaging on a Zeiss 710 confocal microscope.  

Live imaging 

For live imaging, inflorescences of Ler and sec24a-2 plants expressing plasma 

membrane (ML1:mCitrine-RCI2A) and nuclear (ML1:H2B-mYFP) markers were 

dissected to reveal young buds. Dissected inflorescence stems were inserted in a ½ MS 

agar plate with 2% sucrose, where it continued to grow. A 20x water dipping lens was 

used to image single flowers every 12 hours on a Zeiss 710 confocal microscope. 

Images were registered and analyzed as described (Roeder et al., 2010). 

Yeast Two-hybrid Assay 

SEC24A, SEC23A, SEC23B, SEC23C and SEC23D full-length cDNAs were PCR-

amplified and cloned into PENTR/D-TOPO vectors (Invitrogen) as described in the 

manual. pDEST22 and pDEST32 vectors (Invitrogen) were then used as destination 

vectors for LR reactions. Final vectors were validated by sequencing. Yeast 

transformation and X-gal assays were carried out as described in the ProQuest two-

hybrid system manual (Invitrogen). 

Bimolecular Fluorescence Complementation (BiFC) 

SEC24A, SEC24B, SEC24C, SEC24D, ACR4 and DEK1 full-length cDNAs were first 

PCR-amplified and cloned into PENTR/D-TOPO vectors (Invitrogen) as described in 

the Invitrogen manual. We generated the SEC221∆TM sequence including nucleotides 

1-570 of the SEC221 coding sequence (CDS). This section of SEC221 was PCR-

amplified and cloned into PENTR/D-TOPO vectors, after which we used NXGW and 

XCGW vectors as destination vectors for LR reactions (Ohashi-Ito and Bergmann, 

2006). GFP fragments were fused to N-terminus of SEC24 proteins and C-terminus of 
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ACR4, DEK1 and SEC221∆TM. Final vectors were validated by sequencing and 

transformed into GV3101 Agrobacterium. A single Agrobacterium clone containing 

the construct was cultured for 2 days at 28 °C. The bacteria were pelleted at 3,000 g 

for 20 minutes and resuspended in infiltration media (10 mM MgCl2, 150 µM 

acetosyringone). Resuspended bacteria were infiltrated into N. benthamiana plants by 

using a 1 ml needleless syringe, after the bacteria reached a final OD600 of 0.2. 

Confocal microscopy was carried out in between 48 hrs and 72 hrs after infiltration 

depending on the experiment. 

Recombinant Protein Production 

To produce MBP-6x His SEC24A∆N, the SEC24A coding sequence ranging from 

1018 nt to the stop codon (with 1 nt denoting the first residue of the SEC24A start 

codon) was PCR-amplified and tagged with an N-terminal 6x His tag, with 5'-

AGGGGATCCCATCACCATCACCATCACATGTTACCTCTAGGAGCTGTGGTT

-3' and 5'-AGGGTCGACCTAATCTTGAGAAAAAAGGTCTAT-3'. WT Ler cDNA 

were used as a template. The PCR product was then digested and ligated to pMAL-

c2X vector (NEB). Clones were verified by sequencing. The plasmid was transformed 

into the Rosetta DE-3 strain (Novagen) for protein production. 

To produce SEC221∆TM-GST, the SEC221 coding sequence covering 1-570 nt was 

PCR-amplified and cloned into the PENTR/D-TOPO vector with 5'-

CACCATGGTGAAAATGACATTGATAGC-3' and 5'-

CTAACGGTTCAAATCTTTAGCCT-3'. The PDEST24 vector (Invitrogen) was then 

used as a destination vector for an LR reaction. Clones were verified by sequencing. 

The final plasmid was transformed into Rosetta DE-3 for protein production. 
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Both proteins were induced under the same conditions. A single E. coli colony 

containing each construct was cultured at 37°C until its OD600 reached 0.6. Then 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added at a final concentration of 

0.1 mM. The culture was subsequently put into a 16 °C shaker for 20 hrs. The bacteria 

were pelleted at 3,000 g for 20 minutes and resuspended in phosphate-buffered saline 

(PBS) buffer with 0.1% Triton X-100. A sonicator was used to lyse the cells. Their 

supernatant was acquired by centrifugation at 15,000 rpm for 20 minutes, and used for 

downstream assays. 

In Vitro Pull-Down Assay 

Supernatants of MBP-6x His SEC24A∆N fractions were incubated with Ni-NTA 

beads and rotated at 4 °C for 2 hrs. The flow through was discarded and the beads 

were washed two or more times with PBS buffer containing 0.1% Triton X-100. 

SEC221∆TM-GST supernatants were then added to the beads, and the reactions were 

incubated at 4 °C for 30 minutes. Additional washes were carried out for two or more 

times, and the proteins were eluted by boiling for 5 minutes after adding 1x Laemmli 

buffer. The elutants were loaded on a 12% separation/6% stacking Laemmli gel and 

run for 2 hrs at 100 V. The gel was either transferred to membrane for western blotting 

or stained with Coomassie brilliant blue solution to reveal the bands. 

Western Blotting 

To visualize MBP-6x His SEC24A∆N proteins, a primary anti-his antibody was used. 

To probe SEC221∆TM-GST, a primary anti-GST antibody was used. For 

investigating CDKA;1 phosphorylation, a primary anti-FLAG antibody was used. All 

the antibodies were diluted in a 1:3000 titration in 1x TBST with 1% milk. After 
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incubation with the primary antibody on a shaker for 1hr at room temperature, a 

1:10,000 diluted secondary antibody conjugated with 800CW was added and 

incubated for 1hr at room temperature. The final membrane scanning was completed 

using an odyssey scanner.     
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The following materials are available in the online version of this article. 

• Supplemental Figure 1. sec24a-2 has increased ploidy in leaves.  

• Supplemental Figure 2. Segregation analysis of sec24a-2 mutant.  
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• Supplemental Figure 3. Auxin signaling is unchanged in sec24a-2 mutants. 

• Supplemental Figure 4. sec24a-2 sepal cells have a single nucleus. 

• Supplemental Figure 5. Live imaging of Ler early sepals.  

• Supplemental Figure 6. Plant phenotypes of single and double mutants at 30 

days.   

• Supplemental Figure 7.  Giant and small cell marker expression in Ler and 

sec24a-2 sepals. 

• Supplemental Figure 8. ACR4-GFP and DEK1-GFP localize to the plasma 

membrane in Ler and sec24a-2 plants. 
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Supplemental Figure 1. sec24a-2 has increased ploidy in leaves.  

(A) SEM images of cauline leaves from Landsberg erecta (Ler) and sec24a-2. Giant 

cells that are at least twice the length and width of regular cells have been false-

colored in red. Note that sec24a-2 has a higher density of giant cells. Scale bar: 50 µm.   

(B) Representative flow cytometry graphs measuring the frequency of nuclei with 

different DNA contents for Ler and sec24a-2 rosette leaf cells. 
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Supplemental Figure 2. Segregation analysis of sec24a-2 mutant.  

The pictures show the phenotypes of sec24a-2 and Ler on ½ MS agar plate at day 5. 

Note that sec24a-2 has prominent shoot developmental defects, but the root 

development is relatively normal. Scale bar: 0.5 cm. The table summarizes the 

segregation analysis. A large p-value from chi-square testing indicates the mutant 

segregates as expected in a 1:3 ratio. 
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Supplemental Figure 3. Auxin signaling is unchanged in sec24a-2 mutants. 

(A-B) PIN1-GFP (green) shows similar polar localization (arrows in the inset) in the 

plasma membrane of Ler and sec24a-2 floral meristems. DR5:3x-Venus-N7 (red 

nuclear signal) is expressed in the emerging primordia of the wild type and sec24a-2 

floral meristems. Scale bar: 30 µm. 

(C-D) PIN7-GFP (green) exhibits similar polar localization (arrows in the inset) in the 

plasma membrane of Ler and sec24a-2 floral meristems. Scale bar: 30 µm. 

(E-F) PIN7-GFP (green) is similarly localized in Ler and sec24a-2 roots (arrows in the 

inset). Cell walls of the epidermal cells are stained with PI (red). Scale bar: 40 µm. 

(G-H) Gravitropism is normal in sec24a-2 plants. Ler and sec24a-2 plants are grown 

vertically on ½ MS agar plate for 7 days before root growth directions are checked. 

For both genotypes, the root grows downward in response to the gravity. The white 

triangles indicate the root tip. 
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Supplemental Figure 4. sec24a-2 sepal cells have a single nucleus.  

Confocal image of cells in a sec24a-2 sepal expressing the nuclear marker ML1:H2B-

mYFP (yellow) and stained with FM4-64 (red). 

(A) An overview image of a young flower. Note that the enlarged elongated 

morphology of the nuclei is characteristic of cells undergoing endoreduplication. Scale 

bar: 200 µm. 

(B) Magnified view of a few cells in the sepal. The white dashed lines highlight the 

boundaries of three individual giant cells. Only single nucleus can be observed in each 

cell. Scale bar: 30 µm.  
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Supplemental Figure 5. Live imaging of Ler early sepals.  

Yellow color represents plasma membrane (ML1:mCitrine-RCI2A) and nuclear 

(ML1:H2B-mYFP) signals. Individual cell lineages are traced using individual color 

dots. Images representing start (0 hr) and end (48 hr) time points are shown. Individual 

cell lineages are traced using individual color dots. The white dashed line highlights 

an endoreduplicating cell, and the pink dashed line highlights an adjacent dividing 

cell. The white solid line clarifies the boundary of the sepal. Scale bar: 10 µm (A), 25 

µm (B).  
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Supplemental Figure 6.  Plant phenotypes of single and double mutants at 30 

days.   

(A) lgo-1 and lgo-1 sec24a-2 plants at 30 days. Note that lgo-1 sec24a-2 is still 

dwarfed. 

(B) acr4-24 and acr4-24 sec24a-2 plants at 30 days. Note that acr4-24 sec24a-2 is still 

dwarfed.  

(C) dek1-4 and dek1-4 sec24a-2 plants at 30 days. Note that dek1-4 sec24a-2 is still 

dwarfed. 
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Supplemental Figure 7.  Giant and small cell marker expression in Ler and 

sec24a-2 sepals. 

Confocal images of Ler and sec24a-2 stage 12 sepals expressing the giant (blue 

nuclear localized) and small (green ER localized) cell enhancers. The cell walls were 

stained with PI (red). The sec24a-2 sepal has reduced expression of both markers 

compared with the Ler sepal. An attached petal with a striking expression of the small 

cell marker is designated as “P”. Scale bar: 150 µm. 
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Supplemental Figure 8. ACR4-GFP and DEK1-GFP localize to the plasma 

membrane in Ler and sec24a-2 plants. 

(A-B) ACR4-GFP (green) shows similar plasma membrane localization (arrows and 

arrow heads in the insets) in Ler and sec24a-2 flowers. Scale bar: 25 µm.  

(C-D) ACR4-GFP (green) shows similar plasma membrane localization (arrows in the 

insets) in Ler and sec24a-2 roots. Scale bar: 40 µm.  

(E-F) DEK1-GFP (green) shows similar plasma membrane localization (arrows in the 

insets) in Ler and sec24a-2 flowers. Scale bar: 25 µm.  

(G-H) DEK1-GFP (green) shows similar localization (arrows in the insets) in Ler and 

sec24a-2 roots. Scale bar: 40 µm. 
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Abstract 

       In multicellular organisms, different cell types with highly specialized roles work 

cooperatively to maintain the normal functionality of the biological system. Thus, it is 

crucial to dissect functions of individual cell types to better understand how the system 

works. However, this raises the question of what constitutes a cell type; are cells with 

different sizes different cell types?  In this study, we addressed this problem by 

comparing the translatomes of giant cells and small cells in the epidermis of 

Arabidopsis sepals using the translating ribosome affinity purification coupled with 

deep sequencing (TRAP-seq) approach. We discovered that the endoreduplicated giant 

cells and mitotically dividing small cells have distinct patterns of gene expression that 

relate to different developmental modules and functions. Further comparative analysis 

between giant cells and trichomes, another large endoreduplicated cell type, reveals 

that although endoreduplicated cells have some common responses they differ on 

several metabolic pathways. Our study presented here, shows high-resolution 
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translatome in plant cells with different sizes in the same organ, providing a potential 

resource for understanding the collaborative cellular behaviors in the organ.  

 

Introduction  

       Organs are functionally specialized structural units consisting of different tissue 

types, which are organized by cells with diverse functions. These cell types work 

together to maintain biological functions of the organ. For example, the mammalian 

liver contains two major cell types: parenchymal cells and non-parenchymal cells. 

Both cell types are crucial for the liver to function normally; while the parenchymal 

cells perform the major metabolic functions of the liver, the non-parenchymal cell 

population participates in liver growth and influence hepatocyte proliferation (Malik et 

al., 2002, Kmiec, 2001). In parallel, in the plants, epidermis, pericycle, cortex, stele 

and endodermis cells function cooperatively in the Arabidopsis root to ensure 

structural support, nutrient acquisition as well as water absorption from the soil 

(Petricka et al., 2012). Therefore, understanding the specialized biological roles of 

individual cell types as a consequence of cellular differentiation within a multicellular 

organ is important to elucidate how the organ works on the system level. 

      Cell types have typically been defined by their characteristic morphology, 

function, cell surface, or expression of molecular markers (Schwartz, 1999). However, 

many cells differ in subtle but important ways, raising the question of whether they are 

really different cell types. Recently, cell types have been identified based solely on 

their transcriptome providing a method for capturing these subtle differences that 

generally reflect cellular function (Jaitin et al., 2014). 
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       Size is one such subtle difference between cells, which is often tightly correlated 

with endoreduplication. Endoreduplication is a specialized cell cycle where cells 

replicate their DNA, but fail to divide, becoming enlarged and polyploidy. 

Endoreduplication is common in many specialized cells in plants and animals and 

often associated with cellular differentiation (Orr-Weaver, 2015, Sugimoto-Shirasu & 

Roberts, 2003). Furthermore, endoreduplication of Arabidopsis trichomes, large single 

celled hairs, is important for the maintenance of trichome cell type identity (Bramsiepe 

et al., 2010). 

        To what extent are cells with distinct sizes and ploidies actually different cell 

types?  The Arabidopsis thaliana epidermis is a good model system to address this 

question. The epidermis primarily consists of pavement cells, providing the protective 

covering for the organ. Pavement cells have generally been considered to be a single 

cell type although they have a variety of sizes and those sizes correlate with the DNA 

content of the cells (Melaragno et al., 1993). The epidermal specification pathway 

including Arabidopsis thaliana MERISTEM LAYER1 (ATML1), PROTODERMAL 

FACTOR2 (PDF2), DEFECTIVE KERNEL1 (DEK1), Arabidopsis CRINKLY4 

(ACR4), ABNORMAL LEAF SHAPE1 and 2 (ALE1, ALE2), and GASSHO1 and 2 

(GSO1, GSO2) promotes the formation of an intact pavement cell layer 

(Sessions et al., 1999, Abe et al., 2003, Tanaka et al., 2007, Tanaka et al., 2001, 

Gifford et al., 2003, Watanabe et al., 2004, Johnson et al., 2005, Tsuwamoto et 

al., 2008).   

        The Arabidopsis sepal, the outermost floral organ, is an excellent model to study 

the relationship between cell size and cell type in the epidermis as it exhibits a diverse 
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pattern of cells ranging from the smallest cells with 10µm in length (herein referred as 

“small cell”) to the biggest cell with 360µm in length (herein referred as “giant cell”) 

(Figure 1A-B) (Roeder et al., 2010). Early studies have shown that this pattern is 

generated by a stochastic binary choice of cells to either divide or endoreduplicate 

(Roeder et al., 2012, Roeder et al., 2010). In this sense, small cells form through 

mitotic division while giant cells are highly endoreduplicated (Roeder et al., 2010). 

For an individual sepal epidermal cell, the probability to enter endoreduplication is 

determined by genes involved in epidermal specification, cell cycle regulation and 

COPII vesicle trafficking (Roeder et al., 2012, Roeder et al., 2010, Qu et al., 2014). 

Previously, it was found that giant cells and small cells were distinguishable based on 

the expression patterns of two enhancers, raising the question of whether giant cells 

and small cells are distinct cell types even though they share many morphological 

similarities and are generally categorized as “pavement cell” (Figure 1B) (Roeder et 

al., 2012).  Hence, several interesting questions can be raised. First, to what extent are 

giant cells and small cells distinct cell types at the level of gene expression? Second, 

can distinct functions for these cells be suggested by their patterns of gene expression?  

        Considering the richness of post-transcriptional gene regulation mechanisms and 

the fact that most enzymatic functions are executed by proteins, it is critical to know 

the protein translation dynamics in vivo (Bailey-Serres et al., 2009). To answer these 

questions, a translating ribosome affinity purification (TRAP) strategy coupled with 

deep sequencing was employed (TRAP-seq) (Jiao & Meyerowitz, 2010, Zanetti et al., 

2005).  By using this method, we by-passed the complex layers of transcriptional 

regulation and directly visualized the ribosomal dynamics of different cell types on the 
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whole genomics scale.  We first discovered that giant cells and small cells have 

distinct translatomes, indicating that small and giant cells are different cell types. The 

distinction expression pattern was verified by our genetic and cell biology studies. In 

addition, we found that metabolism and transport functions are enriched in giant cells 

whereas small cells show enrichment for biotic defense response.  We also compared 

giant cells with trichomes which are another highly endoreduplicated cell type in the 

epidermis. We discovered that although the giant cell and the trichome share 

commonality in certain genetic responses to endoreduplication, they have divergent 

regulation of some metabolic pathways, suggesting they each have highly specialized 

biological functions in the organ. Finally, we found that many highly translated genes 

are crucial for the cells to execute metabolic functions. 

 

Results 

Cell type specific TRAP-seq reveals distinct gene expression patterns in giant and 

small cells of Arabidopsis sepal 

      To isolate cell type specific mRNA in the process of being translated, and 

systematically analyze the extent to which gene expression is different in giant and 

small cells on the whole genome level, a translating ribosome affinity purification 

(TRAP) methodology was taken (Zanetti et al., 2005, Jiao & Meyerowitz, 2010). His-

FLAG tagged 60S ribosomal protein L18 (HF-RPL18) was expressed in Arabidopsis 

sepal giant cells using a previously identified giant cell-specific enhancer (Roeder et 

al., 2012) (Figure 1).  Likewise, HF-RPL18 was expressed in small cells using a small 

cell-specific enhancer trap driver line (Roeder et al., 2012).  
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Figure 1. Experimental design for cell type specific translatome analysis.  

(A) Scanning electron micrograph (SEM) of a wild type Columbia sepal. Highly 

endoreduplicated giant cells are highlighted with red color. Scale bar: 100µm. 

(B) Confocal microscopy maximum intensity projection image of wild type Columbia 



 

 81 

sepals expressing GFPer driven by small cell enhancer (green, lower panel) and 

3XVenus-N7 driven by giant cell enhancer (green, upper panel). Cell walls are stained 

with propidium iodide (PI, red). Scale bar: 10µm. 

(C) Construct diagram that shows how His-FLAG tagged 60S ribosomal protein L18 

(HF-RPL18) is expressed in giant and small cells using cell specific enhancers. For the 

giant cell, HF-RPL18 was cloned directly downstream of the giant cell enhancer 

sequence.  A two-component system is used for the small cell.  The endogenous 

enhancer first drives the expression of GAL4 transcription factor in the enhancer trap 

T-DNA insertion.  GAL4, then binds to the UAS and activates expression of HF-

RPL18.  

(D) Work flow of TRAP-seq. The constructs shown in (C) were first transformed in 

wild type Columbia plants (giant cell) or the homozygous CS70134 enhancer trap 

marker (small cell). After establishing the stable transgenic lines, the HF-RPL18 

ribosome/RNA complex was co-immunoprecipitated and mRNA was purified for 

library construction. Illumina sequencing was used to quantify the translated mRNAs 

on the genome wide scale. 

 

Dexamethasone inducible 35S:AP1-GR ap1 cal AP1::HF-RPL18 plants (referred to as 

AP1 control thereafter) were used as a control to ensure we could replicate previous 

TRAP-seq results (Figure S1) (Jiao & Meyerowitz, 2010).  In addition, the AP1 

sample provided expression data for early stage sepals and petals for comparison with 

the cell type specific data. For all the transgenic lines, mRNAs co-immunoprecipitated 

with HF-RPL18 from the cell type of interest were extracted and randomly primed 
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cDNA libraries were made. Deep sequencing was carried out on libraries with good 

qualities (Jiao & Meyerowitz, 2010). On average of 33.25 million reads were mapped 

to Arabidopsis transcriptome per sample. High correlations between different 

biological replicates of the same genotype were observed, indicating that our 

workflow is robust (Figure S1).    

     To assess how different small and giant cells are overall, a principle component 

analysis was first conducted based on mapped transcript reads in a three-dimensional 

principal component space. Replicates of the same sample type clustered together, 

however, different biological samples were well separated (Figure 2A). This analysis 

suggests that giant and small cells are different cell types. 

     Next, hierarchal clustering analysis was performed to identify specific translational 

regulation modules in giant and small cells. The results show that there are distinct 

clades with different patterns. For instance, we found there are groups of genes that 

show cell type specific enrichment or depletion (Figure 2B).  This data indicates that 

the expression of many genes is cell-type specific. In order to identify genes that are 

distinctively expressed and translated in specific cell types with strong statistical 

confidence, the bioinformatics tool DE-seq was employed (Anders & Huber, 2010). A 

stringent adjusted p-value of 0.01 was applied in all the pairwise combinations. In 

total, 420, 849 and 964 genes were found differentially expressed in giant, small and 

AP1 cells respectively (Figure 2C and Supplemental Table 1). These genes were 

further categorized as either enriched or depleted in specific cell types. The 

comparison was carried out between the giant and small cells. Giant cell shows 305 

and 115 enriched and depleted genes respectively while small cell shows 848 enriched 
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and 1 depleted genes (Figure 2D).     

 

 

 

Figure 2. Giant cells and small cells have distinct translatomes.  

(A) Principle component analysis of normalized (TPM transcripts per million) AP1, 

small and giant cell translatome sequencing reads in a three dimensional space. Two 

AP1 replicates cluster together. Different sample types are well separated. Circles are 

drawn to include samples with the same cell type. 

(B) Unsupervised hierarchical clustering of normalized AP1, small and giant cell 
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translatome sequencing reads across the whole genome. Different expression patterns 

among samples can be observed. Four clusters are specifically highlighted to show 

groups of genes whose translation is specifically activated or inhibited in giant and 

small cells. 

(C) Venn diagram shows the number of genes whose translation is significantly 

regulated in different cell types. There are also many genes that do not differ 

statistically (in the center). Significance is judged based on adjusted p-value of 0.01 

given by DE-seq.  

(D) Classification of significantly regulated genes in giant and small cells from 2(C). 

Genes are categorized either as “up” or “down” based on its relative expression level 

compared with that of the other cell type. Most of the significantly regulated genes 

were found up regulated. 

 

      In summary, by coupling cell specific expression with TRAP-seq strategy, we 

were able to capture a snapshot of translation occurring in small and giant cells on a 

genome wide scale. The differences in the translatomes of giant cells and small cells 

suggest that these are different cell types and raise the question of whether these cells 

perform different biological functions. 

 

A UPL6 reporter shows giant cell-specific expression 

     To validate our sequencing results, reporter constructs consisting of the putative 

upstream regulatory region of each candidate gene driving the expression of a nuclear 

localized fluorescent protein (3xVenus-N7) were made and transformed into WT Col-
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0 plants (see Materials and Methods for details). Sepals of transformed plants were 

imaged with confocal microscopy to examine the cell type specificity of the reporter. 

One gene, the HECT ubiquitin-protein ligase 6 (UPL6), was chosen based on its 

relatively high enrichment in the giant cell and that its paralog UPL3 has a role in 

trichome development (Figure 3A) (Downes et al., 2003). The UPL6 reporter shows 

high expression in the giant cells and no expression in most small cells, validating the 

specificity of this gene as a giant cell enriched gene (Figure 3B-C).  In addition, the 

UPL6 reporter is expressed in two additional cell types not assayed by our TRAPseq 

expreriment: stomatal guard cells and trichomes (Figure 3C-E).  
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Figure 3. UPL6 shows cell type specific expression in Arabidopsis sepal.  

(A) Summary table of TRAP-seq results of UPL6. 

(B-E) Confocal microscopy of Arabidopsis sepal expressing a reporter for UPL6 

expression (UPL6p::3xVenus-N7, yellow, nuclear localized).  Cell walls are stained 

with propidium iodide (PI, red). UPL6p::3xVenus-N7 shows strong expression in giant 

cells (C), stomata guard cells (C,E) and trichomes (D). Trichomes and guard cells are 

specialized cell types that are not either giant or small cells. Scale bar: 100µm (B); 

10µm (C, D, E). 

 

Novel giant cell formation genes discovered 

      In a previous study, epidermal specification factors, DEK1, ATML1, ACR4 and 

HDG11 have been shown to promote the giant cell formation (Roeder et al., 2012). All 

these four genes show a relative reads ratio of 3 in the giant versus 1 in small cells 

according to our datasets (Figure 4A). This analysis suggests that other epidermal 

specification factors with similar relative read ratios might also promote the giant cell 

formation. Epidermal specification factors PDF2 and ALE2 both have similar ratios 

while ALE1 is more highly expressed in small cells (Figure 4B). To test this 

hypothesis, cell size patterning phenotypes of two loss-of-function mutants pdf2-1 and 

ale2-3 were examined using SEM (Figure 4C-D) (Abe et al., 2003). Consistent with 

the hypothesis, decreases of giant cell numbers were found in both mutants (Figure 

4C-D). In contrast, the ale1-1 loss of function mutant does not show obvious change 

of cell size patterning (data not shown) (Tanaka et al., 2001). This genetic evidence 
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validates the sequencing results and suggest that epidermal specification factors with 

high giant-to-small reads ratio are highly likely giant cell formation promoting factors. 

 

  

Figure 4. TRAP-seq reveals additional members of the epidermal specification 

pathway that promote giant cell formation  
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(A) Summary table of TRAP-seq results for genes involved in epidermal specification 

pathway that have been previously shown to promote giant cell formation (by Roeder 

et al., 2012). These genes show a relative reads ratio of approximately 3 in giant cells 

to 1 in small cells.    

(B) Summary table of TRAP-seq results of other epidermal specification genes, for 

which the giant cell phenotype was unknown. The relative giant to small cell reads 

ratios for ALE2 and PDF2 are about 3:1 similar to epidermal specification factors 

known to promote giant cell formation. Both loss-of-function mutants, ale2 and pdf2 

show reduced number of giant cells. In contrast, ALE1 whose relative ratio is 0.1 has 

normal giant cell numbers in the mutant (not shown).  

(C) SEM images of a WT Col sepal and a pdf2-1 sepal. Highly endoreduplicated giant 

cells are highlighted with red color. pdf2-1 shows reduced number of giant cells. Scale 

bar: 100µm (in the sepal image) and 20µm (in the epidermal cells image).  

(D) SEM images of a WT Ler sepal and an ale2-3 sepal. Highly endoreduplicated 

giant cells are highlighted with red color. ale2-3 shows reduced number of giant cells. 

Scale bar: 100µm (in the sepal image) and 20µm (in the epidermal cells image). 

 

Giant and small cells have distinct biological functions 

      To better understand the biological functions of giant and small cells, genes that 

are specifically enriched in these cells were subjected to gene-ontology (GO) analysis. 

A strong enrichment of morphogenesis related vocabularies was discovered in the 

giant cell (Figure 5A and Supplemental Table 2). In addition, the giant cell shows 

many GO terms associated with metabolic processes, corroborating the long-standing  
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Figure 5. Gene ontology (GO) analyses of the giant cell, small cell and mature 

trichome.  
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(A) GO analysis between small and giant cells. Illustrative GO terms selected from 

those with significant p-values are shown. Overall, giant and small cells show very 

distinct over-represented GO terms, indicating their different biological functions.  

The first and last five terms are examples that are highly enriched in giant and small 

cells respectively.  

(B) GO analysis between the giant cell and mature trichome to examine 

commonalities and differences in highly endoreduplicated cell types. Illustrative GO 

terms selected from those with significant p-values are shown. Although the giant cell 

and trichome have common genomics responses, each cell type has its distinct 

responses. The first five terms are enriched in trichomes. The sixth, seventh and eighth 

terms are enriched in both cell types. The last two terms are giant cell specific terms. 

 

hypothesis that endoreduplication enhances metabolic capacity in plant cells (Traas et 

al., 1998, Kondorosi et al., 2000) (Figure 5A). Interestingly, coincident with the 

increased translation of metabolic related genes, genes involved in transport were 

found strongly up regulated in the giant cell, while the small cells show strong 

response to organic substrate (Figure 5A). Another divergence lies in cell wall 

regulation where the giant cell shows strong up-regulation in secondary cell wall 

biogenesis whereas the small cell upregulates cell wall disassembly activities (Figure 

5A). Further, GO terms associated with immune responses were observed as over-

represented in the small cell (Figure 5A). This finding is consistent with many studies 

where a negative correlation between immune response and cell size were proposed 

(Bao & Hua, 2015).  The different sets of over-represented GO terms in different cell 
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types suggest that the giant and small cells have different biological functions in the 

sepal.  

 

Comparative analysis between giant cell and trichome 

      The trichome (hair cell) is another endoreduplicated cell type that has been found 

in epidermal layers. To better determine whether endoreduplicated cell types share 

commonalities in gene expression, we reanalyzed the published mature trichome 

expression data and compared its enriched GO terms to that of the giant cell (Jakoby et 

al., 2008). Trichome specific functions such as biotic stress response were used as 

“landmarks” for comparison. In contrast to their enrichment in the trichome, the giant 

cell does not show over-representation of these genes compared with Arabidopsis 

genome (Figure 5B). However, trichomes and giant cells do share many enriched GO 

terms, such as cell wall organization and carbohydrate metabolic process, indicating 

that endoreduplicated cells do have common downstream responses (Figure 5B). 

Trichome and the giant cell still deviate on some subset of metabolic pathways (e.g. 

hemicellulose metabolic process in Figure 5B), suggesting that specialization of cell 

metabolism is required for their unique function.    

 

Mutants show loss of cuticular ridges 

       Considering the metabolic differences between the giant and small cells suggested 

by the GO analysis, we looked for candidate genes that show cell-type specific 

translational regulation. One gene CUS2 (At5g33370), encoding a GDSL-motif 

esterase/acyltransferase/lipase, shows extremely high reads in the giant cell (TPM of 
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2118.03) compared with that of the small cell (TPM 236.37). The cus2-2 mutant 

shows dramatic reduction of cuticular ridges in both giant and small cells (Figure 6A-

B). Similarly, a cytochrome P450 family gene, CYP77A6 (At3g10570) is highly 

translated in the giant cell (TPM of 496.76) compared with the small cell (TPM 28.49) 

and its loss-of-function mutant shows decreased cuticular ridges compared with the 

control (Figure 6C-D). This data shows that many highly translated metabolic genes 

are functionally important for cuticular ridge development. 

 

 

 

Figure 6. Mutants showing loss of cuticular ridges phenotypes.  

(A-B) A novel allele of CUS2, cus2-2 shows loss of cuticular ridges phenotype in 
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Arabidopsis sepal. Scale bar: 10µm. 

(C-D) cyp77a6-1 mutant shows loss of cuticular ridges phenotype in Arabidopsis 

sepal. Scale Bar: 10µm. 

 

Discussion 

       The extent to which endoreduplicated cells and non-endoreduplicated cells differ 

from each other on the gene translational level was largely unknown. In the study 

presented here, we used TRAP-seq technology to systematically investigate this 

problem.  We showed that the highly endoreduplicated giant cells and small cells 

formed through mitotic division have very distinct translatomes, suggesting that these 

are different cell types. Metabolic processes and transporters are enriched in giant cell 

expressed genes while biotic defense response genes are over-represented in small 

cells.  

     Whether endoreduplication has metabolic impacts on cells has been a long standing 

mystery. It was initially hypothesized that in endosperm cells, genome amplification 

may allow higher activities of metabolic genes which can lead to increased synthesis 

of storage product (Joubes & Chevalier, 2000, Kondorosi et al., 2000, Larkins et al., 

2001, Traas et al., 1998).  However, a later experiment showed that the effect of 

endoreduplication on metabolism might not be as strong as expected. Leiva-Neto et al. 

(2004) overexpressed the dominant negative CDKA in the maize endosperm and 

discovered that while there was 50% reduction in the mean C-value of endosperm 

nuclei, the decrease of kernel weight was only about 6.5%. Our results collaborate the 

original hypothesis by showing that highly endoreduplicated giant cells have strong 
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up-regulation of metabolism related genes. By comparing this data with that of highly 

endoreduplicated trichomes, we found that upregulation of metabolism is likely to be a 

common feature of endoreduplicated cells. Despite the shared upregulation of 

metabolism generally, giant cells and trichomes do have their uniquely up-regulated 

genes metabolic processes, which may relate to their specific cellular functions.   

      Cell wall biosynthesis is upregulated in endoreduplicated cells, which may adjust 

mechanical response via regulating cell wall properties. Previous studies show that 

trichomes exhibit a very rigid cell wall, which is highly resistant to chemical 

permeablization (Zhang & Oppenheimer, 2004). In parallel, our study shows that there 

is extensive cell wall biosynthesis in its endoreduplicated counterpart: giant cells. In 

contrast, cell wall disassembly activities are enhanced in small cells. As mechanical 

signals generated by cell wall governs many aspects of development, this opposing 

regulation of the cell wall in giant and small cells implies that these two cell types may 

have different mechanical properties, which are tightly regulated during plant 

organogenesis (Hamant et al., 2008, Heisler et al., 2010, Peaucelle et al., 2011). In the 

context of the cell size patterning in Arabidopsis sepal, giant cells, which are larger 

building blocks, might serve as reinforcements to sustain the overall morphology of 

the sepal, which is crucial to protect the inner floral structures. In the future, this 

hypothesis can be addressed by combing atomic force microscopy, cell biology and 

mathematical modeling.   

     Based on our discovery, although excessive amounts of metabolites might be 

generated in giant cells, they might not be at all consumed there because transporters 

are highly upregulated in giant cells as well. One possibility is that the giant cells can 
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act as a metabolic source to supply organic compounds and small cells are the 

metabolic sinks.  This division can be advantageous to the organ allowing it to quickly 

adjust its metabolic states via cell-to-cell communication. This hypothesis is consistent 

with the overrepresentation of genes that respond to organic substrates in small cells. 

It would be interesting to define the components of metabolic flow and determine the 

transporter and substrate relationship in future studies. 

     Our analysis also indicates small cells may act in defense against biotic stress. 

Recently, many studies have linked innate immunity and cell cycle regulation (Bao & 

Hua, 2015). Chandran et al. used laser microdissection coupled with RNA expression 

profiling to show that powdery mildew promotes endoreduplication in a MYB3R4 

dependent manner in Arabidopsis (Chandran et al., 2010). The authors also pointed 

out that endoreduplication might be beneficial for the pathogen to acquire more 

nutrients (Chandran et al., 2010). Decreasing ploidy, nevertheless, was found to be 

associated with enhanced disease resistance (Bao et al., 2013, Bowling et al., 1997). 

Therefore, it is reasonable to hypothesize that while small cells benefit from giant cells 

in getting organic supplies, it returns the favor by providing defense against biotic 

stress. The highly regular ratio of giant and small cell numbers in the sepal suggests 

this could be an optimized evolutionary consequence to balance two energy-

demanding processes: organogenesis and defense. 

 

Material and Methods 

Generation of Arabidopsis lines 

 The Arabidopsis thaliana Columbia-0 (giant cell::HF-RPL18, small cell 
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CS70134>>HF-RPL18, pdf2-1, cus2-2, UPL6::3xVenus-N7, cyp77a6-1) and 

Landsberg erecta (ap1 cal 35S::AP1-GR AP1::HF-RPL18, ale2-3, ale1-1) accessions 

were used in this study . The AP1 inducible line (35S:AP1-GR ap1 cal AP1::HF-

RPL18) was described in a previous study (Jiao & Meyerowitz, 2010).  

       To express His-FLAG tagged 60S ribosomal protein L18 (HF-RPL18) under giant 

cell enhancer, a giant cell promoter gateway destination vector previously described 

was used (pAR201) as the final binary vector for LR reaction with the entry vector 

pENTR omega HF-RPL18 (provided by Paul Tarr) (Roeder et al., 2012). Final 

products were verified by sequencing and used for Agrobacterium transformation into 

wild type Columbia-0. 

       To express HF-RPL18 under small cell enhancer, UAS::HF-RPL18 pMOA36 

(provided by Kaoru Sugimoto) was transformed into Agrobacterium strain GV3101. 

This construct was then transformed into the previously identified small cell enhancer 

trap marker line CS70134 (Roeder et al., 2012).  

       The expression of transformed constructs was confirmed in the T1 population by 

RT-PCR with HF-RPL18 primers oAR512: TGGGACATCACCATCATCAC and 

oAR513: CTTTGGAGCTGTCCTTTTGG. T1 lines with high expression levels were 

chosen for examination of transgene copy number. In T2 population, single insertion 

lines were selected based on resistant to sensitive ratio of 3:1 on MS agar plate 

supplied with 25ug/mL of glufosinate. Homozygous T3 lines were used as materials 

for the following experiments.   

       Reporters for candidate genes were made by PCR amplifying the putative 

upstream regulatory region and cloning it into pENTR D TOPO (Invitrogen).  The 
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upstream regulatory region consisted of the sequence from the end of the upstream 

gene to just before the ATG start codon of the gene of interest.  If the upstream region 

was greater than 5kb, only the approximately 5kb region upstream of the ATG was 

used.  The regulatory region in pENTR was sequenced and then recombined into 

binary reporter vector pAR336 (Gateway::3xVenus-N7) through a standard LR 

reaction (Invitrogen). The final reporter vector was confirmed by sequencing, mated 

into GV3101 agrobacterium and transformed into wild type Col plants by 

agrobacterium dipping.  Transgenic plants were selected by spraying with Basta.  

       The pAR336 Gateway::3XVenus-N7 vector was constructed by traditional 

cloning methods. 3xVenus-N7 was PCR amplified from -60 3xVenus-N7 (Roeder et 

al., 2012) with oAR646 (caccggtaccaaaATGGTGAGCAAGGGCGAGGAG) and 

oAR647 (CTCTAGaTTACTCTTCTTCTTGATC) and cloned into pENTR D TOPO 

to create pAR334. The gateway site with a mutated NotI site was PCR amplified with 

oAR505 (cctcgagATCAACAAGTTTGTACAAAAAAGCT) and oXQ6 

(cggtaccATCAACCACTTTGTACAAGAAAGCT) and cloned into pGEMTeasy to 

make pSL10.  The gateway site was cut from pSL10 with XhoI and KpnI and cloned 

into -603XVenus-N7 to create pSL11.  The 3xVenus-N7 was cut from pAR334 with 

KpnI and XbaI and cloned into pSL11 to create pAR335.  The Gateway site 3XVenus-

N7 3’OCS was cut from pAR335 with NotI and cloned into binary vector pMLBart 

which provides Basta rsistance in plants to create pAR336.  

 Immunoprecipitation of HF-RPL18 from plants   

      Whole inflorescences and individual stage 12 sepals were harvested for giant and 

small cell translatome profiling respectively. Harvested tissues were immediately 
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frozen in liquid nitrogen and stored at -80 C. Frozen tissues were powdered using a 

pestle and then processed for polysome extraction by adding ice-cold polysome 

extraction buffer (PEB buffer) (200mM Tris–HCl pH 9.0, 200mM KCl, 36mM 

MgCl2, 25mM ethylene glycol tetraacetic acid (EGTA), 1% Igepal CA-630, 1% Brig-

35, 1% Triton X-100, 1% Tween-20, 2% polyoxyethylene10 tridecyl ether, 1% 

sodium deoxycholate, 5mM dithiothreitol (DTT), 1mM 

phenylmethanesulfonylfluoride (PMSF), 50 mg/ml cycloheximide, 50 mg/ml 

chloramphenicol, 1mg/ml heparin sulfate, and 40 U/ml recombinant RNase inhibitors) 

(Jiao & Meyerowitz, 2010). After incubation on ice for 30 mins, homogenized tissues 

were centrifuged for 10 min at 4000 rpm to pellet insoluble cell debris. Cleared 

supernatants were filtered through Amicon centrifugal filter units (10kDA) at 

4000rpm for 30mins to increase the concentration of HF-RPL18 proteins. 

      The concentrated solution was then further concentrated with sucrose density 

gradient fractionation as described before with slight modifications (Zanetti et al., 

2005). Typically, 1mL of concentrated solution was loaded on top of 666uL of sucrose 

density gradient fractionation solution (100 mM Tris-HCl pH 9.0, 200 mM KCl, 25 

mM EGTA, 36 mM MgCl2, 1.6M Sucrose 5 mM DTT, 1 mM PMSF, 50 µg/ml 

Cycloheximide, 50 µg/ml Chloramphenicol, 40 U/ml RNasin. Centrifugation at 70,000 

rpm for 4hrs using TLA100.3 rotor (Beckman) precipitated the polysomes. 100uL of 

PEB solution was added to re-suspend the pellet and then mixed with Anti-FLAG M2 

affinity beads for overnight rotation in the cold room at 4°C. Next, anti-FLAG beads 

were collected by centrifugation and washed three times with polysome wash buffer 

(200mM Tris–HCl pH 9.0, 200mM KCl, 36mM MgCl2, 25mM ethylene glycol 
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tetraacetic acid (EGTA), 0.5 mg/ml 1mM dithiothreitol (DTT), 1mM 

phenylmethanesulfonylfluoride (PMSF), 50 mg/ml cycloheximide, 50 mg/ml 

chloramphenicol and 40 U/ml recombinant RNase inhibitors). Washed beads were 

used for RNA isolation.  

RNA purification from immunoprecipitated ribosomes   

      Following the washing step, 1mL of Trizol Reagent was added to wash beads 

using a standard protocol to extract total RNA (Chomczynski, 1993).  

cDNA library preparation and library sequencing 

      Sequencing libraries were prepared as described previously (Mortazavi et al., 

2008).  Prepared libraries were sequenced as single end 50-mers using HiSeq 2500 in 

high output mode at Cornell Genomics Core Facility. 

Sequencing reads mapping and quantification 

       Raw reads were downloaded and processed using an Ubnutu workstation.  The 

FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/index.html) was used to filter 

out low quality reads, extract reads with the designated barcode and trim the barcode 

for transcript alignment. Pre-processed reads were then aligned with the protein 

coding subset of the Arabidopsis transcriptome (TAIR 10) and the expected number of 

reads for each gene was calculated using RSEM using the default parameters (Li & 

Dewey, 2011).   

Sequencing reads visualization 

       Integrative Genomics Viewer was used to visualize mapped reads on Arabidopsis 

genome (Robinson et al., 2011, Thorvaldsdottir et al., 2013).  

Principle component analysis (PCA), hierarchical clustering (HC) and gene 
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differential expression analysis  

       All these bioinformatics analyses were carried out using the statistical platform R 

(R Core Team, 2010). For PCA and HC analyses, the built-in command lines were 

used. DE-seq was employed to identify differentially expressed genes between 

different groups (Anders & Huber, 2010). To claim significant differential expression, 

an adjusted p-value of 0.01 was applied.   

Gene ontology enrichment analysis 

      The gene ontology (GO) enrichment analysis was carried out using the software 

agriGO (Du et al., 2010). Genes that were shown as significantly up-regulated in 

different cell types were used as input and the TAIR10 genome was chosen as the 

reference. All selected over-represented GO terms have p-values less than 0.01.   
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Figure S1. Alignment of AP1 replicates reported previously (Jiao et al., 2010) and 

in this study.  

Sequencing reads numbers of stage 4 and 6-7 replicates of Dex induced ap1 cal 

35S::AP1-GR AP1::HF-RPL18 samples were downloaded and used for alignment 

with that of stage 8 (conducted in this study). Pair-wise scatter plots were drawn. X 

and Y-axes represents log reads of each gene in that particular replica as labeled on the 

diagonal. The read line represents the Y=X identity line. Pearson correlation 

coefficient was labeled for each comparison. Replicates within each individual study 

show high correlation (>0.86). However, moderate correlation is observed between 
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these two studies probably because of different developmental stages and 

experimental conditions. Note that RPKMs of stage 4 and 6-7 were used. FPKMs of 

stage 8 were used. Technically, they can be used for direct comparison in this case 

because with single-end reads, FPKM and RPKM are synonymous. 
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Supplemental Table S1. Selected giant and small cell specific genes. 

 

 

 

 

 

 

 

 

 

 

Giant Specific

fold change 
(giant versus 
small)

adjusted p-
values

AT1G26720 unknown protein 40.53726034 4.00E-07
AT1G75910 extracellular lipase 4 32.77792405 2.40E-10

AT4G14815
Bifunctional inhibitor/lipid-transfer protein/seed 
storage 2S albumin superfamily protein 32.65712001 3.56E-06

AT3G25050 xyloglucan endotransglucosylase/hydrolase 3 28.73729888 8.01E-10
AT5G34869 unknown proteinNCBI BLink). 28.32156438 3.57E-09
AT1G75940 Glycosyl hydrolase superfamily protein 26.90012793 1.03E-09

AT1G28375

unknown proteinleaf whorl, sepal, flower; 
EXPRESSED DURING: 4 anthesis, petal 
differentiation and expansion sta 22.96431427 1.02E-06

AT1G75930 extracellular lipase 6 22.68848637 1.47E-08
AT4G20050 Pectin lyase-like superfamily protein 21.56547279 6.84E-08
AT4G24140 alpha/beta-Hydrolases superfamily protein 19.81114742 3.81E-08
AT1G68875 unknown protein 19.64463716 4.27E-08

Small Specific
AT1G66390 myb domain protein 90 0.010379532 2.35E-07

AT5G22470
NAD+ ADP-ribosyltransferases;NAD+ ADP-
ribosyltransferases 0.020478535 9.04E-05

AT3G43280 unknown protein 0.021047383 0.003597202
AT5G37280 RING/U-box superfamily protein 0.02525686 0.009521472
AT1G21110 O-methyltransferase family protein 0.029142531 0.002426921
AT5G36240 zinc knuckle (CCHC-type) family protein 0.033428197 0.000165527
AT3G09922 induced by phosphate starvation1 0.036081229 6.45E-05
AT2G45360 Protein of unknown function (DUF1442) 0.039879253 5.13E-05
AT3G57540 Remorin family protein 0.040898893 4.63E-05
AT1G53480 mto 1 responding down 1 0.041821424 8.73E-08
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Supplemental Table S2. Top enriched biological processes in the giant cell,  mall 

cell and trichomes. 
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CHAPTER 4 

Conclusions 

Previous studies have shown that although plant cell size control has been an extensive 

study subject, many components as well as a complete regulation network on the 

genomics level is missing (Chapter 1). My dissertation focuses on understanding plant 

cell size control using Arabidopsis thaliana sepals by combining genetic and genomic 

approaches. In my first study, I discovered, through mutagenesis and map-based 

cloning, that the endomembrane trafficking protein SEC24A suppresses 

endoreduplication. This study identifies the first giant cell formation inhibitor that has 

been long hypothesized to negatively regulate activities of giant cell formation 

promoters during organogenesis. This provides the starting point to discover other 

hidden giant cell formation inhibitors (Chapter 2). In my second study, I applied 

translating ribosome affinity purification coupled with deep sequencing (TRAP-seq) to 

probe translational regulation on the genomics level in small and giant cells. Reporter 

constructs and reverse genetics validated the datasets. Statistical analysis indicates that 

giant and small cells have very distinct translatome, implying that they are different 

cell types.  Additional comparative analysis reveals that although endoreduplicated 

plant cells have some common responses they differ on several metabolic pathways 

(Chapter 3). Overall, my dissertation provides novel insights on plant cell size control. 

       All the three chapters illustrate the common point that a broad range of genes 

rather than just cell cycle regulators control plant cell size. Although this idea has been 

proposed previously, a novel regulator SEC24A discovered by our study takes this step 

further because trafficking related genes have never been recognized to play roles in 
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cell size control until this study. It would be interesting in the future to investigate 

phenotypes of other trafficking mutants. In this sense, SEC24C would be good starting 

point given the observation that it has weak interactions with DEK1 and ACR4 in 

tobacco. Understanding the relationship between endomembrane trafficking and cell 

size patterning is helpful to better understand how receptor like molecules such as 

DEK1 and ACR4 are fine-tuned by the trafficking process to decide the pattern 

formation process. It might also reveal whether there is a localization requirement for 

these receptor-like proteins to be activated in vivo, judging by the recent discoveries 

that many receptors need to be docked at endosomes to be functional. On the other 

hand, our TRAP research converges on the same point by rendering the existences of 

many cell type specific genes, which cover many functional categories, including 

those that are not regarded to be crucial for determining cell size. Our genomics study 

provides a rich resource for discovering other candidates and regulation modules 

involved in plant cell size control.        

       In addition to expanding the gene categories, our research also helps to complete 

the entire picture by adding the first inhibitor of endoreduplication in the sepal, 

providing a proof of concept that endoreduplication in this floral organ is regulated by 

both activators and inhibitors. Based on our conclusions, we predict that there is 

receptor like protein(s), trafficked via COPII machinery, that antagonize the activities 

of ACR4 and DEK1 on plasma membrane surface. Besides the progress on the 

conceptual aspect, our study also indicates that the genetic screening is quite a 

promising approach to recover the identities of such genes. Future studies using map-

based cloning would be helpful to complete the entire picture of how cell size 
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patterning is regulated on the organ level. 
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APPENDIX  

 

Reprinted with permission from Plant Physiology (ASPB)  

Original Research Paper: 

Majeran, W., Friso, G., Asakura, Y., Qu, X., Huang, M., Ponnala, L., Watkins, K.P., 

Barkan, A., van Wijk, K.J. (2012) “Nucleoid-enriched proteomes in developing 

plastids and chloroplasts from Maize leaves: a new conceptual framework for nucleoid 

functions.” Plant Physiology 158:156-89. 

 

My contributions include nucleoid purification and preliminary mass spectrometry 

data analysis. 
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Reprinted with permission from Journal of Proteome Research (ACS Publications)  

Original Research Paper: 

Huang, M., Friso, G., Nishimura, K., Qu, X., Olinares, P.D., Majeran, W., Sun, Q., 

van Wijk, K.J. (2013) “Construction of plastid reference proteomes for Maize and 

Arabidopsis and evaluation of their orthologous relationships; the concept of 

orthoproteomics.” J Proteome Research 12:491–504. 

 

My contributions include development of Arabidopsis nucleoid purification procedure 

and sample purification for mass spectrometry analysis. 
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