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ABSTRACT OF THE THESIS 

 

 

Role of PAN1 in Maize Cell Plate  

 

by 

 

Dena Sutimantanapi 

Master of Science in Biology 

University of California, San Diego, 2012 

Professor Laurie G. Smith, Chair 

 

 

 

PAN1 is a receptor-like protein that promotes polarization of the subsidiary 

mother cell (SMC) toward the adjacent guard mother cell (GMC) during asymmetric cell 

division in Zea Mays stomatal complexes. PAN1 localizes at the SMC and GMC contact 

site (“SMC patch site”) and is thought to be involved in signal transduction, acting as a 

receptor or co-receptor of GMC derived signals. However, PAN1 is also found at the cell 



 

x 
 

 plate of symmetric and asymmetric divisions but its role here is unclear. In this study, the 

role of PAN1 at the cell plate was investigated. Analysis of pan mutants via acriflavine 

and high concentration propidium iodide staining showed misoriented divisions but no 

problems with cell plate completion. PAN2 and BRK1 are required for PAN1 recruitment 

to SMC patch sites but they are not cell plate localized and observation of PAN1-YFP in 

pan2 and brk1 mutants revealed that both are not required for PAN1 recruitment to the 

cell plate. PAN1 has been shown to stimulate localized actin polymerization at SMC 

patch sites, but no actin defects were observed in phragmoplasts or cell plates in pan 

mutants. Molecular markers of cell plate formation (callose, ARF, SCAMP, KNOLLE, 

and PATL1) were also examined in pan mutants; no defects in recruitment or removal of 

these cell plate components were observed. Thus, although PAN1 is localized in cell 

plates, this study has not revealed its function there. A subtle cell plate formation defect 

might be revealed via analysis of additional features of cytokinesis in pan mutants.       
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INTRODUCTION 

 

Stomatal Complex Development in Zea mays 

In plants, cellular organization and the achievement of appropriate organ shapes 

are in part due to the polarization of cell division. In Zea mays, the formation of stomatal 

complexes is a perfect example of cellular differentiation initiated by cellular polarization 

and asymmetric division (Figure 1).  

Through a series of asymmetric divisions a four-cell complex is formed with two 

guard cells flanked by a pair of subsidiary cells. To initiate subsidiary cell formation, it is 

thought that a signal is sent from the guard mother cell (GMC) that triggers subsidiary 

mother cell (SMC) polarization. At this time a cortical actin patch is formed at the site of 

GMC and SMC contact and the SMC nucleus migrates to this site. After actin 

accumulation and nuclear migration, the preprophase band (PPB) is formed. This PPB 

structure of cortical microtubule rings and actin microfilaments define the future plane of 

division (Wright et al., 2009). Disassembly of the PPB is followed by formation of the 

mitotic spindle. After mitosis, the phragmoplast structure consisting of microtubules and 

microfilaments forms in between the daughter nuclei.  

The phragmoplast is essential in cell plate formation. This cytoskeletal scaffold 

directs the deposition of new cell plate material. Together, the phragmoplast and the cell 

plate expand towards the parental wall where it will later attach at the original PPB site. 

This asymmetric division results in the formation of subsidiary cells. The GMC later
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divides symmetrically to form the guard cell pair. A guard cell pair flanked by subsidiary 

cells makes up the maize stomatal complex (Gallagher and Smith 2000).     

  The polarization of the SMC towards the guard mother cell (GMC) is necessary 

in the formation of stomatal complexes. The mechanism of this interaction is unknown 

but the division polarity in the development of these asymmetrical cells seems to be 

controlled by either intrinsic or extrinsic cues. There are circumstantial evidence that this 

cue is extrinsic and coming from the GMC but little is known about the details of this 

extrinsic cue and the mechanism. There is also current research that suggests the 

involvement of a gene called pan1. This gene promotes premitotic polarization of SMCs 

and encodes a protein, PAN1, which accumulates at the site of SMC and GMC contact 

(Cartwright et al., 2009).  
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Figure 1: Schematic summary of stomatal complex formation in Zea mays. In wild type 
(top), SMCs become polarized towards the neighboring GMCs. Polarization is indicated 
by nuclear migration to the site of SMC and GMC contact as well as formation of a 
cortical actin patch. A preprophase band (PPB) forms, predicting the future asymmetric 
division plane. This is later replaced by the phragmoplast, which guides the new cell plate 
in between the daughter nuclei and across the division plane to form an asymmetric 
subsidiary cell. Only after the formation of the subsidiary cells does the GMC divide 
longitudinally to form the guard cell pair. Black arrowheads indicate normal subsidiary 
cells in wild type leaves. In pan mutants (bottom), there is insufficient SMC polarization. 
The percentage of SMC nuclear polarization is reduced and cortical actin patches are 
delocalized or absent altogether. This results in aberrant subsidiary cell divisions. White 
arrowheads indicate aberrant subsidiary cells in pan mutant leaves. Partially reproduced 
from Cartwright et al., 2009.  

 

PANGLOSS Proteins and SMC Polarization 

The receptor-like structure of PAN1 protein and the presence of an intracellular 

kinase domain suggest its involvement in signal transduction. PAN1 protein consists of 5 

leucine-rich repeat motifs in its extracellular domain, a transmembrane domain, and an
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intracellular serine/threonine kinase domain. Lacking several amino acid residues critical 

for kinase activity, PAN1 has been shown to be inactive in in vitro kinase assays. 

However, other transmembrane proteins also containing leucine-rich repeat motifs are 

thought to function in signal transduction even though they lack a kinase domain 

altogether (Cartwright et al., 2009). This is because signal transduction is possible via 

association with an active kinase. After further investigation it was suggested that PAN1 

also functions in signal transduction by associating with an active kinase (Cartwright et 

al., 2009).  

As illustrated in Figure 1, in pan1 mutants there is insufficient SMC polarization. 

Some SMCs have delocalized actin patches or lack one altogether. The SMC nuclei are 

also often unpolarized. However, these two defects are not closely correlated, thus the 2 

events are thought to be independent effects of the pan mutation (Cartwright et al. 2009). 

Failure of pan1 mutant SMCs to polarize correctly leads to misoriented PPBs and 

abnormally oriented phragmoplast during cytokinesis (Gallagher and Smith 2000). This 

results in the production of aberrant asymmetric divisions and abnormally shaped 

subsidiary cells. Thus, it has been proposed that PAN1 acts as a receptor or co-receptor of 

signals sent from the GMC to promote SMC polarization. However, since not all SMCs 

experience this polarity defect, PAN1 may only be partially responsible for promoting 

SMC polarization, indicating the involvement of another parallel or cooperating pathway.  

Further investigation revealed the presence and involvement of a second LRR-

RLK protein, PAN2. PAN2 is larger than PAN1 and also contains an inactive kinase 

domain. While non-allelic, PAN1 and PAN2 localization patterns and mutant phenotypes 
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are quite similar. Like PAN1, PAN2 localizes at the SMC and GMC contact site and 

similar to pan1 mutants, pan2 mutants also contain SMC polarity defects and aberrant 

subsidiary cells (X. Zhang, M. Facette et al., unpublished). Interestingly, in pan2 mutants 

there is a depletion of PAN1 proteins and also a reduction of PAN1 accumulation at the 

SMC-GMC contact site. Even though the exact relationship between these two proteins is 

still unknown, the reduction of PAN1 in pan2 mutants suggests the involvement of PAN2 

in the PAN1 pathway (Cartwright et al., 2009). To further reinforce this theory, there is 

also a synergistic enhancement of the frequency and severity of aberrant SMC divisions 

in pan1;pan2 mutants (T. Alexander and J. Humphries, unpublished). 

 

BRICK1 and SMC Polarization  

In addition to PAN2, BRICK1 (BRK1) is another protein thought to be involved 

in subsidiary cell divisions in maize plants. The brk1 gene is required for epidermal cell 

lobe formation and normal SMC polarization (Frank and Smith, 2002). Previous studies 

have linked the loss of cell lobe formation in epidermal pavement cells to the lack of 

actin localization in brk1 mutants (Frank and Smith, 2002). BRK1 encodes a subunit of 

the SCAR complex, which regulates the activity of the actin nucleating Arp2/3 complex 

(Djakovic et al., 2006). Further investigations demonstrated the involvement of other key 

players in this pathway. In Arabidopsis, BRK1 is required to stabilize SCAR1, another 

subunit of the SCAR complex (Le at al., 2006). Confirmation of this relationship was 

achieved when arp mutants were observed with alterations in F-actin organization and 
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possessed a phenotype characteristic of SCAR complex subunit mutants and BRK1 

mutants (Djakovic et al., 2006).  

In addition to the epidermal pavement cells, there is also a significant reduction of 

subsidiary cells with actin patches in brk1 mutants. Loss of actin patches is associated 

with the defects in SMC polarization (Gallagher and Smith, 2000). brk1 mutant SMCs 

often end up with a misoriented phragmoplast, resulting in aberrant subsidiary cell 

divisions. This suggests that BRK1 promotes SMC polarization in an actin dependent 

manner. However, there is also a reduction of PAN1 accumulation at the patch site in 

brk1 mutants (J. Humphries and M. Facette, unpublished). The reduction of PAN1, along 

with the observation that pan1;brk1 double mutants possess a synergistic enhancement of 

SMC division defects (Yeri Park, unpublished), suggests that PAN1 and BRK1 act 

cooperatively or in common pathway to promote SMC polarization.       

 

Cytokinesis 

In plants, cytokinesis is achieved via de novo construction of a new cell wall (cell 

plate) separating the 2 daughter nuclei (Jurgens, 2005). Accumulation and fusion of 

membrane vesicles at the division plane gives rise to the cell plate. Additional vesicles 

fuse at the margins, allowing the cell plate to expand centrifugally until it attaches to the 

parental plasma membrane at the site marked by the PPB (Jurgens, 2005). The cell plate 

concurrently undergoes remodeling, which involves the secretion of new wall material 
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and removal of other excess material. The resulting structure is a newly formed cell wall 

separating the 2 daughter cells.  

The phragmoplast plays a crucial role in cell plate formation. This cytoskeletal 

scaffold acts as a guide, directing the delivery of vesicles to the division plane (Jurgens, 

2005). The phragmoplast is composed of an array of microtubules and actin. The 

microtubule component serves as the primary track for vesicle delivery to the cell plate 

(Staehelin and Hepler 1996), but the role of the actin component in the phragmoplast 

itself is still unclear.  

 

Callose and the Maturing Cell Plate 

The vesicles directed by the phragmoplast fuse at the phragmoplast equator, 

forming a tubulo-vesicular network, which later flattens to form a tubular network rich in 

callose (Samuels et al., 1995). The tubular network then consolidates into a fenestrated 

sheet. Callose is thought to mechanically stabilize the cell plate membrane networks 

while widening the tubules to promote consolidation into the fenestrated plate-like 

structure (Samuels et al., 1995). Maturation of the cell plate ensues with the replacement 

of callose with cellulose. Despite recent progress in understanding callose synthesis and 

removal, specific molecular mechanisms are not fully understood (Chen and Kim 2009). 

However, cell plate maturation and removal of callose surely involves continued 

membrane dynamics with many of the proteins implicated in this process persisting past 

cell plate attachment.  



8 

 

Vesicle Formation and Trafficking  

Vesicle formation is driven by the formation of a coat on the surface of the 

plasma membrane. Proteins such as clathrin and COP coat the vesicles and are needed for 

the generation of membrane curvature, recruitment of appropriate cargo, and vesicle 

scission (McMahon and Mills, 2004). These coats are significant during the process of 

cell plate formation and maturation in which vesicles carrying various cargos are 

transported to the cell plate at a certain times. At a later time, materials that are no longer 

needed along with excess membrane are removed via vesicle formation.   

In a maize proteomics project done by Michelle Facette in collaboration with 

Steve Briggs, COPI complex has been identified as a candidate for PAN1 interaction in 

that it was found to be depleted in the membranes of pan1;pan2 mutants compared to 

wild type. This depletion suggests the involvement of PAN1 in the COPI pathway. 

However, formation of the COPI coat itself is regulated by a small GTPase, ARF1. All 

the COPI components including ARF1 have been shown to localize to the cell plate in 

dividing cells (Couchy et al., 2003).  

Once at the phragmoplast equator, vesicles are incorporated into the cell plate 

through a process mediated by various membrane trafficking regulators. One protein in 

particular, patellin1 (PATL1), has been implicated in membrane trafficking events 

associated with cell plate expansion and maturation in Arabidopsis (Peterman et al., 

2004). PATL1 contains certain attributes present in other membrane trafficking proteins. 

The presence of the SEC14 domain suggests that PATL1 is involved in vesicle formation. 

A GOLD domain, which is thought to mediate protein-protein interactions, suggests 



9 

 

PATL1 involvement in vesicle trafficking (Peterman et al., 2004). Through biochemical 

fractionation and immunolocalization it was shown that PATL1 is recruited from the 

cytoplasm to the cell plate (Peterman et al., 2004). It was hypothesized that PATL1 binds 

to the cell plate membrane with the Sec14 domain and then other proteins involved in 

vesicle formation are recruited through interactions with the GOLD domain (Peterman et 

al., 2004). More importantly, PATL1 was also one of the proteins found depleted in 

membranes of pan1 mutants, justifying the choice to further analyze the role of PAN1 in 

PATL1 localization at the cell plate along with several other cell plate localized 

molecules mentioned below. 

 

Vesicle Fusion and Remodeling 

Vesicle trafficking involves the tethering and docking of appropriate vesicles on 

the target membrane followed by fusion. SNARE complexes, which include proteins 

from the syntaxin family, mediate fusion of the vesicles to the target membrane (Jahn and 

Südhof, 1999). Specifically mediating vesicle fusion at the cell plate is the KNOLLE 

syntaxin (Lauber et al., 1997). KNOLLE localizes to the vesicles and the cell plate 

(Lukowitz et al., 1996) and stays localized to the cell plate until the end of cytokinesis 

(Boutte et al., 2010). In knolle mutants, there are cytokinesis defects in which the 

daughter nuclei are not fully separated by a cell wall (Lukowitz et al., 1996). Vesicles 

also seem to accumulate at the plane of division but their fusion is impaired (Lauber et 

al., 1997).  
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Other regulators of vesicle fusion are proteins in the SCAMP family. Secretory 

carrier membrane proteins (SCAMPs) regulate endocytosis in animal cells (Lam et al., 

2008) and regulate protein trafficking in the secretory and endocytic pathways in plants 

(Wang et al., 2010). In addition to Golgi derived vesicles, endocytic delivery of cell 

surface materials (including plasma membrane proteins and cell wall components) also 

contributes to cell plate formation (Dhonukshe et al., 2006). Thus it is possible that 

SCAMP plays a role in cell plate formation. This is even more plausible considering that 

SCAMPs have also been shown to accumulate in developing cell plates during 

cytokinesis (Lam et al., 2008). However, the specific mechanism of how they function is 

still unclear. As mentioned earlier, the process of cell plate formation involves 

remodeling events where numerous vesicles carry specific cargo to and away from the 

cell plate. Thus, the cell plate is considered an active site of vesicle formation and fusion. 

SCAMPs localization to the cell plate and involvement in regulating endocytic pathways 

may also suggests its involvement in remodeling events at the cell plate. In the same 

proteomics project mentioned above, both KNOLLE and SCAMP were also found to be 

depleted in membranes of pan mutants thus indicating possible interactions with PAN1.  
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MATERIALS AND METHODS 

 

Plant Material 

B73 (wild-type), pan1 mutant, pan2 mutant, brick mutants, pan1;brick1 mutant, 

and pan1;pan2 mutant were used. The pan1-Mu allele, pan1-EMS allele, and pan2-O 

used were previously described by Cartwright et al. (2009). The pan2-L allele was 

isolated via a non-complementation screen. The brick1 mutant was previously described 

by Frank et al. (2003). PAN1-YFP and CFP-β tubulin transgenic lines used were 

previously described by Humphries et al. (2011).  PAN2-YFP transgenic lines were 

generated by Xiaoguo Zhang via MultiSite Gateway® Three-Fragment Vector 

Construction Kit according to the manufacturer’s protocol (Invitrogen), cloned into the 

binary vector pAM1006, and transformed into maize as described by Mohanty et al. 

(2009).  

 

Acriflavine staining 

Juvenile leaf 3 or 4 from B73, pan1 mutant, pan2 mutant, pan1;brick1 mutant, 

and pan1;pan2 double mutant tissues were fixed in FAA (50% ethanol, 10% 

formaldehyde, 5% Acetic Acid) for 2 hours then rinsed with water for 10mins. Using a 

water bath, tissues were then incubated at 60°C for 10mins in 1N HCl then rinsed with 

water also at 60°C for 1min. After incubation in 0.5% periodic acid for 25min at room
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temperature, tissues were then rinsed in water to remove all free acid. Nuclei and cell 

walls were stained with an acriflavine solution (100mg acriflavine, 500mg potassium 

metabisulfite, 1ml concentrated HCl, 59ml H2O) for 1 hour, washed extensively with 

water overnight, and then incubated in SO2 water (500mg potassium metabisulfite, 1ml 

concentrated HCl, 59ml H2O) for 5min. Tissues were then incubated in chloral hydrate 

(250g chloral hydrate, 100ml H2O) for 2-3days to clear and destain to a suitable intensity 

for viewing via confocal microscopy as described below (excitation with 488nm line 

Argon laser with 514nm wavelength selected using long pass filter). Leaves were 

mounted on a microscope slide using the same chloral hydrate solution and photographed 

at 20X using a confocal microscope system described below. 

4 plants of each genotype were taken and 1cm squares were cut from each plant 

(with an exception of pan1;brick1 mutant in which only 1 plant was analyzed). 

Approximately 100 subsidiary cell pairs were observed. These cells were scored as either 

normal or abnormal, indicating a cell containing 2 nuclei with a partial or no wall in 

between.  

 

High concentration propidium iodide staining 

Juvenile leaf 3 or 4 from B73, pan1; pan2 mutant, and pan1;brick1 mutant plants 

was cut into 1cm squares and scraped with a scalpel leaving only the epidermis intact. 

The epidermal peel is then fixed with FAA for 1 hour and washed with dH2O. Tissues 

were then stained for 10mins in 100µg/ml propidium iodide.  Tissues were mounted in 
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water on a microscope slide and viewed at 60X. Cell walls and nuclei were visualized 

using confocal microscopy as described below.       

 

Actin staining  

The basal most 2cm of leaf 3 or 4 from B73 and pan1;pan2 mutant plants were 

cut into 2 cm long x 2-3 mm wide strips, prepared, and stained as described previously 

(Cartwright et al., 2009). Propidium iodide was used to stain nuclei. Samples were 

mounted using Vectashield mounting medium (Vector) and visualized at 60X using 

confocal microscopy as described below.  

 

Aniline blue staining 

The basal most 2cm of leaf 3 or 4 from B73 and pan1;pan2 mutant plants were 

cut into 2 cm long x 2-3 mm wide strips and fixed with FAA for 1 hour. They were then 

rehydrated with 50% ethanol, 25% ethanol, and dH2O for 10mins each. Tissues were 

stained with an aniline blue staining solution (0.1% aniline blue in KPO4 buffer at pH11) 

for 30mins and then rinsed in PBS. Nuclei were stained with propidium iodide for 

10mins and rinsed. Tissues were mounted using Vectashield mounting medium (Vector) 

and imaged at 60X using confocal microscopy as described below.     
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Generation and purification of antibodies 

Several antibodies were used: ARF1, SCAMP, KNOLLE, PATL1, and PAN2-

specific. ARF antibody was commercially obtained from Agrisera. SCAMP antibodies 

were generated via methods previously described in Lam et al. (2007) and were a gift 

from Liwen Jiang. KNOLLE antibody was a gift from Gerd Jurgens and was 

characterized and generated via methods previously described in Lukowitz et al. (1996). 

PATL1 antibodies were generated via methods previously described in Peterman et al. 

(2004) and were a gift from Kaye Peterman.  

The PAN2-specific antibodies were provided by Xiaoguo Zhang. A peptide of 96 

residues corresponding to amino acids 675-770 of the PAN2 protein was chosen for 

generation of PAN2-specific antibody. The coding sequence 2020-2307 of pan2 cDNA 

was cloned onto pET28a through Bam HI and Xho I. A 6x His-tagged protein was 

expressed in E.coli (BL21 strain) by 0.5mM Isopropyl-β-D-thio-galactoside (IPTG) 

induction at 28 °C for 6 hours. His-tagged protein was extracted and purified by Ni-NTA 

Buffer Kit (Novagen), according to manufacturer’s protocols.  6x His tag on the fusion 

protein was removed by Thrombin digestion, using Thrombin CleanCleave Kit (Sigma), 

followed by manufacturer’s instruction.  3mg peptide of PAN2 was used for production 

of polyclonal antibodies in rabbits by Pacific Immunology Corp (Ramona, CA 92065). 

The PAN2 antibodies were purified from rabbit serum by AminoLink Plus 

Immobilization Trial Kit (Thermo Scientific), according to manufacturer’s protocols.  
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Immunolocalization  

Leaf segments (basal most 2cm of leaf 3 or 4) including the region where stomatal 

cell divisions occur were excised from 14-20 day old B73 and pan1;pan2 mutant plants. 

Tissue segments were cut into 2 cm long x 2-3 mm wide strips and fixed in PHEM buffer 

(60mM PIPES, 25mM HEPES, 10mM EGTA, 4mM MgCl2) pH 6.9 plus 4% 

formaldehyde and 0.1% Triton X-100 for 2 hours at room temperature. Tissues were then 

washed in PHEM/0.05% Triton X-100. Cell walls were permeabilized by digestion in 1% 

Driselase (Sigma) and 0.5% Pectolyase Y-23 (MP Biomedicals) in dH2O for 15mins and 

then washed.  The leaf tissue was extracted in 1% Triton X-100 and 1% DMSO for 60 

minutes, and rinsed in PBS buffer. After blocking for 30 minutes in PBS with 5% goat 

serum, the tissue was incubated in the previously described antibodies (ARF1 diluted 

1:2000, SCAMP 1.657 mg/ml, KNOLLE diluted 1:1000, PATL1 diluted 1:1000, PAN2 

0.5-2.0 µg/ml) overnight and then washed with PBS with 0.05% Triton X-100. The tissue 

was then incubated with Alexa Fluor 488-conjugated anti-rabbit IgG (Invitrogen) at 

1:200 for 4 hours for detection and then washed with PBS with 0.05% Triton X-100. 

Nuclei were stained with 10µg/mL propidium iodide (Sigma) for 10 minutes. Tissues 

were mounted on a microscope slide using Vectashield mounting medium (Vector) and 

imaged at 60X via confocal microscopy as described below.  
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Confocal microscopy 

Fluorescence was visualized using a Nikon TE-200U confocal microscope system 

equipped with a 60X 1,2 NA water immersion objective, a Yokogawa Nipkow spinning 

disk confocal head, and a Roper Cascade 512b EM CCD camera using on-chip gain and 

reading off at 5 Mhz. Alexafluor 488 was excited with an Argon laser (488 nm line) and 

visualized with a Chroma HQ525/60 emission filter. Propidium iodide was excited with 

an Argon/Krypton laser (568 nm line) and visualized with a Chroma HQ620/60 filter. 

YFP was excited with 514nm and were viewed with a Chroma HQ570/65nm emission 

filter. CFP and aniline blue were excited with a 440nm laser and viewed with a Chroma 

HQ525/50nm emission filter. The confocal system was controlled using MetaMorph 

software vs. 7.0r1 (Universal Imaging Corporation, Downington, PA).  Z-Projections of 

image stacks were assembled using Metamorph. Image processing was carried out using 

Image J vs. 1.36b (http://rsb.info.nih.gov/ij/) or Adobe Photoshop vs. 8.0. 

 

Protein extraction and immunodetection 

Protein was extracted from the basal 2 cm of leaves of 3-4 week old plants after 

removal of leaves with expanded sheaths. Using an Omni TH homogenizer, tissues were 

homogenized on ice in 1X Tris-buffered saline (TBS), 10% sucrose, 1% protease 

inhibitor cocktail for plants (Sigma), 5mM EDTA, 5mM EGTA and 0.3% ß-

mercaptoethanol. Homogenates were spun at 4°C at 750 × g and then 2100 × g in a 

microfuge to remove cell debris and large organelles. The resulting supernatant was then 
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spun at 4°C at 110,000 × g for 40mins to separate the soluble (final supernatant) and 

insoluble (microsomal) fractions. The insoluble pellet was resuspended in phosphate-

buffered saline (PBS) with 0.1 % SDS. To completely solubilize the pellet, the 

suspension was sonicated for 10 seconds. Samples from the final supernatant and 

insoluble pellet were then boiled in SDS loading buffer with 100mM DTT for 10mins 

prior to loading on 4-20% polyacrylamide gels (MINI-PROTEAN TGX, Biorad). 

Proteins were transferred to polyvinylidene difluoride membrane (Millipore) in transfer 

buffer (25mM Tris, 192mM Glycine and 20% methanol) with 0.05% SDS that promotes 

large size membrane protein movement. The membrane was blocked in 5% BSA and 

incubated for 2 hours at room temperature with the previously mentioned antibodies 

(1µg/ml). The membrane was washed then incubated in anti-rabbit IgG alkaline 

phosphatase conjugate (Promega, 0.05µg/ml) at room temperature for 1 hour.  Protein 

bands were visualized using NBT and BCIP (Promega).  
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RESULTS 

 

A. PAN1 receptor-like protein localizes to the cell plate 

Previous research has shown that pan1 promotes polarization of the SMCs and is 

involved in asymmetric subsidiary cell formation (Cartwright et al., 2009). PAN1 

localizes to a site in the SMC where it contacts the GMC (the “SMC patch site”). Using 

transgenic maize lines expressing PAN1-YFP and CFP-β tubulin, I was able to observe 

this localization in maize leaf epidermis. However, further observations reveal that not 

only is PAN1 present at this patch site, but interestingly, PAN1 also accumulates at the 

site of asymmetric subsidiary cell plate formation as well as in the cell plate of symmetric 

divisions (Figure 2 and 3). This confirms previous observation of PAN1 localization in 

cell plates via immunolocalization with anti PAN1 antibody (L. Smith, unpublished). 
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Figure 2: PAN1 localization in wild type SMCs. Top images in A-F are of PAN1-YFP 
transgenic plants illustrating PAN1 localization. Bottom images in A-F show PAN1-YFP 
(green) merged with corresponding CFP- β tubulin (magenta) images. Asterisks mark 
guard mother cells. White arrows identify PAN1 at the cell plate at various stages of 
SMC cell plate formation. Images are arranged to show earliest stage of cell plate 
formation in A with successively later stages in B-F.   

 

Imaging CFP-β tubulin, it was possible to visualize the nuclear outlines and 

phragmoplasts to identify the area of cell plate formation. Levels of PAN1 accumulation 

are indicated by the intensity of PAN1-YFP signal. PAN1 appears in the cell plate shortly 

after phragmoplast formation as shown in Figure 2A and persists in the cell plate as it 

expands. PAN1 accumulation is greatest just after the cell plate attaches to the parental 

wall and the phragmoplast is disassembled (Figure 2D). This is evident when PAN1-YFP 
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signals in the cell plate are compared to those in the surrounding mature cell walls. 

Nuclear polarization can still be seen at this stage. After the phragmoplast completely 

disappears, the subsidiary cell nuclei begin to decondense and the level of PAN1 

accumulation at the cell plate begin to lessen as well (Figure 2E and F). After the 

daughter nuclei have decondensed, little or no PAN1 is found at the cell plate in contrast 

to the significant amount of PAN1 still localized to the SMC patch site.  

PAN1 also localizes to the cell plates of symmetric leaf cell divisions, as shown in 

the three examples in Figure 3. Similarly in these symmetric divisions, PAN1 can be 

found at the cell plate shortly after phragmoplast formation and persists until cell plate 

formation has completed. This observation indicating PAN1 enrichment at the cell plate 

(compared to mature cell walls) suggests that PAN1 may function in other processes 

besides SMC polarization and may play some type of role at the cell plate.   
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Figure 3: PAN1 localization in wild type symmetric divisions. Panels show 3 successive 
stages of symmetric cell plate formation in maize leaf epidermis. Top images in A-C 
illustrate PAN1 localization in PAN1-YFP transgenic plants. Bottom images in A-C 
show PAN1-YFP (green) merged with corresponding CFP-β tubulin (magenta) images. 
White arrows identify PAN1 in the cell plate. 

 

B. Use of Acriflavine staining to investigate cell plate formation in pan mutants         

To investigate the role of PAN1 at the cell plate, I examined pan mutants for 

cytokinesis defects or any other interesting phenotypes. To do so, I stained mature leaf 

tissue with acriflavine (as outlined in the materials and method section). This acriflavine 

stain allows for the visualization of nuclei and cell walls. Initial observations of pan 

mutants revealed what seemed to be a low frequency cytokinesis defect in which some 

subsidiary cells contained 2 nuclei separated by a partial wall or no wall. Based on this 

initial observation, I carried out quantitative analysis of subsidiary cell cytokinesis 
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defects in mature leaf 3 or 4 from B73 (wild type), pan1 mutant, pan2 mutant, 

pan1;brick1 mutant, and pan1;pan2 double mutants. A summary of the results can be 

seen in Table 1.  

 

Table 1: Summary of acriflavine staining   

 

 

 

 

 

 

 

 

 

Not surprisingly, no cytokinesis defects (partial or no wall) were seen in wild type 

subsidiary cells (Figure 4A, Table 1). As for the 2 families of pan1 mutants (pan1-mu 

and pan1-ems) apparent cytokinesis defects can be seen at a very low frequency (<0.5% 

of subsidiary cells) as shown in Figure 4B and Table 1. Since pan2 mutants have a very 

Genotype  Number of 
cells analyzed 

(n) 

Normal Defective (no 
wall or partial 

wall) 

B73 n= 808 100%  0% 

pan1-mu n= 835 100%  0% 

pan1-ems n= 822 99.63% ± 0.47% 0.37% ± 0.26% 

pan2-O n= 849 99.64% ± 0.46 0.37& ± 0.33% 

pan2-l1 n= 811 98.77% ± 1.25% 1.24% ± 0.63% 

pan2-l2 n= 828 98.68% ± 0.58% 1.18% ± 0.46% 

pan1-mu; 
pan2-O 

n= 845 94.40% ± 3.48% 5.60% ± 2.08% 

pan1;brk1 n= 214 97.64% 2.34% 
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similar SMC polarity defect compared to pan1, I also examined observed three families 

of pan2 mutants (pan2-O, pan2-l1, and pan2-l2) for cytokinesis defects and found that, 

like pan1 single mutants, <0.5% of subsidiary cells had incomplete or partial walls in 

pan2 mutants as well (Table 1). However, upon observation of the pan1;pan2 double 

mutants not only were aberrantly oriented subsidiary cell divisions more numerous and 

severe, but there was also an elevated frequency (albeit still low at 5.6%) of cytokinesis 

defects (Table 1). In some cases, two nuclei were observed in one cell with no wall in 

between them (Figure 4C and 4D blue arrows). In other cases there were 2 nuclei in one 

cell due to what look like a partial or incomplete wall as indicated by the green arrow in 

Figure 4D. This defect was almost always observed in subsidiary cells rather than non-

stomatal cells.  
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Figure 4:  Acriflavine staining in B73 and pan mutants. A, B73. Panel B shows examples 
of aberrantly oriented subsidiary cell divisions in pan1 mutants. Red arrows indicate 
these aberrant divisions. Bottom panels are of pan1;pan2 double mutants. Panel C 
illustrates subsidiary cells containing 2 nuclei with no cell wall in between (blue arrows). 
Panel D provides an example of a subsidiary cell containing 2 nuclei with no wall 
between (blue arrow) or with a partial wall in between (green arrow).     

 

pan1 and pan2 single mutants both exhibit similar aberrantly oriented subsidiary 

cell divisions due to failure of SMCs to polarize properly prior to cell division. The direct 

relationship of PAN1 and PAN2 has yet to be determined, but the reduction of PAN1 

levels and lack of PAN1 at the SMC patch sites in pan2 mutants indicate that PAN2 
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functions in the PAN1 pathway (Cartwright et al. 2009). Further supporting this 

conclusion, a cytokinesis defect can be seen in 5.6% of subsidiary cells (Table 1) in the 

pan1;pan2 double mutants but <0.5% of subsidiary cells in either pan1 or pan2 single 

mutants suggesting a synergistic cytokinesis phenotype in the double mutant. PAN2 

seems to effect the PAN1 pathway somehow and together they may play a role in cell 

plate formation. 

Lastly, because there is a higher frequency of these defects in pan1;pan2 double 

mutants, pan1;brick1 mutants were also observed to see if this cytokinesis defect is also 

enhanced when pan1 was combined with brk1. The brk1;pan1 combination was chosen 

because it has been shown that like pan1 mutants, SMCs in brick1 mutants also fail to 

polarize leading to the formation of aberrant subsidiary cell divisions (Gallagher et al. 

2000). Moreover, like pan1;pan2 double mutants, pan1;brick1 mutants also exhibit a 

synergistic enhancement of the severity and frequency of aberrantly oriented subsidiary 

cell divisions. BRK1 is also needed for PAN1 localization to the SMC patch site 

(unpublished data), suggesting the possibility of BRK1 involvement with PAN1 at the 

cell plate. Acriflavine analysis revealed a cytokinesis defect in 2.34% of subsidiary cells 

of brk1;pan1 double mutants (Table 1). This percentage is higher than seen in pan1 

single mutants but still less than in pan1;pan2 double mutants. This result suggests that 

BRK1 also plays a role in PAN1 pathway during subsidiary cell plate formation.    

Even though PAN1 is localized to the cell plate of asymmetric and symmetric 

divisions, this cytokinesis defect was almost always observed in subsidiary cell divisions 

as opposed to non-stomatal cells. This may be because the role that PAN1 plays in cell 
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plate formation is more critical in these cells. It is also possible that cell division in 

subsidiary cells is mechanistically different which somehow makes the role that PAN1 

plays more significant here.       

 

C. PAN2 does not localize to cell plates and is not required for PAN1 localization to 

cell plates 

 Two predictions were made based on my analysis from the acriflavine staining 

and previous studies of PAN1 and PAN2 at SMC patch sites. Analysis of the acriflavine 

staining revealed a synergistic cytokinesis defect in pan1;pan2 double mutants 

suggesting that PAN2 is also localized to cell plates. Furthermore, as previously 

mentioned, studies have shown that PAN2 is required for PAN1 localization at the SMC-

GMC contact site (Cartwright et al. 2009). This suggests that PAN2 may also be needed 

to recruit PAN1 to cell plates.   

To investigate if PAN1 and PAN2 colocalize to cell plates, I analyzed transgenic 

maize plants expressing PAN2-YFP and CFP-β tubulin for PAN2 localization at cell 

plates. Figure 5 shows that contrary to my expectations, PAN2 is enriched at SMC-GMC 

contact sites but absent from cell plates. Similar results were seen via immunolocalization 

using a PAN2-specific antibody (Figure 6). Thus, PAN1 and PAN2 colocalize at SMC 

patch sites but not at cell plates.  

 



27 

 

 

Figure 5: PAN2 localization in wild type. Top images in A-D are of PAN2-YFP 
transgenic plants illustrating PAN2 localization. Bottom images in A-D show PAN2-YFP 
(green) merged with corresponding CFP-β tubulin (magenta) images at successive stages 
of cytokinesis from left to right. White arrows identify area of cell plate formation and 
the lack of PAN2 in that area. Asterisks mark guard mother cells.  

 

 

Figure 6: Immunolocalization of PAN2 in wild type. Top images in A-D show 
localization of PAN2. Bottom panels illustrate a merged image with PAN2 antibody 
staining in green and propidium iodide stained nuclei in magenta. White arrows point to 
the area of cell plate formation at successive stages of cytokinesis indicating lack of 
PAN2 in that area. Asterisks identify guard mother cells. 

 

Since PAN2 is not cell plate localized, it is unlikely that PAN1 recruitment to the 

cell plate is affected by PAN2. To confirm, transgenic maize plants expressing PAN1-

YFP and CFP-β tubulin in a pan2 mutant background were used to investigate if PAN2 is 
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required for PAN1 localization at cell plates. Phragmoplast structure was visualized in 

the CFP-β tubulin line to identify dividing subsidiary cells in order to locate cell plates. 

Nuclear outlines can also be seen and were used to help judge the stage of cell plate 

formation. Figure 7 shows the localization of PAN1 through the progression of cell plate 

formation in a pan2 mutant background. In a wild type background, PAN1 is 

concentrated in the SMC patch site and to a lesser extent in the cell plate (Figure 2). 

PAN1 accumulation at the SMC patch site remains unchanged throughout the process of 

subsidiary cell cytokinesis; however, in the cell plate, PAN1 accumulation varies based 

on the stage of cell plate formation. As previously described, PAN1 gradually 

accumulates at the cell plate and is then gradually removed after cell plate formation has 

completed (Figure 2). In comparison, in pan2 mutants, PAN1 accumulation at SMC 

patch sites is significantly reduced whereas PAN1 localization to cell plates is still 

observed such that there is more PAN1 at cell plates than at SMC patch sites (Figure 7). 

PAN1 levels at the SMC patch site remain reduced at all stages but the same gradual 

accumulation and removal of PAN1 can be seen at the cell plate.  

To quantify these results beyond simple observation, quantitative measurements 

of YFP fluorescence were performed using Metamorph. A line was drawn through the 

cell wall, cell plate, and an adjacent parental cell wall. The pixel intensity at each point 

along that line was recorded with the highest intensity corresponding to PAN1 

enrichment at each location. The highest pixel intensity was then corrected by subtracting 

the background intensity, which corresponds to the lowest pixel intensity along the same 

line. Through previous observations, PAN1 enrichment seem to be highest after the cell 
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plate attaches to the parental walls and only a remnant of a phragmoplast structure can be 

detected (Figure 7D and E). These subsidiary cells with the highest PAN1 levels in the 

cell plate were identified based on the nuclear outlines and phragmoplast structure to 

ensure only cells at a similar stage were analyzed.  

Result of this analysis is shown in Figure 7G. It is apparent that the average 

fluorescence intensity at the SMC patch site was significantly higher in the wild type 

siblings (107.61) than in the pan2 mutants (37.29) thus confirming that there is a 

reduction of PAN1 at the SMC patch site in pan2 mutants. However, the average 

fluorescence intensity at the cell plate is quite similar in pan2 wild type siblings (37.10) 

and pan2 mutants (40.38). The average patch to plate fluorescence intensity ratio (3.12) 

also indicates that in wild type siblings the intensity at the patch site is almost 3 times 

higher than in plate (Figure 7H). On the contrary, in pan2 mutants the average patch to 

plate ratio (0.96) indicates that the level of intensity is almost equal if not slightly higher 

at the plate. These results indicate that even though PAN2 is required for PAN1 

accumulation at the patch site, it is not required to get PAN1 to the cell plate. This 

finding is consistent with the lack of PAN2 at cell plates. It is unlikely then, that there is 

an interaction between PAN1 and PAN2 at the cell plate. 
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Figure 7: PAN1 localization in pan2 mutants. Top images in A-F illustrate PAN1 
localization in PAN1-YFP transgenic plants in a pan2 mutant background. Bottom 
images in A-F show PAN1-YFP (green) merged with corresponding CFP-β tubulin 
(magenta) images. White arrows identify PAN1 presence in the cell plate at various 
stages of cell plate formation. Asterisks mark guard mother cells. Graph G and H 
illustrates quantitative measurements of PAN1-YFP fluorescence intensity in pan2 
mutants. Graph G shows the comparison between PAN1 localization in wild type siblings 
vs. pan2 mutants at the patch site and at the subsidiary cell plate. Graph H illustrates the 
ratio of patch to plate in wild type siblings in comparison to pan2 mutants. n= number of 
patch and corresponding plate. Error bars represent the standard error of the mean.   
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D. BRK1 does not localize to cell plates and is not required for PAN1 localization to 

cell plates 

Acriflavine analysis also revealed cytokinesis defects in 2.34% of pan1;brk1 

double mutants, which suggests that BRK1 plays a role in PAN1 pathway during 

subsidiary cell plate formation. This synergism also suggests that BRK1 and PAN1 

colocalize at cell plates just as they do at SMC patch sites. Moreover, BRK1 is required 

for PAN1 accumulation at the patch site but here I investigate if BRK1 is also required to 

recruit PAN1 to cell plates. 

Using transgenic maize plants expressing BRK1-CFP and YFP-β tubulin, I 

analyzed BRK1 localization at cell plates. YFP-β tubulin indicated the area of cell plate 

formation, however no BRK1 localization was seen at cell plates (Figure 8). Figure 8 also 

shows that BRK1 is enriched at SMC-GMC contact sites. This confirms that BRK1 and 

PAN1 do colocalize at SMC patch sites even though they do not colocalize at cell plates.   
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Figure 8: BRK1 localization in wild type. Top images in A-D are of BRK1-CFP 
transgenic plants illustrating BRK1 localization. Bottom images in A-D show BRK1-CFP 
(green) merged with corresponding YFP-β tubulin (magenta) images at successive stages 
of cytokinesis from left to right. White arrows identify area of cell plate formation and 
the lack of BRK1 in that area. Asterisks mark guard mother cells.   

 

Lack of BRK1 at cell plates leads to the prediction that BRK1 will not be required 

for PAN1 localization at cell plates. To validate this prediction, I analyzed transgenic 

maize plants expressing PAN1-YFP and CFP-β tubulin in a brk1 mutant background. 

Figure 9 illustrates PAN1 localization at various stages of subsidiary cell plate formation 

in a brk1 mutant. Results were similar to that seen in pan2 mutants (Figure 7); however, 

PAN1 levels at the patch site seemed less reduced in the brk1 mutants. In comparison to 

wild type (Figure 2), PAN1 enrichment at the patch site is reduced whereas the 

enrichment at the cell plate remains unchanged. Furthermore, patch intensity is 

noticeably brighter than the plate in wild type but almost equivalent in brk1 mutants. 

Thus, PAN1 recruitment to the cell plate seems unaffected in brk1 mutants.      

Quantitative measurements of YFP fluorescence were taken. Similar analysis was 

done using Metamorph to quantify the level of PAN1 intensity/enrichment at the patch 

compared to the plate. Figure 9G illustrates the average intensity of the patch and plate in 
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both brk1 mutants and brk1 wild type siblings. The average intensity of the patch in wild 

type siblings (163.83) was more than 3 times higher in brk1 mutants (44.97). However, 

the average intensities at the plate were not drastically different with the average in wild 

type siblings being 23.66 and 38.80 in brk1 mutants. PAN1 is almost equally enriched at 

the cell plate in brk1 mutants if not more so, thereby confirming that BRK1 is not 

required for PAN1 localization to the cell plate.                 

Supporting previous observations, the ratio of patch to plate is 7.5:1 in wild type 

siblings but approximately 1:1 in brk1 mutants (Figure 9H). This means that in brk1 

mutants, there is only a slight difference in enrichment between the patch and the plate, 

which is attributed to the reduction of PAN1 at the patch site. Therefore, BRK1 promotes 

PAN1 accumulation at the patch site, but it is not required for PAN1 localization at the 

cell plate. The function of PAN1 at the cell plate appears to be independent of BRK1.  
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Figure 9: PAN1 localization in brk1 mutants. Top images in A-F illustrate PAN1-YFP 
localization in brk1 mutants. Bottom images in A-F show PAN1-YFP (green) merged 
with corresponding CFP-β tubulin (magenta) images. White arrows identify PAN1 
presence in the cell plate at successive stages of cell plate formation. Asterisks mark 
guard mother cells. G and H illustrate quantitative measurements of PAN1-YFP 
fluorescence intensity.  G illustrates comparison between PAN1 localization in wild type 
siblings vs. brk1 mutants at the patch site and at the subsidiary cell plate. H illustrates the 
patch to plate YFP fluorescence intensity ratio in wild type siblings vs. brk1 mutants. n= 
number of patch and corresponding plate. Error bars represent standard error of the mean.   
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E. Re-investigation of cytokinesis defects in double mutants via high concentration 

propidium iodide staining 

 Lack of PAN2 and BRK1 at cell plates raises the question of how the 

corresponding mutations could synergize with PAN1 to dramatically increase frequency 

of subsidiary cells having two nuclei apparently separated by no wall or partial wall. This 

prompted me to consider the possibility that there are in fact no cytokinesis defects in 

pan1;pan2 double mutants, but rather some subsidiary cell walls that are so misoriented 

as to lie nearly parallel to the leaf surface, and were not visible via the acriflavine staining 

method.   

To re-investigate the apparent cytokinesis defect, I used a different staining 

method. Propidium iodide was used at a higher concentration to stain cell walls and 

nuclei, similar to the acriflavine staining but producing brighter cell wall staining. Also, 

before staining, the leaf was first scraped to remove as much of the mesophyll layer as 

possible. This decreased the likelihood of confusing nuclei from the epidermal layer with 

cells and nuclei from the lower layers. Tissues were also observed at a higher 

magnification (60X) on the confocal microscope allowing for the detection of finer 

details that may have been overlooked. 

Focus was placed on pan1;pan2 mutants since the cytokinesis defect previously 

observed was highest in these mutants. Upon re-examination of pan1;pan2 mutant 

subsidiary cells using high concentration propidium iodide staining, it was apparent that 

what was originally thought to be a low frequency cytokinesis defect was in fact the 

result of severely misoriented cell divisions. Figure 10A shows a subsidiary cell in a 
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pan1;pan2 mutant at various focal planes. At first glance it may seem like there are 2 

nuclei in the subsidiary cell; however, if examined closely there is actually a cell wall in 

between, but this wall is oriented nearly parallel to the field of view. The red arrows 

indicate the presence of the cell wall as we continue to focus deeper into the cell (Figure 

10A).  

The presence of this cell wall becomes more evident when looking at the cross 

section. Images that were taken of the cell at multiple focal planes were used to create a 

3D reconstruction using Image J. Each panel is of a slightly different side angle making 

the presence of the cell plate more apparent (Figure 10B). I observed at least 100 

pan1;pan2 SMCs at this high magnification and never found a single example of a 

subsidiary cell with no wall separating the nuclei. Of these 300 cells at least 25 displayed 

the phenomenon indicated in Figure 10. Such walls were likely overlooked in the 

acriflavine staining because cells were observed at a lower magnification (20X) and the 

wall staining was less bright.    
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Figure 10: High concentration propidium iodide staining of a subsidiary cell in a 
pan1;pan2 mutant. Panels in A illustrate a series of images taken at various focal planes. 
From left to right, the focus is directed deeper into the cell showing the presence and 
progression of the cell plate in between the 2 nuclei lying nearly parallel to the plane of 
the leaf surface. Panels in B display the cross section of the same cell viewed from 
different angles. Red arrows identify the cell plate.  
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Since the apparent cytokinesis defect seen via acriflavine staining were also seen 

at a relatively high frequency in pan1;brick1 mutants, I re-investigated these as well 

using high concentration propidium iodide staining. Similar to pan1;pan2 mutants, I 

found that all subsidiary cells that seem to have two nuclei without a wall actually do 

have a cell wall in between. Figure 11A illustrates various focal planes of one 

pan1;brick1 mutant subsidiary cell with red arrows indicating the cell plate.  Figure 11B 

shows a side angle of the 3D reconstruction of all the focal planes. Viewing the 

reconstruction from this angle shows that there is indeed a cell wall separating the 2 

nuclei. Because this cell division was so severely misoriented what seemed like a partial 

wall or lack of a cell wall was simply a wall that was oriented in such a way that 

concealed part or all of the cell wall from being viewed from above. I observed at least 

300 cells at this magnification and all subsidiary cells had a wall separating the two 

nuclei with at least 20 showing this phenomenon observed in Figure 11.   

Double mutants have an enhancement in severity of aberrant subsidiary cell 

divisions, which increases the likelihood of a cell plate being oriented this way.  This 

explains why a higher percentage of cells in double mutants were mistakenly scored as 

having a cytokinesis defect. The extremely misoriented walls seem in some double 

mutant subsidiary cells could be a manifestation of a severe SMC polarity defect, 

reflecting the cooperative functions of PAN1 and PAN2 as well as PAN1 and BRK1 in 

premitotic SMC polarization. 
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Figure 11: High concentration propidium iodide staining of a subsidiary cell in a 
pan1;brk1 mutant. Panels in A illustrate a series of images taken at various focal planes. 
From left to right, the focus is directed deeper into the cell showing the presence and 
progression of the cell plate in between the 2 nuclei. Panels in B display the cross section 
of the same cell at different angles. Red arrows identify the cell plate. 
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F. Analysis of the role of PAN1 in organizing the actin component of the 

phragmoplast   

Even though these results show that there is no cytokinesis defect in pan1, 

pan1;pan2 or pan1;brk1 mutants, PAN1 likely still plays some role in cell plate 

formation. To further investigate this role, I looked at possible molecular defects in cell 

plate formation in pan mutants starting with analysis of actin. Actin is present in the 

polarized SMC patch site where PAN1 also localizes. In pan1 mutants, many SMCs 

either contain a delocalized actin patch or lack one altogether suggesting a role for PAN1 

in stimulating localized actin polymerization at the SMC patch site (Cartwright et al. 

2009).  

Actin is also present in the phragmoplast. It thus co localizes with PAN1 at the 

cell plate as well. Microtubules of the phragmoplast guide vesicle delivery to the cell 

plate but the function of the actin filaments in the phragmoplast is unknown. Most studies 

employing actin depolymerizing drugs have indicated that they are not essential for cell 

plate formation but contribute somehow to proper orientation of the new cell wall (Müller 

et al. 2009). PAN1 at the cell plate could conceivably stimulate actin polymerization to 

build the actin component of the phragmoplast. Loss of actin from the phragmoplast in 

the pan mutants could be consistent with severe misorientation of subsidiary cell walls 

but no failures in cell wall formation.   

To examine this possibility, I stained the basal-most 2cm of unexpanded leaf 

tissue in wild type and pan1;pan2 double mutants with phalloidin. Propiduim iodide 

stained nuclei were used as a reference to determine the stage of phragmoplast formation 
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and degradation. It is important to note that I had focused on pan1;pan2 double mutants 

because these had the most severe phenotype in terms of aberrant subsidiary cell division. 

This would in theory make it easier to identify any difference in structure or phenotype 

when comparing wild type and mutant cells.  

Phragmoplast and cell plate formation seem to be initiated at a later stage in 

mutant SMCs, but this may be due to the fact that pan mutants have a reduced percentage 

of SMCs with polarized nuclei. However, once the SMC nuclei become polarized, 

phragmoplast assembly and disassembly proceed normally. There are no apparent 

differences in actin composition between the phragmoplasts in the wild type and those in 

the double mutants as shown in Figure 12.  
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Figure 12: Phalloidin staining of actin component in phragmoplasts. Actin staining in 
green and propidium iodide stained nuclei in magenta. White arrows identify 
phragmoplasts. Asterisks indicate guard mother cells. Subsidiary cell nuclei polarized and 
condensed in both B73 (A) and pan1;pan2 (C) with similar phragmoplast structure. Stage 
2 B73 (B) and pan1;pan2 (D) subsidiary cell nuclei polarized and slightly less condensed 
in comparison to A and C. The pan1;pan2 (D) division is aberrantly oriented but 
phragmoplast structure is still similar in appearance to B73 (B) at a similar stage. n= 100, 
with n being the number of phragmoplasts observed in wild type and mutants combined.  

 

The timing of phragmoplast assembly and degradation are also similar between 

wild type and mutant with the exception that in mutant cells the phragmoplast may have 

to extend longer if the divisions are aberrantly oriented. These results show that there is 

no obvious difference in the actin component of the phragmoplast between wild type and 

double mutants. However, this does not completely disprove that PAN1 has some affect 

on actin filaments in the phragmoplast. There could be a defect in actin without it being 

severe enough to be noticed.     
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G. Analysis of molecular markers of the cell plate formation in pan mutants 

Another hypothesis is that PAN1 may regulate some process during cell plate 

formation such as vesicle trafficking. It seems appropriate that a receptor-like protein 

localized to the cell plate, like PAN1, would be involved. It is possible that PAN1 

regulates vesicle recruitment, vesicle targeting, vesicle fusion, or vesicle formation at the 

cell plate by recruiting or regulating a variety of other proteins. These cell plate 

molecules may fail to be recruited to the cell plate or removed at the appropriate time 

even in the absence of overt failures in cell plate formation. If so, this may provide some 

insight as to what PAN1 is doing at the cell plate or what cell plate marker it is involved 

with. To test this hypothesis, I examined several cell plate localized molecules that have 

been shown to be involved in different aspects of cell plate formation. These molecules 

included callose, ARF, SCAMP, KNOLLE, and PATL1. The last three were chosen 

partly because they were candidates identified via proteomics analysis to interact with 

PAN1 (M. Facette, unpublished observations).  

Certain molecules are crucial components of cell plate formation so it is unlikely 

that I would see a dramatic difference between wild type and mutant plants given the lack 

of cell plate defects seen in mature mutant leaves. Thus, I focused on quantitatively 

analyzing the reduction or difference in the timing of deposition and removal of each 

component. To do this, I separated the process of cell plate formation into 5 different 

stages, which are illustrated in Figure 13. These stages were determined based on nuclear 

condensation and cell plate attachment (Summarized in Table 2).  
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Figure 13: Schematic diagram illustrating the different stages of subsidiary cell plate 
formation for the purpose of quantitative analysis. Sizes of blue nuclei and shades of blue 
indicate degree of nuclei condensation, dark blue being very condensed and light blue 
being decondensed. Green identifies the subsidiary cell plate. 

 

Table 2: Criteria for the classification of cell plate stage  

 

Stage Subsidiary cell nuclei Sister cell nuclei Cell plate 

1 Condensed Condensed First remnants of a cell 
plate 

2 Condensed Condensed Cell plate complete and 
attached to parental walls 

3 Condensed Slightly decondensed Cell plate complete 

4 Condensed Decondensed Cell plate complete 

5 Slightly decondensed Decondensed Cell plate complete 

 

Both wild type and pan1;pan2  subsidiary cells were divided into these 5 stages to 

determine if the cell plate marker of interest was present at each stage. Again I chose to 

focus on pan1;pan2 mutants because the severity of abnormal divisions may be 
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beneficial in highlighting any alteration or reduction in a cell plate marker making it more 

apparent.  

The first cell plate component that I looked at was callose. Callose is synthesized 

within the cell plate and fills the membranous tubules, which later consolidates to form 

the cell plate (Thiele et al. 2008). This tubular network and thus callose is essential for 

normal cell plate formation. Callose is later replaced with cellulose as the cell plate 

becomes a mature cell wall.  I examined callose deposition and removal to determine if 

PAN1 may be involved in callose deposition or removal. This was done via aniline blue 

staining which stains callose in plant cells. Results indicate that there is no difference in 

callose deposition or removal in pan mutants (Figure 14). In both wild type and 

pan1;pan2 mutants, callose deposition occurs after the cell plate has attached at both ends 

(Figure 14 stage 3) and is removed by the time both nuclei have become decondensed 

(Figure 14 stage 5). This is true in symmetric divisions (Figure 14 E and J) and in 

normally oriented subsidiary divisions (Figure 14 G and H) as well as in aberrantly 

oriented subsidiary divisions (Figure 14 L and M) 
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Figure 14: Aniline blue staining of callose in symmetric and subsidiary cell plates of 
wild type and pan1;pan2 mutants. Callose staining in green and propidium iodide stained 
nuclei in magenta. Asterisks indicate guard mother cells. White arrows identify callose in 
cell plate or lack thereof at different stages of cell plate formation. A-D and F-I show 
subsidiary divisions that were oriented normally; K-N show subsidiary divisions that 
were abnormally oriented; E and J show symmetric divisions.   

 

 Quantitative summary of these observations can be seen in Figure 15. The 

highest percentage of cell plates containing callose is seen at stage 3; callose is promptly 

removed by stage 5. Most importantly, the percentage of cell plate with callose is very 

similar in wild type and pan1;pan2 mutants at each stage, again indicating that there is no 

observed difference in callose deposition or removal. Thus, PAN1 does not appear to 

play a role in the callose pathway.  
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Figure 15: Quantitative analysis of the presence of callose at various stages of subsidiary 
cell plate formation. Graph depicts the percentage of cells with callose present at the cell 
plate in wild type compared to pan1;pan2 mutants where n= the number of cell plates 
examined in wild type and mutant combined. 

 

Vesicle formation plays a crucial role in the formation of cell plates. Vesicles are 

necessary for moving molecules to and from the cell plate at appropriate times. The 

assembly of a coat on the vesicles ensures that the appropriate cargo is packaged. One 

such coat is COP1. In eukaryotic cells, COP1 is regulated by a small GTP binding 

protein, ARF1, which has also been shown to localize to the cell plate in maize roots 

(Couchy et al. 2003). If the hypothesis is that PAN1 regulates vesicle trafficking thereby 

promoting normal cell plate formation, then one possible way it can achieve this is by 

working with ARF1. Immunostaining the basal-most 2cm of unexpanded leaf tissue with 

ARF1 antibodies showed that in both wild type and pan1;pan2 mutants, ARF1 localizes 
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to the cell plate early on, just as the cell plate begins to form (Figure 16 stage 1). It only 

persists there for a little while and is removed shortly after the cell plate attaches on both 

sides, so that it is largely gone by stage 3.   

 

 

Figure 16: Immunostaining of maize leaf tissue with ARF1 antibodies. ARF antibody 
staining in green and propidium iodide stained nuclei in magenta in wild type compared 
to pan1;pan2 mutants. White arrows identify ARF1 localization to cell plate or lack 
thereof. Asterisks indicate guard mother cells. A-D and F-I show subsidiary divisions that 
were oriented normally; K-N show subsidiary divisions that were abnormally oriented; E 
and J show symmetric divisions.   

 

Figure 17 illustrates the percent of cells at each stage that have ARF1 localized to 

the cell plate. It also shows that there is no difference between ARF1 accumulation and 

removal in wild type and pan1;pan2 mutants. Since there was no observed difference, 

PAN1 may not work with or affect ARF1 in the process of cell plate formation.  
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Figure 17: Quantitative analysis of the presence of ARF1 at various stages of subsidiary 
cell plate formation. Graph depicts the percentage of cells with ARF1 present at the cell 
plate in wild type compared to pan1;pan2 mutants where n= the number of cell plates 
examined in wild type and mutant combined.   

 

Part of vesicle trafficking includes remodeling events. Such remodeling events 

may be achieved via endocytosis, which in turn is mediated by a variety of proteins. It 

has been proposed that SCAMPs regulate protein trafficking in the secretory and 

endocytic pathways (Wang et al. 2010). It has also been shown that SCAMPs accumulate 

in the membranes of developing cell plates during cytokinesis (Lam et al. 2008). This, 

along with the fact that SCAMP was one of the proteins in the proteomics project found 

to be depleted in pan mutants warrants the hypothesis that PAN1 is involved in cell plate 

remodeling by interacting with SCAMP. By analyzing SCAMPs in pan mutants, it may 

be possible to determine if PAN1 is involved in the same pathway as SCAMP and 
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regulates it somehow. This was done via immunostaining of wild type and pan1;pan2 

mutants with a SCAMP antibody. Figure 18 illustrates the presence of SCAMP in the cell 

plate at various stages of cell plate formation. SCAMP accumulates early, even before 

cell plate attachment (Figure 18 stage 1). It persists a while after cell plate attachment and 

disappears as the sister nuclei becomes completely decondensed (Figure 18 stage 4). It 

makes sense that the period time at which SCAMP is present at the cell plate corresponds 

to the time at which the cell plate is most active in terms of endocytic vesicle fusion and 

formation. The same pattern of timing and localization can also be seen in the double 

mutants whether the cell plate orientation is normal or aberrant. This similarity is also 

conveyed in Figure 19. There was no observed difference in recruitment or removal, 

suggesting PAN1 does not recruit SCAMP.  

 

 

Figure 18: Immunostaining of maize leaf tissue with SCAMP antibodies. SCAMP 
antibody staining in green and propidium iodide stained nuclei in magenta in wild type 
compared to pan1;pan2 mutants. White arrows identify SCAMP localization to cell plate 
or lack thereof. Asterisks indicate guard mother cells. A-D and F-I show subsidiary 
divisions that were oriented normally; K-N show subsidiary divisions that were 
abnormally oriented; E and J show symmetric divisions. 
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Figure 19: Quantitative analysis of the presence of SCAMP at various stages of 
subsidiary cell plate formation. Graph depicts the percentage of cells with SCAMP 
present at the cell plate in wild type compared to pan1;pan2 mutants where n= the 
number of cell plates examined in wild type and mutant combined.  

 

Another aspect of normal cell plate formation is vesicle fusion. Vesicles are 

tethered to the target membrane at which point their fusion is mediated via SNARE 

complexes, which include syntaxin proteins (Lauber et al. 1997).  KNOLLE was one 

syntaxin indicated in this mediation and it also accumulates at the cell plate during late 

cytokinesis (Boutte et al. 2010). Even though KNOLLE was found to be depleted in 

membranes of both pan mutants and pan1;pan2 mutants in the same proteomics project 

mentioned above, complete depletion or any remarkable differences of a critical 

component like KNOLLE in pan mutants is highly unlikely, because this would be 

expected to result in a dramatic effect in which cell plate formation is incomplete or 



52 

 

absent altogether. However, it is not farfetched to propose that reduction or difference in 

the timing of KNOLLE arrival and removal in pan mutants has resulted in an altered or 

milder form of the phenotype seen in knolle mutants. I explore this possibility by 

analyzing KNOLLE localization at cell plates in pan mutants for alterations in 

localization or any difference in timing of recruitment or removal. This was achieved by 

immunostaining wild type and pan1;pan2 mutants using a KNOLLE antibody.  

The pattern of KNOLLE accumulation at the cell plate is similar to SCAMP 

(Figure 20). KNOLLE accumulates at the cell plate early on which corresponds to initial 

fusing of the vesicles to form the cell plate. It then remains at the cell plate, regulating 

vesicle fusion during cell plate expansion. Finally, it is removed a while after cell plate 

formation has completed in order to regulate vesicle fusion during remodeling. This same 

pattern can be seen in both wild type and mutants.   
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Figure 20: Immunostaining of maize leaf tissue with KNOLLE antibodies. KNOLLE 
antibody staining in green and propidium iodide stained nuclei in magenta in wild type 
compared to pan1;pan2 mutants. White arrows identify KNOLLE localization to cell 
plate or lack thereof. Asterisks indicate guard mother cells. A-D and F-I show subsidiary 
divisions that were oriented normally; K-N show subsidiary divisions that were 
abnormally oriented; E and J show symmetric divisions. 

 

There also seems to be a gradual removal of KNOLLE from the cell plate (Figure 

21). The same gradual removal is seen in the double mutant, indicating no difference in 

KNOLLE recruitment and removal in the double mutants.             
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Figure 21: Quantitative analysis of the presence of KNOLLE at various stages of 
subsidiary cell plate formation. Graph depicts the percentage of cells with KNOLLE 
present at the cell plate in wild type compared to pan1;pan2 mutants where n= the 
number of cell plates examined in wild type and mutant combined.          

 

PATL1 is another protein that has been proposed to function in vesicle formation 

and may be associated with cell plate expansion or maturation (Peterman et al. 2004). 

More importantly, PATL1 also localizes to the cell plate (Peterman et al. 2004). To 

determine if PAN1 interacts with PATL1, immunostaining of wild type and pan1;pan2 

mutants were done using PATL1 antibodies. If there is a difference in PATL1 

localization or timing in recruitment and removal, then it is possible that there is an 

interaction between these two proteins. Unfortunately, this was not observed since the 

same pattern can be seen in both wild type and pan1;pan2 mutants as shown in Figure 

22. There is a relatively small window of time in which PATL1 accumulates at the cell 
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plate. PATL1 begins to accumulate at the cell plate after it has attached and is removed as 

the sister nuclei begin to decondense.  

 

 

Figure 22: Immunostaining of maize leaf tissue with PATL1 antibodies. PATL1 
antibody staining in green and propidium iodide stained nuclei in magenta in wild type 
compared to pan1;pan2 mutants. White arrows identify PATL1 localization to cell plate 
or lack thereof. Asterisks indicate guard mother cells. A-D and F-I show subsidiary 
divisions that were oriented normally; K-N show subsidiary divisions that were 
abnormally oriented; E and J show symmetric divisions 

 

Figure 23 reveals that the highest percentage of cells with PATL1 at the cell plate 

occurs slightly after cell plate attachment (Stage 3). The same pattern can be seen in both 

wild type and mutants indicating that there is also no difference in PATL1 recruitment or 

removal to and from the cell plate.      
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Figure 23: Quantitative analysis of the presence of PATL1 at various stages of 
subsidiary cell plate formation. Graph depicts the percentage of cells with PATL1 present 
at the cell plate in wild type compared to pan1;pan2 mutants where n= the number of cell 
plates examined in wild type and mutant combined.  

 

There does not seem to be any molecular differences with these five markers. 

Thus, whatever role PAN1 plays at the cell plate it does not seem to regulate the 

accumulation or removal of these five components.   

 

F. Western blot analysis of antibody specificity 

 Most of the antibodies used to tag the cell plate localized molecules were not 

directly raised against maize proteins and they have not been previously used in maize. 

ARF1, KNOLLE, and PAT-L antibodies were raised against Arabidopsis proteins. 



57 

 

SCAMP antibodies were raised against rice proteins. Regardless, they all seem to cross 

react with maize homologs, since these antibodies demonstrated the proposed protein 

localization at the cell plate. In addition, these antibodies produce the same pattern of 

localization in maize that it does in Arabidopsis or rice.  

 To further confirm that these antibodies do indeed cross react with maize 

homologs, a western blot was also done. Both soluble proteins and insoluble membrane 

proteins (pellet) were extracted from wild-type maize tissue at the same stage used for 

immunolocalization experiments and probed with each antibody. In Figure 24A, the 

western blot of ARF1 reveals a concentrated band around 17kDa in the soluble protein 

fraction as well as a less concentrated band in the corresponding insoluble protein 

fraction. The expected size of the ARF1 protein in Arabidopsis is 21kDa (Agrisera). 

Maize homolog of ARF1 was identified through maizesequence.org using BLAST. Top 

hits were also identified as ARF1 (GRMZM2G105996, GRMZM2G357399, 

GRMZM5G836182). This maize ARF1 protein sequence also has an expected size of 

21kDa, similar to the molecular mass of the predominantly recognized protein seen on 

the western blot. This further supports the conclusion that the ARF1 probe used in 

immunostaining is correctly labeling the ARF1 proteins in maize. 
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Figure 24: Western blot analysis of molecular markers. P corresponds to the pellet 
fraction and S corresponds to the soluble protein fraction. Green asterisks mark the band 
corresponding to the labeled protein of interest.       

 

 The SCAMP antibody used in immunostaining was raised against rice proteins. 

Having 4 transmembrane domains, SCAMP is found mainly in the cell membrane 

fraction and was shown to be approximately 37kDa in rice (Lam et al. 2007). The protein 

sequence used to generate the rice SCAMP antibody (as outlined in LAM et al., 2007) 

was used to identify the closest maize homolog. Top hit identified was a protein also 

annotated as SCAMP (GRMZM2G041181). The size of this protein was 34kDa. This 

corresponds to the concentrated band found in the pellet fraction on the western blot 

indicated by the green asterisk (Figure 24B). Results support the conclusion that the rice 

SCAMP antibody does recognize the SCAMP protein in maize.   

 KNOLLE and PATL antibodies were both raised against Arabidopsis proteins. 

KNOLLE protein has a predicted size of 34kDa (Lukowitz et al. 1996) but was detected 

at approximately 40kDa via western blotting and shown to be associated tightly with the 
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membrane (Lauber et al. 1997). The sequence of Arabidopsis KNOLLE outlined in 

Lauber et al., 1997 was used to identify related maize homologs. The most similar maize 

protein was identified as KNOLLE (GRMZM2G100478) with a size of 35kD. This 

closely corresponds to the apparent molecular mass of one of the prominent bands 

(marked with the green asterisk) identified in the membrane fraction via western blotting 

(Figure 24C) suggesting that the antibody is indeed correctly labeling KNOLLE protein 

in maize.    

In immunoblots of Arabidopsis roots, PATL1 was found in both soluble and 

insoluble fractions (Peterman et al. 2004). In the same study, the purified PATL1 had an 

apparent molecular mass of 105kDa even though the predicted size was 64kDa, which the 

authors attributed to poor SDS binding. The sequence coding for full length Arabidopsis 

PATL1 protein (as outlined in Peterman et al., 2004) was compared to maize genomic 

sequences using BLAST. The maize homologs (GRMZM2G081652) indicated had a 

molecular mass of 62kDa but similar to what was reported for Arabidopsis, the western 

blot displayed a distinct band at around 100kDa (green asterisk, Figure 24D) with other 

prominent bands in both soluble the membrane fractions all <55kDa. Results for this 

antibody seem less clear than others, but the ~100kDa protein recognized by anti-PATL1 

in the membrane fraction may correspond to a PATL1 maize homolog.           

Analysis of the western blots and maize genome sequences confirms that each 

probe reacts to maize proteins of the expected size, though often binding to additional 

proteins as well. These results help to confirm that the antibodies used detect homologs 

of the Arabidopsis and rice proteins they were raised against.  
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DISCUSSION 

 

 PAN1 is the first receptor-like protein identified in the cell plate. This suggests 

that some kind of receptor-mediated signaling may be involved in the process of cell 

plate formation. The details and mechanisms are still unknown but it was this potential 

involvement in signaling that opened up the many possibilities and theories that were 

investigated. Analyzing pan single and double mutants was the first step in trying to 

understand the role of PAN1 at the cell plate. Acriflavine and high concentration PI 

staining revealed that cell plate completion is not affected in pan mutants. Even though 

subsidiary cell plates in these pan mutants were often misoriented resulting in aberrant 

division planes, I found no evidence of defects in cell plates completion in SMCs or other 

leaf epidermal cell types.  

Comparing wild type and pan mutants also allowed for possible identification of 

molecular defects during cell plate formation. The molecular markers examined were not 

only available and cell plate localized but they were also deemed relevant based on 

previous research. For instance, previous research has shown that PAN1 at the SMC 

patch stimulates localized actin polymerization (Cartwright et al., 2009). It was thus 

hypothesized that PAN1 at the cell plate may stimulate actin polymerization to build the 

actin component of the phragmoplast. However, comparison of wild type and pan 

mutants using phalloidin staining revealed no apparent differences in actin composition 

in the phragmoplast.  Observation of these phragmoplasts also reemphasized the lack of 

failures in cell plate formation in pan mutants.  
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Analysis of the cell plate markers callose, ARF, SCAMP, KNOLLE, and PATL1 

in pan mutants also revealed no changes in recruitment or removal of these markers. 

Thus, PAN1 does not seem to regulate these five cell plate components, most of which 

are involved in membrane trafficking at the cell plate. However, there are many other cell 

plate components that have not been examined. Future tasks can include examining 

additional cell plate components for possible PAN1 involvement in recruitment or 

regulation. Alternatively, the lack of cell plate defects in pan mutants may be explained 

by functional redundancy. That is, PAN1 actions may be redundant with another related 

leucine rich repeat receptor like kinase that is still unknown. It may be that when pan 

mutants were observed there were no apparent abnormalities compared to wild type 

because the phenotype was rescued by this other unknown protein with similar functions.  

Previous research has shown that PAN1 at the SMC patch site is partially 

responsible for promoting SMC polarization, perhaps perceiving a polarizing cue sent 

from the GMC (Cartwright et al., 2009). However, its presence at the cell plate shows 

that PAN1 has a much broader function than previously thought, and is not exclusively 

dedicated towards perceiving GMC-derived cues. It is possible that PAN1 accomplishes 

something similar in both the SMC patch site and cell plate by engaging with the same 

ligand(s). If so, then a common ligand must be important for both polarity and cell plate 

formation, regulating a process important for both cell polarity and cell plate formation 

such as membrane trafficking. Membrane trafficking is well known to be a key process in 

cell plate formation (Jurgens 2005). Polarized vesicle trafficking is also crucial for 

polarized cell growth e.g. growth of pollen tubes (Moscatelli and Idilli, 2009). It is not 
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known whether membrane trafficking is important for polarization of cell division in 

plant cells, but it would not be surprising given the potential for polarized vesicle 

delivery and/or endocytosis to produce an unequal distribution of proteins at the cell 

surface. 

It is also possible that PAN1 may have different roles at the SMC patch site and at 

the cell plate. For instance, when at the SMC patch site PAN1 may be a receptor for 

polarizing cues but when at the cell plate PAN1 may act as a receptor for other ligands or 

cues entirely. Despite previous findings demonstrating the involvement of PAN2 and 

BRK1 in the PAN1 pathway at the SMC patch site, PAN2 and BRK1 are not present at 

the cell plate based on the observations of PAN2-YFP and BRK1-CFP plants. 

Examination of PAN1 in pan2 and brk1 mutants also revealed that even though PAN1 

accumulation at the SMC patch site was reduced in these mutants, PAN1 accumulation at 

the cell plate was not affected. Therefore, at the SMC patch site PAN1 acts downstream 

of PAN2 and BRK1 to promote SMC polarization but at the cell plate it does not. These 

findings lend support to the idea that PAN1 participates in a different pathway and thus 

may act as a receptor for different ligands at the cell plate compared vs. the SMC patch 

site. Future tasks will be to continue to analyze other possible interactors of PAN1 at the 

cell plate.             

Finally, it is quite possible that even though PAN1 localizes to the cell plate it 

may not actually play a role in cell plate formation at all. This is consistent with the 

findings in which no cell plate formation defects and no molecular defects involved in 

cell plate formation were observed. The idea that PAN1 may not be involved in cell plate 
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formation again begs the question of why it is localized at the cell plate. One hypothesis 

is that PAN1 is involved in cell plate anchoring at the division site rather than in the 

process of cell plate formation itself. For instance, TPLATE, an adaptin-like protein was 

shown to localize at cell plates and inhibition of TPLATE activity caused inadequate 

anchoring of cell plates but did not affect cell plate formation (Van Damme et al. 2011). 

A role for PAN1 in cell plate attachment rather than formation is consistent with the 

SMC cell plate orientation defects observed in pan single and double mutants. These 

mutants have pre-mitotic SMC polarity defects; prior studies have assumed that SMC 

division plane misorientation results from these polarity defects (Gallagher and Smith, 

2000; Cartwright et al., 2009). However, inability of SMC cell plates to attach efficiently 

to the parental wall at the completion of cytokinesis could also contribute to division 

misorientation in pan mutants, as they do in TPLATE mutants. 
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