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ABSTRACT OF THE THESIS 

 

Investigation of Roles For LRR-RLKs PNL1 and PNL2 in Asymmetric Cell Division 

in Arabidopsis thaliana 

by 

Maiti Celina Rodriguez 

Master of Science in Biology 

University of California, San Diego, 2008 

Professor Laurie G. Smith, Chair 

 

 Asymmetric cell division is a vital component of plant development.  It enables 

cell differentiation and cell diversity.  A key component of asymmetric cell division is 

cell signaling.  Signals are believed to control polarization and orientation of 

asymmetric divisions during stomatal development.  The findings of this report 

suggest that PNL1 and PNL2, two LRR-RLKs found in Arabidopsis and closely 

related to maize PAN1 LRR-RLK, are possibly involved in the signaling events 

occurring during the asymmetric divisions involved in stomatal complex formation.  

Upon disruption of normal PNL1 and PNL2 protein synthesis via insertion mutations, 

an apparent double stomata phenotype was observed characterized by two stomates 
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developing in direct contact and thus violating the one-cell-spacing rule.  The 

frequency of the double stomata was similar in both single and double mutants 

suggesting that PNL1 and PNL2 may function as a heterodimer.  Despite observing a 

low frequency of double stomata, the mutant phenotype was observed in both pnl1and 

pnl2 mutants and not in Columbia wild type.  Consistent with the mutant phenotype, 

YFP tagging of the PNL2 protein revealed expression in developing stomata of young 

leaf primordia.  PNL2 expression was observed in recently divided meristemoid cells, 

their neighboring sister cells and to a lesser extent in older sisters of the cell pair.  

These findings suggest that PNL2 may function as a plasma membrane localized 

inhibitory receptor that prevents stomata from forming adjacent to each other, yet 

more extensive research is necessary to acquire further knowledge as to how PNL1 

and PNL2 may function in developing stomata.
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INTRODUCTION 

 

Asymmetric Cell Division 

Asymmetric cell division is a process which enables diversity in cell type and 

function.  Daughters of asymmetric divisions adopt different fates, which is important 

for developmental purposes in many organisms.  Symmetric cell division differs in 

that the mother cell divides to create two equal daughter cells, both having the same 

properties (Hawkins and Garriga, 1998).  In plants, asymmetric divisions are thought 

to be controlled in part by signaling events that initiate a polarizing effect on the 

mother cell.  The polarization of the mother cell helps determine the plane of cell 

division and its orientation of division along the determined axis.  The signaling 

events can originate from either intrinsic or extrinsic sources and are activated in 

response to the developmental needs of the organism or to environmental factors 

(Scheres and Benfey, 1999).  Plants have been studied with respect to asymmetric cell 

division and its importance in the development.  One such example occurs during 

embryogenesis.  Evidence of asymmetry in the embryo sac even before fertilization 

has been observed in the form of a polarized nucleus and vacuole dependent upon the 

orientation of the female gametophyte axis (Mansfield and Briarty, 1991).  Following 

fertilization, elongation of the zygote occurs while it is still polarized and the first 

division occurs asymmetrically producing a small apical cell which serves as the 

progenitor of the embryonic tissue.  The other daughter cell of the first zygotic 

division is a larger basal cell that becomes the suspensor (Figure 1A).  The smaller, 

apical cell divides twice along the longitudinal axis followed by a transverse division.  
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Subsequent radial divisions give rise to the epidermis, ground and vascular progenitor 

cells.  Hypophysis divisions (hd) create the quiescent center (QC) progenitor. The 

basal cell divides solely along the horizontal axis and elongates the suspensor (Figure 

1B; Mansfield and Briarty, 1991).   

 

         

Figure 1: Two examples of asymmetric cell division in plant embryogenesis and root 

tip formation.  A, depicts how asymmetric divisions occurs in the growing siliques 

beginning with the zygote, which divides laterally to make two cells.  The smaller cell 

(a) eventually gives rise to the embryonic tissue progenitor cells via radial and 

hypophysis divisions (hd).  The larger daughter cell (b) becomes the suspensor.  B, 

shows asymmetric cell division in the root tip involving the cortical and endodermal 

initiation from a single stem cell called the cortex/endodermal initial.  Reproduced 

from (Heidstra, 2007). 

  

Another significant illustration of asymmetric cell division in plants involves 

development of the endodermal and cortical cell files in the root tip (Scheres and 

Benfey, 1999).  As illustrated in Figure 1B, the origin of these cell layers is the ground 

tissue stem cell in the root meristem called the cortex/endodermis initial (CEI).  The 

first division occurs transversely and asymmetrically, producing a new initial cell and 
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a daughter cell that later divides to create the first endodermal and cortical cells that 

will divide further to create more of each lineage (Scheres and Benfey, 1999). 

 

Asymmetric Cell Division in Maize: Stomatal Complex Formation 

In maize, studies of asymmetric cell divisions have focused mainly on the 

divisions giving rise to stomatal complexes.  The stomatal complex in plants functions 

as a   pore through which gas exchange occurs.  Maize, which is a monocot of the 

grass family, has a 4-celled stomatal complex.  This formation of the complex 

involves an invariant sequence of asymmetric cell divisions (Stebbins and Shah, 1960, 

Giles and Shehata, 1984).  The first division is an asymmetric transverse division that 

makes a guard mother cell (GMC) (Figure 2).  Following this event the GMC is 

thought to signal to the subsidiary mother cells (SMCs) located on each side of the 

GMC.  The hypothetical signal stimulates polarization of the SMCs with respect to the 

GMC.  SMC polarization includes a local accumulation of cortical F-actin within the 

SMC at the site where it contacts the GMC and migration of the premitotic nucleus to 

this site (Figure 2; Galatis and Apostolakos, 2004).  The F-actin patch has been 

suggested to help maintain the attachment of the dividing nucleus during the SMC 

division although, its role in the polarization event is not well understood (Galatis and 

Apostolakos, 2004).   Following nuclear migration and actin patch formation, an 

asymmetric preprophase band comprised of microtubules and F-actin forms in the 

future plane of division and persists throughout prophase (Figure 2). SMCs then enter 

mitosis, dividing asymmetrically to form subsidiary cells.  Subsequently the GMC 

divides symmetrically and longitudinally to form a guard cell pair (Figure 2).  The 



4 

 

 

daughter cells created by SMC divisions differentiate to become subsidiary cells 

which participate in the regulation of the opening and closing mechanism of the 

stomata (Scheres and Benfey, 1999).   

 

Figure 2: Stomatal division in grasses (e.g. maize).  The division sequence begins 

with the guard mother cell (GMC) and two adjacent cells called the subsidiary mother 

cells (SMC).  The development of the 4-celled complex involves polarization of the 

actin patch to the GMC-SMC point of contact while the preprophase band (PPB) 

determines the plane of division.  In order for the subsidiary cells to form, intracellular 

signaling between the GMC and the SMC communicates the proper orientation 

information. 

 

Asymmetric Cell Division in Arabidopsis thaliana 

Stomatal development in Arabidopsis and other dicots also involves 

asymmetric cell division but the division sequence is different and less predictable 

(Figure 3, Geisler et al. 2000).  Arabidopsis does not have subsidiary cells -  their 

stomata consists only of a guard cell pair.  Stomatal development in dicots such as 

Arabidopsis begins with an asymmetric division, the smaller daughter of which is a 

stomatal precursor called a meristemoid. The larger daughter cell can either 

differentiate into a pavement cell or can divide asymmetrically again to make another 
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meristemoid.  When this occurs, the second asymmetric division is usually oriented 

such that the new meristemoid is not directly adjacent to the first one. A meristemoid 

may become a GMC without dividing again, or may divide asymmetrically again, 

producing another meristemoid/pavement cell pair. Every lineage initiated by an 

asymmetric, meristemoid-forming division ultimately produces a single GMC.  This 

GMC will subsequently divide symmetrically to form the two guard cells of the 

stomate (Figure 3; Hara et al., 2007). 

 
Figure 3: Stomata formation in Arabidopsis.  An asymmetric division creates a 

meristemoid cell (red) and an unspecialized sister cell.  The meristemoid cell may 

divide symmetrically to make the guard cell pair (green) or may itself divide again to 

make another sister cell.  The process may occur multiple times before the 

meristemoid becomes a guard cell pair. 

 

Receptor-Like Kinases in Plants 

In plants, a wide variety of processes have been shown to be regulated in part 

by receptor-like kinases (RLKs).  The RLKs are the largest family of receptor-like 

proteins in plants.  In Arabidopsis alone, there are more than 600 RLKS and 1100 

others in rice.  Arabidopsis and maize RLKs share many similarities reflecting 

common ancestry of monocots and dicots.  The fact that rice RLKs are more numerous 

is suggested to be a result of lineage specific expansions in the rice RLKs following 

the point at which the monocots and dicots diverged in evolution.  As a result, there 
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are RLKs found in rice that have no orthologs in Arabidopsis, yet there are no 

Arabidopsis specific RLKs lacking orthologs in rice (Morillo and Tax, 2006).                                               

The defining features of RLKs include an N-terminal signal sequence, an 

extracellular domain that varies depending on the subfamily identity, a single 

membrane spanning region and a cytoplasmic protein kinase catalytic domain (Torii 

and Clark 2000).  The plant RLKs are further categorized into six subfamilies based 

on the identities of their extracellular domains, which are thought to be involved in 

ligand binding.  The first type of plant RLK is the S-domain class, which refers to a 

receptor for S-locus cysteine rich protein (SCR) and is a pollen derived ligand 

involved in the self-incompatibility recognition process between pollen and stigma.  

The second type is the TNFR (Tumor necrosis factor receptor) class. It is also called 

the CRINKLY4 (CR4) class, named after maize CR4. This class of RLKs has TNFR-

like repeats, six conserved cysteines, and seven repeats of ~39 amino acids.  This RLK 

has been shown to be important for correct differentiation in the epidermis.  The third 

class is the EGF (epidermal growth factor) class, which also has six conserved 

cysteines, and is suggested to play a role in protein-protein interactions.  The fourth 

class is the PR (pathogen related) class and due to its similarity to PR5 (pathogenesis 

related protein 5) in Arabidopsis, it is also thought to be involved in the pathogenesis 

response.  The lectin class is the fifth type of RLK found in plants.  It has an 

extracellular domain that is homologous to carbohydrate-binding proteins found in the 

legume family. Its function is not entirely known but due to its structure, it is likely to 

function in the oligosaccharide-mediated signal transduction pathway.  The final class 
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of RLKs in plants is the leucine rich repeat receptor -like kinases (LRR-RLK) which 

make up the largest group of RLKs in plants (Torii, 2004).   

 

Leucine-Rich Repeat Receptor-Like Kinases 

Leucine-rich repeat receptor-like kinases (LRR-RLKs) consist of an N-

terminal domain with tandem repeats of 24 amino acids that have conserved leucines.  

There is also a central transmembrane domain and a C-terminal serine/threonine 

kinase domain that is intracellular.  LRR-RLKs are involved in many processes in 

plants.  They have been shown to play vital roles in pathogenesis, cell division and 

various aspects of development.  These membrane bound receptors serve as signal 

transducers which respond to ligands that bind to the extracellular domain of the LRR-

RLK.  Ligand binding causes phosphorylation of an intracellular kinase domain and 

initiates a signaling cascade, which activates the appropriate cellular response (Morillo 

and Tax, 2006).   Although the roles of many LRR-RLKs in various processes are at 

least partially understood, very few corresponding ligands have been identified.  

Moreover, the downstream effects of activating most LRR-RLKs have yet to be 

thoroughly explained.  A few of the best understood plant LRR-RLKs are discussed 

below. 

 

BRASSINOSTEROID INSENSITIVE 1 (BRI1) 

Among the few LRR-RLKs with known ligands BRASSINOSTEROID 

INSENSITIVE 1 (BRI1) is involved in plant steroid hormone signaling (Bishop and 

Koncz, 2002).  The BRI1 gene has multiple mutant alleles and was identified by 
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analysis of bri mutants in Arabidopsis, which exhibit a mutant phenotype of 

brassinosteroid insensitivity.  Brassinolide (BL), a growth promoting plant steroid 

belonging to the brassinosteroids (BRs), is a ligand for BRI1 in Arabidopsis (Bishop 

and Koncz, 2002).  Not only has this functional relationship been identified in 

Arabidopsis but there are orthologs found in rice, tomato and pea as well, indicating 

the great significance of BL and BRs in plants (Bishop and Koncz, 2002).  Plants have 

a different method of communicating steroid signals compared to animals.  Animals 

utilize a mechanism in which steroid hormones are bound to cytoplasmic steroid 

receptors.  Once bound, the receptor complex migrates to the nucleus where it either 

initiates or prevents transcription of hormone-regulated genes (Beato et al, 1995).  In 

contrast, plants do not have nuclear or cytoplasmic steroid receptors and instead utilize 

a steroid signaling pathway involving cell surface receptors such as BRI1. 

The BRI1 LRR-RLK is plasma membrane-associated and has been suggested 

to function in cell expansion and growth regulation in response to hormones (Li and 

Chory, 1997).  It has an N-terminal signal peptide and an extracellular domain of 25 

leucine-rich repeats characteristic of the LRR-RLK family.  Additionally, BRI1 has a 

70-amino-acid loop-out “island” between the 21
st
 and 22

nd
 repeats.  This “island” is 

important for either direct binding of BL or serves to facilitate proper folding and 

interaction with accessory proteins, such as a sterol binding protein, necessary for 

proper recognition of BL (Bishop and Koncz, 2002).  Regulation of BRI1 may be 

achieved by a kinase-associated protein phosphatase (KAPP), which would inactivate 

BRI1 via interaction with a receptor complex (Bishop and Koncz, 2002).  Downstream 

effects of BRI1 activation include autophosphorylation and phosphorylation of other 
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substrates such as BAK1, which is another LRR-RLK.  One model for BRI1 function 

suggests that BRI1 forms a homodimer following BL binding, which causes 

phosphorylation of BAK1 (Morillo and Tax 2006).  BRI1 experiments were also 

shown to affect genes controlling synthesis of brassinosteroids and although more 

factors in the BL signaling remain to be investigated, BRI1 clearly plays a vital role in 

BL function (Bishop and Koncz, 2002). 

 

CLAVATA (CLV) 

Another LRR-RLK pathway found in Arabidopsis, is the CLAVATA signaling 

pathway which operates in the maintenance of meristem size (Yu et al., 2000).  The 

shoot apical meristem is responsible for initiating the lateral organs of the shoot.  

Some cells of the apical meristem differentiate and form lateral organs, while others 

remain undifferentiated and maintain the organ-forming capability of the meristem. 

Known elements of the CLAVATA (CLV) pathway include CLV1, CLV2, and CLV3.  

Mutations in all three CLV genes cause enlargement and accumulation of 

undifferentiated cells in vegetative and floral shoot apical meristems.     

Plants homozygous for clv1 and clv3 mutations have the same phenotype and 

have been shown to be mutually epistatic, thus CLV1 and CLV3 are involved in the 

same pathway.  The clv2 mutant has a weaker phenotype than clv1 and clv3, but also 

affects the development of other organs such as stamens and gynoecia indicating that 

it functions in the same pathway as CLV1 and CLV3 to regulate meristem size, but 

also plays a role in organ development via an alternate pathway.   
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CLV1 is an LRR-RLK, CLV2 is a receptor-like protein, which has a leucine-

rich repeat extracellular domain but lacks a functional cytoplasmic signaling domain, 

and CLV3 is a secreted protein (Jeong et al., 1999).  CLV1 and CLV2 form a 

heterodimeric complex that can exist in two forms (Bishop and Koncz, 2002).  The 

first form is a small complex consisting only of CLV1 and CLV2.  The second form is 

a larger complex that also includes a kinase-associated protein phosphatase (KAPP) 

and a rho GTPase-related protein.  While the rho-related protein is thought to be 

involved in signaling to downstream targets, KAPP serves as a negative regulator 

(Bishop and Koncz, 2002).   CLV3 has been proposed to function as the ligand for the 

CLV1/CLV2 receptor complex (Rojoa et al., 2002).  In addition, downstream elements 

of the CLV pathway have also been identified.   Wuschel (WUS) and POLTERGEIST 

(POL) are transcription factors that have been shown to function redundantly to 

regulate shoot meristem development and likely function to maintain the 

undifferentiated state of cells in the meristem.  The findings that pol suppresses even 

null clv alleles and that recessive wus mutations become semi-dominant in pol mutant 

backgrounds support the theory that WUS and POL work together downstream of CLV 

(Yu et al., 2000). 

 

TOO MANY MOUTHS, ERECTA family and EPF1 

Recent research has elucidated the probable involvement of leucine-rich repeat 

receptor-like proteins in stomatal development of Arabidopsis (Bergmann and Sack, 

2007).  As previously mentioned, intercellular signaling is thought to be involved in 

polarizing and orienting asymmetric cell divisions during stomatal development.  In 
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dicots such as Arabidopsis, cues sent from an already formed stomate or meristemoid 

appear to signal cells nearby to ensure that their asymmetric divisions are oriented so 

as to position new meristemoids distally.  This ensures that the “one-cell-spacing” rule 

is followed, meaning that at least one pavement cell is between each guard cell pair.  

Neglect of the “one-cell-spacing” rule is apparent in tmm mutants, which exhibit a 

tendency for stomatal cells to cluster together with two or more stomata right next to 

each other, suggesting a role for TMM in the “divide away” intercellular signaling 

process (Geisler et al., 2000).  In addition, a larger than normal proportion of 

epidermal cells form meristemoids in tmm mutants, suggesting that TMM also 

suppresses asymmetric, meristemoid-forming divisions (Geisler et al, 2000).  TMM is 

not a LRR-RLK, but has an LRR domain and a transmembrane domain.  It lacks an 

intracellular domain, but is localized at the plasma membrane in cells capable of 

becoming meristemoids (Nadeau and Sack, 2002)   

The stomatal clustering phenotype is also found in several other mutants 

including stomatal density and distribution 1 (sdd1), yoda (yda), and a triple mutant of 

erecta (er), erecta-like1 (erl1), and erl2 (Bergmann and Sack, 2007).  LRR-RLKs of 

the ER family have been suggested to work together in a complex with TMM (Shpak 

et al., 2005).  However, since ER family proteins have a wider range of functions, it 

has been suggested that TMM serves as a specificity component of the complex with 

the ER proteins serving as the signal transmitter for downstream targets.  YDA, which 

is a mitogen-activated protein kinase kinase kinase (MAPKKK) may serve as a 

downstream target and functions as a switch that controls whether a cell becomes a 

stomatal cell or a pavement cell (Bergmann et al., 2004).  SDD1’s role in stomatal 
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density and patterning involves its ability as an extracellular-localized subtilisin 

protease to process a mobile signal that is yet to be identified (Berger and Altmann, 

2000).    While many details of the putative TMM/ER/ERL/YDA/SDD1 pathway 

remain to be elucidated, MYB family transcription factors appear to function as 

downstream effectors in this pathway to regulate cell division and differentiation in 

the stomatal lineage (Ohashi-Ito and Bergmann, 2006, MacAlister et al., 2007, 

Pillitteri et al., 2007).   

Recent advances in this particular subject have revealed a putative secreted 

peptide, EPIDERMAL PATTERNING FACTOR 1 (EPF1), as a possible ligand for 

TMM/ER/ERL (Hara et al., 2007).  When EPF1 is over-expressed, there is a 

significant decrease in the number of stomata, while stomatal clustering was observed 

in epf1-1 loss of function mutants.  Moreover, stomatal clustering in epf1-1 mutants is 

dependent on TMM function, suggesting that EPF1 acts upstream of TMM.  The 

current model for the pathway proposes that SDD1 cleaves the EFF1 peptide therefore 

activating it.  EPF1 then serves as a ligand for TMM and the ER family, which 

communicates the signal for positional information via the YDA signaling cascade 

(Hara et al., 2007). 

 

Maize PAN1  

In an attempt to further understand the role and mechanism of asymmetric cell 

division in plants, the Smith lab has been studying the pangloss 1 (pan 1) gene of 

maize.  PAN1 has been shown to be involved in epidermal cell polarization as 

indicated by the fact that pan1 mutants manifest various defects in the formation of 
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subsidiary cells of the stomatal complex.  In wild type plants, the GMCs have been 

proposed to function as the initiators of SMC polarization and division.  Thus the 

GMC is thought to send a signal to the SMC, which induces the SMC nucleus to move 

towards the junction between the SMC and the GMC and then divide asymmetrically 

to form the subsidiary cell (Stebbins and Shah, 1960).  As the nucleus migrates, a 

cortical F-actin patch forms within the SMC at the site of contact with the GMC and 

this actin patch persists throughout the remainder of the cell cycle (Gallagher and 

Smith, 2000).   In pan1 mutants, the SMC does not polarize correctly and although the 

actin patch forms, it is delocalized in mutants, spreading away from the site of GMC-

SMC contact (Figure 4; Gallagher and Smith, 2000 and Cartwright and Smith, 

unpublished). 

 

Figure 4: Depolarization of SMC F-actin patches in pan mutants of maize. The wild 

type sample (left) shows cortical F-actin staining, which is shown to accumulate at the 

GMC-SMC junction.  In pan1 and pan2 mutants (illustrated here for pan1only), the 

cortical F-actin is still present, but delocalized along the SMC.  Delocalization of actin 

patches is seen in wild type only 7.1%, but 60.8% in pan1 mutants and 38.7% in pan2 

mutants. 

 

PAN1 was initially identified in a Mutator transposon active background and 

as such was likely caused by a Mu insertion.  The DNA fragment containing the 

 wild type pan1 



14 

 

 

insertion was identified and cloned for further analysis (Cartwright and Smith, 

unpublished).  The insertion was detected in a gene that encodes for a 662 amino acid 

receptor-like protein consisting of an N terminal signal sequence, an extracellular 

domain with five leucine rich repeats and an intracellular C-terminal domain with a 

serine/threonine kinase domain.  Directed mutagenesis was used to find more pan1 

alleles and confirm the identity of the pan1 gene.  This was achieved by using EMS 

mutagenized wild type pollen and crossing it to pan1/pan1 mutant ears.  The progeny 

of this cross were analyzed for any sign of a mutant phenotype similar to pan1.  This 

strategy yielded a second mutant allele isolated of pan1.  The new EMS mutant allele 

has a premature stop codon in the LRR-RLK gene at amino acid 47 (Cartwright and 

Smith, unpublished).  The isolation of another mutant allele enabled confirmation of 

the pan1 gene and further supported the likelihood of its importance in the GMC-SMC 

cell communication.   

Studies with a PAN1 specific antibody have revealed that PAN1 protein is 

found in the membrane fraction of plant extracts, as expected, and that PAN1 

accumulates in polarized SMCs at the site of contact with the GMC in the form of 

localized PAN1 patches (Figure 5; Humphries and Smith, unpublished). Local 

accumulation of PAN1 is observed shortly after the GMC forms and before the 

nucleus migrates towards the SMC-GMC junction.  Interestingly, the PAN1 

localization remains at the point of contact between the GMC and the SMC after the 

guard mother cell has divided.  The implications of this finding are not clear, yet more 

analysis is pending.   
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Figure 5: PAN1 immunolocalization (PAN1 staining in green, nuclear staining in 

red).  PAN1 appears at the SMC-GMC junction shortly after GMC formation (GMC2) 

before the nucleus polarizes and persists throughout polarization and division 

(GMC4).  PAN1 is still present following the guard cell division.  Arrowheads 

indicate examples of PAN1 patches in both images at various stages. U=unpolarized 

nucleus, P=polarized nucleus, D=divided SMC. 

  

 

PAN1 has also been examined in reference to its colocalization with actin in 

order to determine its possible role in facilitating F-actin accumulation.  Double 

labeling with anti-PAN1 and anti-actin antibodies reveals PAN1 colocalization with 

actin patches, yet PAN1 again remains at the site of SMC-GMC contact after the actin 

patch has disappeared (Figure 5 right; Humphries and Smith, unpublished).  From this 

analysis, it can be hypothesized that PAN1 is involved in transmission of a GMC-

derived signal that localizes actin polymerization in the SMC cortex to the site of 

contact with the GMC, but the observation of its persistence in the cell following 

division has not been explained.  From analyzing the mutant phenotype it was 

apparent that PAN1 does not act alone as the sole receptor of the putative GMC-
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derived polarizing cue due to the persistence of some aspects of SMC polarization in 

pan1 mutants, so clearly PAN1 does not function alone .  

In addition to pan1, mutations in a second gene, pangloss2 (pan2) cause a very 

similar phenotype with defects in subsidiary cell divisions, albeit to a lesser degree 

than pan1 mutants.  In order to determine if the pan2 mutant affects PAN1 localization 

and function, pan2 mutants were analyzed for the presence of PAN1 protein and it’s 

localization at the site of SMC-GMC contact.  This experiment revealed that pan2 

mutants still have PAN1 protein in the membrane fraction, but this protein does not 

properly accumulate at the SMC-GMC contact site as in wild type plants (Humphries 

and Smith, unpublished).  This shows that PAN2 is necessary for proper localization 

of PAN1, suggesting that it functions together with PAN1.  A complete understanding 

of the relationship between PAN1 and PAN2 awaits the cloning of pan2.   

Another important fact regarding PAN1 is that although it has a putative 

serine/threonine kinase domain, it lacks a lysine residue that is present in all active 

kinases and lacks kinase activity (Humphries and Smith, unpublished).  This finding 

suggests that PAN1 either serves as a scaffolding protein or functions in association 

with an active kinase to phosphorylate downstream targets and thereby localize actin 

polymerization. Western blot analysis using anti-phosphoamino acid antibodies 

revealed a ~50 kD membrane associated phosphoprotein that is present in wild type 

extracts, but is reduced or absent in pan1 and pan2 mutants (Humphries and Smith, 

unpublished).  This protein is not PAN1itself, which is much larger.  These results 

suggest the existence of an active kinase (perhaps the 50 kD protein itself) whose 

activity requires PAN1 and PAN2.  In summary, although their involvement in SMC 
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polarization has yet to be fully elucidated, PAN1 and PAN2 have been suggested to 

play a significant role in GMC-SMC communication and the resulting downstream 

processes leading to polarization and asymmetric division of SMCs.   

 

Arabidopsis PAN1-like and PAN2-like 

Research regarding PAN1 and asymmetric cell division processes during 

stomatal development has raised questions as to whether or not orthologs of PAN1 

exist in other plant systems such as Arabidopsis.  The motivation for such interest 

stems from the argument that if orthologs of PAN1 exist in Arabidopsis some 

experimental approaches to further investigate their function would be more efficient 

in that system. As discussed earlier, Arabidopsis undergoes a different process of 

asymmetric cell division to form stomata compared to maize. Although intercellular 

signaling has been implicated in the orientation of meristemoid-forming divisions, 

stomatal development in Arabidopsis lacks an intercellular signaling event that is 

obviously analogous to the GMC-SMC signaling event in which PAN1 functions.  

Nevertheless, PAN1 orthologs may still be a component of an intercellular signaling 

event in Arabidopsis resulting in asymmetric cell division and polarization events 

during the development of stomata and/or other cell types.   

To identify PANl orthologs in Arabidopsis, a BLAST search of the 

Arabidopsis  genome was conducted and disclosed the identity of 2 LRR-RLKs that 

are the closest relatives of maize PAN1: PNL1 and PNL2 (PAN-like1 and 2), which 

are 70% identical to each other.  More distantly related Arabidopsis LRR-RLKs 

showed more similarity to other rice LRR-RLKs than to the rice PAN1 ortholog and 
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therefore were not included in the scope of this project.  Microarray analysis revealed 

expression of both genes in shoot apices, leaf primordia, and embryos, but not in 

mature leaves or immature leaves undergoing post mitotic cell expansion (Figure 6a 

and Figure 6b).  Thus PNL1 and PNL2 are expressed at developmental stages when 

cell division and cell fate determination are occurring, consistent with a role in 

asymmetric cell division.   

Similar to PAN1, PNL1 and PNL2 also lack the critical lysine residue that is 

conserved in all active kinases (Figure 7) suggesting that PNL1 and PNL2 are also 

inactive kinases and may also interact with a yet to be identified active kinase to 

initiate downstream processes. 
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Figure 6a: Microarray Analysis of PNL1 expression.   A gradient from yellow to red 

indicates the level of expression.  Yellow shading indicates no PNL1 expression while 

red indicates the highest degree of expression.  PNL1 is highly expressed in the shoot 

apex and to a lesser extent in the flowers.  Acquired from 

http://bbc.botany.utoronto.ca. 

 

 

 

 

At3g57830 (PNL1) 
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FIGURE 6b: Microarray Analysis of PNL2 expression.  PNL2 is highly expressed in 

embryos as indicated by the red shading and is expressed to a lesser degree in shoot 

apex and the vegetative rosette.  Acquired from http://bbc.botany.utoronto.ca. 

At2G42290 (PNL2) 
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*PAN1 --MELEELLRASAYVVGKSRGGIVYRVVPGR-----------GPAVAVRRLSEPDDGDSD

*RiceXP4832 --MELEELLRASAFVVGKSRGGIVYRVVPGH-----------GPAVAVRRLSEPDDGDG-

*AtPNL1 FELELEDLLRASAYVVGKSRSGIVYRVVAGMGSGTVAATFTSSTVVAVRRLSDGDA----

*AtPLN2 FELELEDLLRASAYVIGKSRSGIVYRVVAAE---------SSSTVVAVRRLSDGND----

*Rice_AAX96 --MELDELLRSSAYVLGKGGKGIVYKVVVGNGT----------TPVAVRRLGGGAAA---

*At1g67510_ --FELDELLRASAYVLGKSGLGIVYKVVLGNG-----------VPVAVRRLGEGGE----

*BRI1_Arab_ --------FHNDS-LIGSGGFGDVYKAILKDG-----------SAVAIKKLIHVSG----

*LePRK1_tom --------LKASAEILGSGVFGSTYKAALSRG-----------RVMVVKRFRQMNN----

*active kinases

 

Figure 7:  Alignment of a portion of the kinase domain of several rice and 

Arabidopsis LRR-RLKs.  This alignment shows the comparison between kinase 

domains at the critical position highlighted by the red rectangle.  All known active 

kinases including BRI1 in Arabidopsis and LePRK1 in tomatoes have a conserved 

lysine residue at this position, which is replaced by arginine in PAN1, the rice PAN1 

ortholog and PNL1 and PNL2. 

 

 

 

 

 

 

 

 

 

 

 



 

 

22 

MATERIALS AND METHODS 

 

Plant Growth 

The Arabidopsis thaliana plants were grown in a growth room at 25 � C under 

a light cycle of 16-hour light/8 hour dark.  After seeds were spread on soil, pots were 

placed in trays, covered with humidity domes and placed in a cold room set at 4 � C 

for 3-5 days before moving them to the growth room.  Humidity domes were removed 

2-3 days following placement in the growth room and plants were watered every 3 

days.  When plants begin to bolt at around 2-3 weeks, fertilizer and Merit were given 

to the plants via mixing with their water and sprayed with Bulls-Eye.  

 

Acquisition of PNL1, PNL2 Mutants 

The PNL1 (At3g57830) mutant allele pnl1-A (Columbia background; 

SALK_091148) was acquired from ABRC and contains a T-DNA insert at the 

beginning of exon 1.  The pnl1-C mutant (Columbia background; SALK_070935) was 

also acquired from ABRC and has a T-DNA insert in the middle of exon 2.  GABI-

Kat/ADIS provided the pnl1-B mutant (GABI-Kat_676F05) as well as the pnl2-A 

(GABI-Kat_326A08) mutant in PNL2 (At2g44290) both in the Columbia background.  

The pnl1-B mutant has a T-DNA insert positioned at the end of exon 1.  The pnl2-A 

mutant has a T-DNA insertion site is 180 bp upstream of the PNL2 gene.  The final 

mutant allele pnl2-B (pst14118) was provided by Riken GSC and is the only allele in 

the No-0 (Nossen) background.  The pnl2-B allele has a Ds transposon insertion in the 

middle of exon 1 of PNL2.



23 

 

 

 

Genotyping for Mutants 

Plants were genotyped in order to identify homozygous mutants for each 

insertion (Figure 8).  Genomic DNA was isolated from each plant by using a fast DNA 

mini-prep protocol.  Two small leaves were cut from each plant at a young age and 

finely ground using a microcentrifuge tube and a plastic pestle.  Once the tissue was 

ground down, 500 µL of extraction buffer (1M Tris pH 7.5, 5M NaCl, 0.5 M EDTA, 

10% SDS, water to volume) and isopropanol (1:1) was added and mixed by further 

pestle grinding.  The tubes were then centrifuged for 6-8 minutes at the highest speed 

(~14,000 rpm).  The supernatant was discarded and the tubes were placed upside-

down on tissue paper and allowed to dry for 10-20 minutes.  When the tubes were dry, 

500 µL of 75% ethanol was added and the tubes were centrifuged for 2-5 minutes 

again at 14,000 rpm.  The supernatant was decanted and the tubes were placed on 

tissue paper to dry again.  Following a drying period of 10-20 minutes, 100 µL of H2O 

was added to each tube and vortexed for 5 seconds.  The tubes sat for 10 minutes 

before they were centrifuged for 1-2 minutes at 14,000 rpm.  At this point the DNA 

was ready to use in a PCR reaction. 

PCR was used as a method of identifying the plants that have the mutant allele.  

The primers used during PCR are listed in TABLE 1a.  A set of gene specific primers 

were used to verify that the wild-type allele was not present.  The gene specific 

primers span the T-DNA or transposon insertion and therefore should not amplify a 

product from DNA of homozygous mutants.  In addition to the gene specific pair, 
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there was also a T-DNA specific pair of primers used to verify that the T-DNA 

insertion was present. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



25 

 

 

pnl1-A: Gene Specific Primers                        pnl1-A: Gene Specific + T-DNA Primers 

                        
Sample#: 1       2      3       4                                1        2        3         4 

1= homozygous mutant, 2= heterozygous, 3= homozygous WT 

 

pnl1-B: Gene Specific Primers                pnl1-B: Gene Specific and T-DNA Primers 

                 
Sample#:   1       2       3      4     5                                         1       2        3        4      5 

1= homozygous mutant, 2= heterozygous, 5= homozygous WT 

 

pnl1-C: Gene Specific Primers                             pnl1-C: Gene Specific + T-DNA Primers 

                             
Sample#:  1      2      3      4      5                                         1       2     3      4      5 

2= homozygous WT, 3= heterozygous, 4= homozygous mutant 

 

pnl2-A: Gene Specific Primers                              pnl2-A: Gene Specific +T-DNA Primers 

                               
Sample#:       1        2         3                                                     1        2         3 

1= homozygous mutant, 2= homozygous WT, 3= heterozygous 

 

pnl2-B: Gene Specific Primers                   pnl2-B: Gene Specific + DS Primers 

                             
Sample#:        1         2         3                                                    1          2         3 

1= homozygous WT, 2= heterozygous, 3= homozygous mutant 

 

Figure 8: Samples from PCR genotyping are shown depicting the method by which 

homozygous mutants were identified.  The lanes are numbered and one sample of each 

genotype is denoted including wild type (WT) homozygotes without a mutant 

insertion and heterozygotes with one mutant allele and mutant homozygotes with 

insertions in both alleles. 
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TABLE 1a: Primers used for genotyping 

GS= Gene Specific pair, T-DNA or Ds = insert specific pair 

Allele  Primer Name Sequence 

GS PNL1-F3 

PNL1-B5 

5’ TCCTCCTCACTGAATCCAGATGG 3’ 

5’ CGAACGCTGTTGGTCCTTGG 3’ 

pnl1-A 

T-DNA  PNL1-1F 

SALK_T-DNA  

5’ TCCAACACTTTTTAAGCTCCC 3’ 

5’ CCGTCTCACTGGTGAAAAGAA 3’ 

GS PNL1-10F 

PNL1-2R 

5’CTCTCTTAAACCAAGGACCAACAG 3’ 

5’ CAATCAACTGGTTCAAGAGCAC 3’ 

pnl1-B 

T-DNA  PNL1-10F 

GABI-Kat_T-DNA  

5’CTCTCTTAAACCAAGGACCAACAG 3’ 

5’ CCCATTTGGACGTGAATGTAGACAC 3’ 

GS PNL1-8F 

PNL1-5R 

5’ TTGATTTTTTTGTAGGTGGACC 3’ 

5’CGGCTTCTCTTCCTTGACC 3’ 

pnl1-C 

T-DNA  PNL1-8F 

SALK_T-DNA  

5’ TTGATTTTTTTGTAGGTGGACC 3’ 

5’ CCGTCTCACTGGTGAAAAGAA 3’ 

GS PNL2-1F 

PNL2-1R 

5’ CAAAAACCCAAAACGCAAAT 3’ 

5’ AACCGAGTTCTGATGGAATGTAAC 3’ 

pnl2-A 

T-DNA  GABI-Kat_T-DNA  

PNL2-1R 

5’ CCCATTTGGACGTGAATGTAGACAC 3’ 

5’ AACCGAGTTCTGATGGAATGTAAC 3’ 

GS PNL2-3F 

PNL2-3R 

5’ CGACCCGACCCGAGTAATG 3’ 

5’ ACGATTCCGCCGCCACTAC 3’ 

pnl2-B 

Ds  DS 3-4 

PNL2-4R 

5’ CCGTCCCGCAAGTTAAATATG 3’ 

5’ AGCCTTCTAACGGCGACAAC 3’ 

 

Table 1b: Primers for YFP Construct 

Gene Primer Name Sequence 

PNL1 PNL1-P1sal1 

PNL1-P2bkpn1 

5’ATGTCGACTATCGCAAGTTAGGGTGAAAAG 3’ 

5’ AGTCCGGTACCCCGTCCGATTTGATCCGGCCGA 3’ 

PNL2 PNL2-P1sac1 

PNL2-P2bkpn1 

5’ AGTGAGCTCTTTATGGGGTTTGGAGAGACGA 3’ 

5’ AGTCCGGTACCCCTTTGATCCGACCTAGAATTTCAGAC 3’ 
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Table 1c: Primers used for Sequencing 

Used for Primer 

Name 

Sequence 

pGEM, pEZRK-LNY sequencing PNL1-1F 5’ TCCAACACTTTTTAAGCTCCC 3’ 

pGEM, pEZRK-LNY sequencing PNL1-6F 5’ GCATAGAGTTGAGATTTTTTTCCAG 3’ 

pGEM, pEZRK-LNY sequencing PNL1-10F 5’CTCTCTTAAACCAAGGACCAACAG 3’ 

pEZRK-LNY sequencing PNL1-11F 5’GCCAAGTAATGTTCACCAGC 3’ 

pEZRK-LNY sequencing PNL1-12F 5’ TACATACGCAACGGCAGC 3’ 

pGEM, pEZRK-LNY sequencing PNL1-2R 5’ CAATCAACTGGTTCAAGAGCAC 3’ 

pGEM, pEZRK-LNY sequencing PNL1-6R 5’ AGCCTTCTGGTTTTGGAGCG 3’ 

pEZRK-LNY sequencing PNL1-7R 5’ AGAGAGAGAGACGAGGGAAG 3’ 

pEZRK-LNY sequencing PNL1-8R 5’ GAAGCCTGAGATGCGAGG 3’ 

pGEM, pEZRK-LNY sequencing PNL2-1F 5’ CAAAAACCCAAAACGCAAAT 3’ 

pGEM, pEZRK-LNY sequencing PNL2-5F 5’ CCCGACTCCTTGC 3’ 

pGEM, pEZRK-LNY sequencing PNL2-6F 5’ CTGAACTCGGAAGCCTCG 3’ 

pGEM, pEZRK-LNY sequencing PNL2-7F 5’ CCTCTGCTTGATCTGCCTTG 3’ 

pEZRK-LNY sequencing PNL2-9F 5’ CCGTTAGAAGGCTCAGCG 3’ 

pGEM, pEZRK-LNY sequencing PNL2-5R 5’ GCAGAATTAGCACCAAAATAGGA 3’ 

pGEM, pEZRK-LNY sequencing PNL2-6R 5’ GCCACAGAGATGAGAGTTTCCAGCG 3’ 

pEZRK-LNY sequencing PNL2-8R 5’ GGTCAGTGACTTTGGGATAGC 3’ 

 

Characterization of PNL1 and PNL2 Expression Using GFP Construct 

PNL1 and PNL2 Gene Isolation 

Genomic DNA was isolated from Wild-type Arabidopsis  thaliana plants to 

amplify a ~ 3.8 kb region of PNL1 and a ~ 4 kb region of PNL2 including some 

upstream, putative promoter regions of both genes using the primers shown in TABLE 

1b.  The primers were designed to contain specific restriction enzyme cleavage sites.  

The forward primer for PNL1 (PNL1P1sal1) contains a Sal1 site and the reverse 

primer (PNL1P2bkpn1) has a Kpn1 cleavage site.  The forward primer for PNL2 

(PNL2P1sac1) has a Sac1 site and the reverse primer (PNL2P2bkpn1) has a Kpn1 
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cleavage site.  In addition to the cleavage sites, additional base pairs were included to 

ensure that the product would be cloned in frame.  The PCR product amplified was 

purified using the QIAquick Gel Extraction Kit (QIAGEN) protocol. 

 

PNL1 and PNL2 GFP Constructs 

The PCR products isolated from PNL1 and PNL2 were ligated into the pGEM-

T Easy vector by Promega and transformed into E.coli.  The transformed cells were 

selected using Ampicllin plates and DNA was extracted by using the QIAprep 

Miniprep Kit (QIAGEN).  The samples were sequenced and analyzed for the presence 

of inserts and sequenced to identify clones lacking errors that would alter the protein 

sequence.  In anticipation of using pEZRK-LNY as a secondary vector, the 35S 

promoter was removed by enzyme digestion in order to enable the gene’s native 

promoter to function.  In the case of PNL2, the enzyme sites Sac1 and Kpn1 spanned 

the 35S promoter and were sufficient to remove it.  In the case of PNL1, Sac1 was 

used to excise the 35S promoter as there are two Sac1 sites that span the pEZRK-LNY 

promoter region.  The ~ 4 kb pEZRY-LNY vector digested with Kpn1 and Sac1 was 

gel extracted and gel purified.  The pEZRK-LNY vector digested with Sac1 only was 

re-ligated and transformed into E.coli.  Ampicillin was used to select for the cells 

containing the vector and the DNA was extracted using the QIAprep Miniprep Kit 

(QIAGEN).  This vector for PNL2 was then digested with Sac1 and Kpn1 and the 

vector for PNL1 was digested wit Sal1 and Kpn1. 

The pGEM construct containing the PNL1 and PNL2 regions were digested 

using the appropriate enzymes which were Sac1 and Kpn1 for PNL2-2 and Sal1 and 
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Kpn1 for PNL1-3.   Because of a buffer incompatibility issue regarding the restriction 

enzymes used for PNL1-3, the digestion reaction was performed sequentially.  PNL1-3 

was first digested with Kpn1, which uses Buffer 1 and cleaned up using the QIAquick 

PCR purification kit (QIAGEN) and then was digested again, but with Sal1, which 

uses Buffer 3.  The samples were run on gels and extracted using the QIAquick Gel 

Extraction Kit (QIAGEN).  The pEZRY-LNY vectors were prepared by treatment 

with CIP in 1X NEB3 and followed by a PCR cleanup.  Finally, 100ng of the vector 

was ligated to ~250 ng of the insert.    The final constructs for PNL1-3 and PNL2-2 are 

shown in Figure 9 and 10.  The ligation products were transformed into E.coli and 

colonies were selected for using kanamycin plates.  DNA was isolated using the 

QIAprep Miniprep Kit (QIAGEN).  The samples were digested in order to verify that 

the inserts were present.  Following verification, the samples were sequenced using 

primers listed in Table 1c. 

 

Transformation and Infiltration of Agrobacterium with GFP Construct 

DNA isolated from the pEZRK-LNY constructs was transformed into 

Agrobacterium tumefaciens via pulse electroporation.  Prior to the transformation, 

wild-type A. thaliana were grown.  One week before the plants were dipped, their 

primary inflorescences were removed from each plant in order to stimulate more 

inflorescence growth.  In addition, 5 mL of Luria broth (LB) was prepared with the 

addition of 50 µg per mL of kanamycin and inoculated with Agrobacterium containing 

the PNL1-YFP or PNL2-YFP construct.  This solution was incubated at 25°C on a 

shaker for approximately 2 days.  This solution was then transferred to two larger 500 
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mL flasks of LB medium (2.5 mL into each flask) with 50 µg per mL of kanamycin 2 

days before infiltration and set on a shaker at 25°C for another 2 days.  The day of the 

infiltration, the liquid cultures were checked for their optical density (O.D.) using the 

spectrophotometer.  The O.D. should be from 1.2 to 1.6. 

The cells were harvested by centrifugation (5 rpm, 15 minutes, at room 

temperature) and resuspended in an infiltration medium (for  2mL, 1 pkg MS + 

vitamins, 100g  sucrose, 1g MES, pH to 5.7, then add 20 µL of 1 mg/mL 

benzylaminopurine (BAP) stock in DMSO, and 400µL Silwet L-77 ) to an OD600 of 

0.8.  The infiltration medium was poured into a shallow container and the wild-type 

plants were turned upside-down and dipped into the medium for 30 seconds making 

sure to submerge the flowers of the plants.  The pots were then laid back down into the 

trays on their sides and covered with plastic domes.  The trays were placed under the 

lab bench for 12-24 hours and then uncovered and placed upright in the growth room.   

 

 

 

 

 

 

 

 



31 

 

 

300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 3600 3900 4200 4500

exon 1

upstream intergenic region

exon 2

intron 1

At3g57840

downstream intergenic region

5
'U
T
R

3'UTRu
p
s
tr
e
a
m
 g
e
n
e

PNL1GenePNL1GenePNL1GenePNL1Gene

 
 

300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 3600

exon 1

upstream intergenic region

exon 2

intron 1

5
'U
T
R

u
p
s
tr
e
a
m
 g
e
n
e

PNL1-P1

PNL1-P2b

PNL1P1P2bFragmentPNL1P1P2bFragmentPNL1P1P2bFragmentPNL1P1P2bFragment

 
 

0
40 0

800

12
00

1
600

2000

24
0
0

2
8
0
0

3
2
0
0

36
00

40
0
0

4
4
0
0

4
8
00

5200

560
0

6000
6400

68007200
76

00
80

00

84
00

88

0

0

92
0
0

96
00

10
0
00

1
0
4
0
0

1
0
8
00

1 1
20

0
1 1
6
0
0

12
00
0

1

24
00

128
0
0

132
00

13 60
0

e
xo
n
1

CaMV

Ka
n R

YF
P
Ta
g

up
s
tr
ea
mi
nt er

gen ic

regi on

ex
on

2

in
t
ro
n
1

NPT

5
' U
T
R

up st ream
gene

PNL1 - P1

pEZRK-LNY+PNL1 wFeaturespEZRK-LNY+PNL1 wFeaturespEZRK-LNY+PNL1 wFeaturespEZRK-LNY+PNL1 wFeatures
14054bp14054bp14054bp14054bp

 
Figure 9: The process involved in making the PNL1-YFP construct is depicted. A, 

The entire PNL1 gene.  B, The PCR product acquired using designed primers PNL1-

P1 and PNL1-P2b including restriction enzyme sites.  C, The final PNL1-YFP 

construct in pEZRK-LNY with native promoter. 
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Figure 10: The steps taken to create the PNL2-YFP construct are illustrated. 

A, The entire PNL2 gene. B, The PCR product acquired using designed primers 

PNL2-P1 and PNL2-P2b including restriction enzyme sites.  C, The final PNL2-YFP 

construct in pEZRK-LNY with the native promoter. 
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Selection of GFP Expressing Plants 

The plants infiltrated with the construct were grown for 6-8 weeks until they 

were dry.  Seeds from each plant were harvested.  The seeds were plated on 

kanamycin agar plates (for 1L, 1X Murashige & Skoog + Gamborg’s Vitamins, 0.5g 

MES, pH to 5.7, then add 8 g agar and 50 mg/mL kanamycin).  The plants that had the 

GFP construct were selected for and grew to full size. 

 

Analysis of GFP Expressing Transgenic Plants 

The plants from 8 different transgenic lines were grown for each of the two 

constructs.  Due to a mix up with seeds before the infiltration step, the PNL2-2 

transgenic lines were grown in the Lansberg Erecta background, while the PNL1-3 

construct was grown in the Columbia background.  When plants were 11-12 days old, 

their leaves were detached from the root and analyzed for GFP expression at 60X 

magnification.  When the plants began to make siliques, the embryos were removed 

from the plants at different stages (ranged from heart shapes to torpedo stages) and 

analyzed for GFP expression.  Embryos were analyzed using a differential interface 

contrast (DIC) imaging setting at 60X magnification.  All GFP analysis was achieved 

by using the Nikon Eclipse TE2000-U confocal microscope. 

 

Single and Double Mutant Stomatal Analysis 

Homozygous single mutants of each genotype of pnl1 and pnl2 as well as and 

any available double mutants (pnl1-C x pnl2-A, pnl1-B x pnl1-A #10-3, pnl1-B x pnl1-

A #10-12) were analyzed for any phenotypic manifestation of the pnl1, pnl2 
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mutations.  One small healthy leaf was removed from each plant and treated with a 

solution of 14% glacial acetic acid and 86% ethanol and left overnight.  The following 

day, the leaves were dipped in 70% ethanol twice and in 99% ethanol twice before 

being cleared with a chloral hydrate solution (200g trichloroacetoaldehyde 

monohydrate, 20g glycerol, and 50g distilled water).  Leaves were analyzed using 

bright-field conditions at 20X magnification on a Nikon Eclipse E600 microscope.  

Images were taken at random. 

 

Root Hair and Root Tip Analysis of Single Mutants 

Seeds from each single mutant were grown on 8% agarose plates for 6 days.  

Seedlings were stained with phosphoinositol (PI) and analyzed under bright-field 

conditions using 10X and 20X magnification for root hairs.  A magnification of 40X 

was used to analyze root tips on a Nikon Eclipse E600 microscope.   
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RESULTS 

 

Characterization of PNL1 and PNL2 Expression and Localization Using a YFP 

Construct 

In order to determine how the YFP construct was being expressed, native 

promoter driven PNL1-YFP and PNL2-YFP constructs were transformed into 

Columbia wild-type plants via Agrobacterium-mediated transformation.  Eight pots of 

each construct were dipped independently and progeny were grown on kanamycin 

resistant plates for selection.  40 T1 transformants were retrieved from PNL1-YFP 

plants.  In order to examine YFP expression in these plants without destroying them, 

they were screened for YFP fluorescence in developing embryos.  10 PNL1-YFP T1’s 

were found to be positive for YFP expression in embryos.  For the PNL2-YFP 

construct, 22 T1 transformants were retrieved and 10 of them were screened as 

positive for YFP expression in embryos.  Consistent with the proposed function of 

PNL1 and PNL2 as receptors or co-receptors, PNL1-YFP and PNL2-YFP 

fluorescence in all cases was found at the cell periphery.  

Because of the known role of PAN1 in stomatal development in maize, we 

chose to focus the analysis of PNL2-YFP expression and localization in T2 lines on 

developing stomata to determine whether PNL2 might play a role in stomatal 

development in Arabidopsis.  As mentioned previously, Arabidopsis undergoes a 

different process of stomatal cell formation than maize in that the Arabidopsis 

stomatal complex lacks subsidiary cells and only has a guard cell pair.  Each stomata 
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begins as a meristemoid cell which divides asymmetrically to make an 

undifferentiated sister cell and another cell that either continues to divide as a 

meristemoid cell or divides asymmetrically to become the guard cell pair.  Eventually 

each meristemoid cell becomes a guard cell pair, but the extent of its ability to divide 

asymmetrically is theoretically unlimited (Figure 3). 

Initial analysis of YFP expression was performed in embryos of PNL1-YFP 

and PNL2-YFP T1 transgenics. Notably, PNL2 expression was observed in the roots 

of embryos analyzed (Figure 11a).  This observation is interesting because the root tip 

cells undergo asymmetric cell division in order to create the endodermal and cortical 

cell files. YFP construct expression levels were analyzed in the plant embryos using 

the confocal microscope at 60X magnification.  Embryos from varying stages of 

silique development were removed from each plant and opened to expose the 

developing seeds.  Embryos were popped from their seed shells by applying a slight 

pressure to the cover slip.  The stages of embryos development that were analyzed 

ranged from the heart shaped embryo to the mature embryo stage including the 

torpedo and walking-stick embryos (Figure 12).  PNL1-YFP construct expression was 

predominantly detected in cotyledon leaves at the torpedo embryo stage (Figure 11b), 

while PNL2-YFP construct expression was seen for the most part in walking stick and 

mature embryo stages in the cotyledons (Figure 11c) and the root tip  (Figure 11a).  

There was no consistent pattern evident, but this may be due to the small sample size, 

thus expression in smaller embryos has not been ruled out.  Also the fact that embryos 

have not begun to develop stomatal cells at this stage may provide some insight as to 

why the expression pattern is not clear. 
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PNL2-YFP Root Tip 

 
               PNL1-YFP cotyledon      PNL2-YFP cotyledon 

        
 

Figure 11: PNL-YFP expression in developing embryos of T1 transgenics. A, PNL2-

YFP localization in the root tip of an embryo at the walking-stick stage of 

development.  The expression levels are fairly uniform. B, PNL1-YFP localization in 

the leaf of a torpedo stage embryo.  C, PNL2-YFP in the cotyledon of a walking-stick 

stage embryo.  Images were acquired using a confocal microscope at 60X 

magnification. Scale bar = 20µm. 

 

 
Figure 12: Embryonic stages of Arabidopsis growth are represented from the zygote 

to the mature embryo.  The stages of embryo development that were included in this 

experiment include the heart embryo, torpedo, walking-stick and mature embryos. 

Copyright www.umanitoba.ca/.../39_768/l15/l15.1.html. 
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T2 progeny of the 10 YFP+ PNL2-YFP T1s were also examined for YFP 

expression in leaf primordial, along with a few additional T1s that were destroyed to 

examine their leaf primordial.  These plants were grown for 12 days and then their leaf 

primordia were analyzed for YFP expression using a spinning disk confocal 

microscope system.  PNL2-YFP fluorescence was typically observed in patches of 

epidermal cells, many of which contained asymmetrically dividing stomatal cells.  In 

several cases, a pattern was observed in which cells that had divided asymmetrically 

were fluorescing in a graded fashion depending on how recently they had completed 

division (Figure 13).  In these cases, the most recently divided cells had the most 

intense PNL2-YFP expression while their sisters were less intensely labeled (Figure 

13).  In cases where the meristemoid cell had formed recently, there was some 

fluorescence in this cell, but in cases where the meristemoid (or guard mother cell) 

was older, there was little to no fluorescence (Figure 13a vs. b).  Additional images 

were captured, which revealed clusters of pavement cells that were all expressing 

varying levels of PNL2-YFP expression, but did not contain cells that appeared to 

have formed via asymmetric divisions (Figure 13c).  Further analysis is necessary to 

clarify how patches of PNL2-YFP expressing cells like this relate to those containing 

daughters of recent asymmetric divisions.  PNL1-YFP expression in leaf primordia 

has not yet been analyzed.  
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  PNL2-YFP in leaf (T1)   PNL2-YFP in leaf (T2) 

   
 

PNL2-YFP in leaf (T1) 

 
 

Figure 13: PNL2-YFP localization in epidermal cells of young leaf primordia. A, 

PNL2-YFP observed in a T1 plant. Arrowhead points to the smaller daughter of a 

recent asymmetric division, which is YFP negative in this case.  Its sister (arrow 

labeled “1”) has the most PNL2-YFP expression. The older sister of this cell pair 

(arrow labeled “2”) expresses PNL2-YFP more weakly.  Nearby, PNL2-YFP is also 

observed in the sister of an already formed guard cell pair (arrow labeled “3”).  B, 

Another example of this same pattern in developing stomata and already formed guard 

cells of a T2 plant (arrowheads and arrows as in A- note that in this case the 

meristemoid or guard mother cell labeled with an arrowhead is YFP positive). C, A 

patch PNL2-YFP expressing cells that does not include progeny of recent, asymmetric 

divisions. Scale bars = 20µm. 

 

 

A B 

C 

1 

2 

 

3 

1 

2 

3 



40 

 

 

 

Analysis of pnl Mutants 

Homozygous single mutants were identified via genotyping and pnl1 

homozygous single mutants were crossed to pnl2 homozygous single mutants.  The 

crosses that were successful are indicated in Table 2 below.  Due to the suspected 

roles for PNL1 and PNL2 in stomatal development, initial analysis of single and 

double mutants focused on stomata.  However, root tips and root hairs, where 

asymmetric divisions and polarized cell growth also occur, were briefly examined as 

well. 

Table 2: PNL1 and PNL2 mutant crosses 

 pnl1-A pnl1-B pnl1-C 

pnl2-A 
Verifying 

Double Homozygote 

Successful! 

2 Double 

Homozygotes  

#10-3, 10-12 

Successful! 

Double Homozygote 

#10-5 

pnl2-B 
*Cross not 

successful 
Looking for Double 

Homozygote 
Looking for Double 

Homozygote 
   

Homozygous single mutants were grown for each of the three insertions in PNL1 and 

the two insertions in PNL2.  Homozygous double mutants were also grown in parallel 

with single mutants for 3 weeks.  For analysis of stomata, mature rosette leaves were 

fixed and cleared in chloral hydrate to make stomata clearly visible under bright-field 

conditions on the Nikon Eclipse E600 microscope.   One leaf was analyzed from each 

of 3-6 plants for each genotype and 3-7 images were captured at 20X for each leaf at 

randomly chosen locations. Each image showed 10-20 stomata.  The aim was to 

examine at least 100 stomata for each plant, yet in some cases less stomata were 

examined. 
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This analysis revealed that in all pnl2 and pnl1 single and double mutants, 

some proportion of stomata formed right next to each other (Figure 14).  This 

observation is interesting because stomatal complexes are known to abide by the one-

cell-spacing rule which states that normal wild-type stomatal cells form with at least 

one cell in between each stomata.  The apparent violation of this rule in the single and 

double mutants suggests that PNL1 and PNL2 play some role in asymmetric cell 

division or stomatal development and spacing, an idea that is also supported for PNL2 

by the analysis of PNL2-YFP expression.   
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                            wild type       pnl2-A 

     
 

pnl1-B x pnl2-A 

 
Figure 14: Stomata in direct contact observed in pnl single and double mutants. A, 

Columbia wild type leaf, where no double stomata were observed. B, An example of 

the observed double stomata mutant phenotype in one of the single mutants (pnl2-A).  

Each black arrow points to one member of a pair of stomata in direct contact. C, A 

similar example of the double stomata mutant phenotype in a double mutant (pnl1-B x 

pnl2-A).  Images were acquired under bright-field conditions at 20X. Scale bar = 

50µm. 

 

 

The occurrence of double stomata was analyzed quantitatively.  For this 

purpose, each of the images taken for each leaf was evaluated by counting all of the 

stomata and classifying them as single or double.  The frequency of stomata in direct 

contact was calculated for each leaf (each double stomate counted as two stomata in 

direct contact since each contains two stomata).  The average frequency of stomata in 

direct contact was also calculated for each genotype and a Student’s T-test was applied 

to determine the significance of the differences between genotypes (Table 3).  A value 

A B 

C 
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of p < 0.05% is considered to show a significant difference.  As shown in Table 3, all 

three pnl1 single mutants and both pnl2 single mutants showed frequencies of double 

stomata ranging from 1-10%.  Although the sequence similarity between PNL1 and 

PNL2 might suggest that they are functionally redundant, no obvious synergism 

between pnl1 and pnl2 mutations was observed in double mutants – the frequencies of 

double stomata in the double mutants were similar to those for single mutants. The 

quantitative analysis raises questions about the meaning of the observations of double 

stomata because it is apparent from Table 3 that only two of the mutants showed 

difference from wild type with p values below 0.05%: pnl2-A single mutants and pnl1-

C x pnl2-A double mutants, although the p value for pnl1-C single mutants is very 

close to the 0.05% cutoff.  However, for most genotypes, the number of individuals 

analyzed was small (Table 3), making it difficult to discern statistically significant 

differences between genotypes.  Thus more individuals for each genotype must be 

analyzed before a conclusion can be made as to whether or not the incidence of the 

double stomata in pnl1 mutants is statistically significant.  In addition to performing a 

larger scale quantitative analysis, another experiment that would help to verify that the 

double stomate phenotype is caused by the pnl mutations is a rescue experiment in 

which the wild-type genes are introduced into the mutant plants.  If the double stomata 

were still observed, then it would be apparent that this phenotype is not caused by the 

mutations, but if it was not observed and phenotypic rescue was achieved, then it 

would be reasonable  to conclude that the mutations did cause the double stomata 

phenotype.   
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In conclusion, what may be said about the findings of this experiment is that 

despite the lack of statistically significant differences as indicated by the p values, all 

of the pnl1single and double mutants showed some indication of the double stomata 

phenotype, which was never observed in the Columbia wild type samples.  This 

finding strongly suggests, but does not prove, that this is a phenotype caused by 

mutations in the PNL1 and PNL2 genes.   

 

Table 3: Stomatal Analysis in Mutants.  Each mutant was analyzed for the double 

stomata phenotype.  SC = % of stomata in contact, N= # of leaves analyzed, total # of 

stomata analyzed is in parenthesis.  In each cell of the tables, a p value is shown 

indicating the significance level (%) of the difference observed between the genotypes 

that intersect at the cell. 
 pnl1-A 

 

 

 

SC= 

9.36% 

 

N=3 

(81) 

pnl1-B 

 

 

 

SC = 

2% 

 

N=5 

(192) 

pnl1-C 

 

 

 

SC = 

4.29% 

 

N=6 

(270) 

pnl2-A 

 

 

 

SC = 

7.89% 

 

N=4 

(154) 

pnl2-B 

 

 

 

SC = 

1.28% 

 

N=5 

(200) 

pnl1-B 

x pnl2-

A 

 

SC = 

4.16% 

 

N=5 

(470) 

pnl1-B 

x pnl2-

A 

 

SC = 

2.89% 

 

N=4 

(243) 

pnl1-C 

x pnl2-

A 

 

SC = 

1.94% 

 

N=5 

(426) 

Col 

WT 

 

SC = 

0% 

 

N=5 

(158) 

 

 

 

P=0.137 

 

 

 

P=0.236 

 

 

 

P=0.055 

 

 

 

P=0.000 

 

 

 

P=0.286 

 

 

 

P=0.101 

 

 

 

P=0.097 

 

 

 

P=0.046 

 

Analysis of Single Mutant Roots and Root Hairs 

In an attempt to discern other phenotypes resulting from the mutant insertions, 

not only were leaves analyzed, but also root hairs and root tips.  The root hairs were an 
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obvious place to look for any mutations because root hairs grow in a polarized fashion 

with respect to the cells.  In the root, the initiation of the root hairs occurs at the basal 

end of the cell and they elongate from this initiation point in the cell.  For this study, 

each plant was grown for 6 days on 0.8% agarose to stimulate root hair growth.  Plants 

were stained with propidium iodide (PI), which stains cell walls, before viewing by 

confocal microscopy.  Included in the analysis was each of the single mutants of pnl1 

and pnl2, but not the double mutants because they were not available at the time the 

analysis was done.  The lengths of the fully elongated root hairs were examined as 

well as the position at which root hairs were initiated.  As shown in Figure 15, no 

irregularities in either the initiation sites or lengths of the root hairs were observed in 

the single mutants (Figure 15). 
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wild type root hair    pnl2-A root hair 

    
 

wild type     pnl2-A 

     
 

Figure 15: Root hairs in wild type and pnl1 mutant roots. A, Columbia wild type root 

hairs.  All cells are stained with propidium iodide (PI). B, pnl2-A mutant roots 

showing no obvious defects. Scale bar= 200µm. C, Polarized initiation of the root 

hairs in wild type plants.  The root hair initiates at the basal end of the cell. Scale bar = 

50µm.  D, pnl2-A mutant root hairs also initiate at the basal end of the cell. Scale bar = 

100µm. 

 

Another obvious place to look for phenotypes in pnl1 mutants was the root tip, 

which is known to involve asymmetric cell division in the process of cortical and 

endodermal cell layer formation.  The cortex/endodermal initial (CEI) cell divides 

asymmetrically to make the two cell layers and as such it might be a site where PNL1 

A B 

C D 



47 

 

 

 

and PNL2 may function to regulate cell division.  However, results from this 

experiment did not provide any novel insight as to how PNL1 and PNL2 might 

function because the single mutant root cells did not show any deviation from wild 

type root tip development in the Columbia plants (Figure 16).  In both mutant and wild 

type, CEI cells (straight arrows, Figure 16), cortex and endodermal layers were all 

apparent.  Despite the fact that singe mutants did not show a mutant phenotype in the 

root hairs and root tips, it will still be interesting to look at the double mutants to see if 

a phenotype materializes. 

wild type     pnl1-C 

     
 

Figure 16: Internal cellular organization of root tips of wild type and pnl mutants. A, 

Wild type root tip.  Cortex/endodermal initials are indicated by the black arrows and 

gives rise to the cortical (C) and endodermal (E) cell files (arrowheads).  B, pnl1-C 

root tip showing no difference from wild type.  Cells were stained with propidium 

iodide (PI) and viewed by confocal microscopy focusing on a cross-sectional view. 

Scale bar = 40µm. 
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DISCUSSION 

This study sought to investigate the function and localization of Arabidopsis 

homologs of maize PAN1: PNL1 and PNL2, which are LRR-RLKs but most likely not 

active kinases.  The maize PAN1 gene in involved in polarizing the asymmetric cell 

divisions of subsidiary mother cells during stomatal complex development and as 

such, it has been suggested that Arabidopsis PNL1 and PNL2 may function similarly 

in stomatal development.  Preliminary findings of the project support the conclusion 

that PNL1 and PNL2 are involved in asymmetric cell divisions giving rise to stomata 

in Arabidopsis, though the evidence does not favor the view that their roles are 

analogous to that of PAN1 in maize. 

Analysis of pnl1 and pnl2 mutants suggests a role for PNL1 and PNL2 in 

orienting the asymmetric divisions that give rise to meristemoids (precursors of guard 

mother cells) to ensure that the meristemoids do not for right next to each other. 

Although the occurrence of the double stomata (stomata in direct contact) in pnl1 and 

pnl2 mutants is a preliminary observation requiring further analysis to prove that it is 

caused by the pnl mutations, it was evident in all of the mutants and not in Columbia 

wild-type plants.  If PNL1 and PNL2 are functionally redundant, one would expect 

that the double mutant phenotypes would be much more severe than the single 

mutants.  Alternatively, if PNL1 and PNL2 function in independent pathways, then 

one would expect the double mutant phenotypes to be additive compared to the single 

mutant phenotypes.  Contrary to either of those expectations, the frequency of double 

stomata was no higher in the double mutants than in the singe mutants.  This result 
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might indicate that PNL1 and PNL2 are both necessary for a common pathway to 

occur properly.  In that case, knocking out one of the genes would be just as effective 

at disrupting the pathway as would be knocking out both genes.  Even more 

specifically, if PNL1 and PNL2 functioned as a obligate heterodimer, both genes 

would need to be functional for downstream process to transpire.  Although we have 

no direct evidence for such a hypothesis, there are other instances of LRR-RLK 

proteins that require heterodimerization to function.  For example, CLV1, and CLV2 

form a heterodimeric complex to serve in the regulation of shoot meristem size, yet in 

this particular case, CLV1 is a LRR-RLK and CLV2 is a LRR receptor-like protein 

(Bishop and Koncz, 2002).  The difference between this example and the PNL case is 

that the PNL1 and PNL2 proteins are both likely to be inactive LRR-RLKs meaning 

that they do not have an active kinase domain.  This raises the question as to why 

PNL1 and PNL2 would heterodimerize if neither gene confers the kinase activity 

necessary for phosphorylation of downstream components? 

Current research concerning inactive kinases suggests that there are 

mechanisms by which inactive kinases still function as vital signaling components in 

pathways.  In the maize MARK atypical RLK pathway, a ligand binds to the MARK 

receptor domain inducing a conformational change which allows the inactive kinase 

domain to interact with a maize germinal center kinase (GCK)-like kinase called MIK.  

Normally MIK inhibits its own kinase activity via the C-terminal domain, yet this 

autoinhibition is altered when MARK binds.  In such a way, MARK is capable of 

facilitating signal transduction via a phosphorylation independent pathway (Castells 

and Casacuberta, 2007).  PNL1 and PNL2 may function similarly and despite being 
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inactive kinases, may still be necessary to activate downstream kinases by binding as a 

heterodimer to other proteins. 

Though expression and localization of PNL1-YFP during stomatal 

development have yet to be examined, results for PNL2-YFP also suggest a function 

for PNL2 in developing stomata.  Taken together with the double stomata phenotype 

observed in pnl2 mutants, the pattern of PNL2-YFP expression suggests that PNL2 

may function as a receptor that when activated inhibits neighboring stomata from 

forming right next to one another.  In a situation where the sister of a meristemoid is 

dividing asymmetrically, to abide by the single-cell-spacing rule, it would be 

necessary for the first meristemoid to signal to its sister to prevent the sister from 

making another meristemoid right next to the first one (Figure 17).  Consistent with its 

expression and localization pattern, PNL2 could function as a receptor on the plasma 

membrane of the sister cell that receives a “polarize away from me” signal from the 

first meristemoid.  Lack of this signal in pnl2 mutants would permit formation of 

stomata in direct contact.  This model would also be consistent with our preliminary 

finding that the most recently formed meristemoids express PNL2-YFP (because they 

haven’t turned it off yet) but older meristemoids/guard mother cells turn off PNL2-

YFP while their sisters maintain expression.  Interestingly, this model proposes an 

almost opposite role for PNL proteins compared to PAN1 in maize, which appears to 

function in transduction of a “polarize toward me” signal sent from the guard mother 

cell to the subsidiary mother cell.  However, more analysis is essential before any 

theory concerning PNL2 function can be made, chiefly further analysis of PNL1 

localization and authentication of the pnl double stomata mutant phenotype. 
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Figure 17: Proposed model for PNL2 function in the stomata.  Initial asymmetric 

divisions create meristemoid (red) and unspecified sister cells (1 and 2).  PNL2 is 

expressed in 1 and 2 and may serve as a receptor that translates an inhibitory signal 

from the meristemoid (L) preventing stomatal formation directly adjacent to it.  In the 

wild type images (top), the guard mother cell (green) and PNL2 orient the formation 

of the second stomata away from the first.  In the pnl2 mutant images (bottom), PNL2 

is absent and thus enables stomata to develop in direct contact and violate the one-cell-

spacing rule. 

 

Another intriguing implication of our preliminary findings for PNL1 and PNL2 

function is a possible connection to the TMM pathway.  This implication arises from 

the similarity between putative pnl mutant phenotypes (double stomata) and the 

phenotypes of tmm mutants (Geisler et al, 2000), and also from comparison of the 

expression pattern for TMM-GFP to that of PNL2-YFP (Figure 18).  As observed for 

PNL2-YFP, native promoter-driven TMM-GFP is expressed in a pattern related to 

stomatal complex formation where the daughters of recent asymmetric divisions 

express TMM-GFP while surrounding cell do not.  These similarities suggest that 

Wild type 

pnl2 mutant 

Stomata in 

direct contact 

 1 1 

 

2 2 

 

One-cell-spacing 

rule followed 
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PNL1 and PNL2 may function in the same pathway or interact with TMM or members 

of the ERECTA family which are believed to work with TMM to promote normal 

patterns of stomatal development in Arabidopsis.  Further work will be needed to 

explore the connection between the PNLs and the TMM pathway.   

TMM localization            Bright-field Image of A 

     
 

PNL2 localization 

 
 

Figure 18: Comparison of TMM and PNL2 expression patterns. A, Native promoter-

driven TMM-GFP expression.  B, A bright-field image of A showing cell definition. 

C, PNL2-YFP.  The similarities in expression pattern suggests a possibility that PNL2 

may interact with TMM or a component of this pathway.  Reproduced from Nadeau 

and Sack, 2002.
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