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 PNL1 and PNL2 are the closest Arabidopsis relatives of maize pan1. pan1 and 

the PNL family of 11 genes encode leucine-rich repeat, receptor-like kinases, however 

none of these putative kinases is predicted to have actual kinase function, due to one 

or more amino acid substitutions in residues necessary for kinase function. Because 

PAN1 plays a role in subsidiary cell formation in maize, it is hypothesized that PNL1



 

 

xi 
 

and PNL2 are involved in stomatal formation in Arabidopsis. YFP fusions of these 

proteins are shown here to localize to the epidermis, and PNL2-YFP localizes with 

brighter points at three-cell junctions and along the points of contact between a subset 

of epidermal pavement cells and the adjoining guard cell pair. Because no mutant 

phenotype has been observed for pnl1 and because pnl2 and pnl1; pnl2 double mutants 

have no reproducible phenotype, a PNL2 truncated overexpression construct with the 

inactive kinase domain replaced by YFP was produced to be evaluated as a dominant 

negative mutation. To date, only a preliminary analysis of plants carrying this 

construct has been performed, showing no stomatal phenotype, but the construct has a 

similar localization pattern to that of PNL2-YFP. An analysis has also been performed 

on genotyping data from the isolation of the pnl1; pnl2 double mutants showing that 

double mutants are underrepresented in a segregating population, suggesting that there 

are possible transmission problems that occur in double mutant pollen.
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INTRODUCTION 

 

 

Asymmetric Cell Division 

 Asymmetric cell divisions are those in which the daughter cells differ in fate. 

By contrast, symmetric cell divisions result in two identical daughter cells, so it is 

asymmetric cell divisions that result in cellular differentiation, the process which 

ultimately results in multicellular life through the formation of specialized cell types. 

In plants, asymmetric divisions are thought to be established by signals that orient 

division through polarization of the mother cell, ultimately setting up the division 

plane. These divisions result in fate specification and tissue patterning, as well as other 

processes crucial to the formation of a complex organism (Abrash and Bergmann 

2009). 

 It is thought that, in asymmetric cell division, the division plane is established 

through polarization of the mother cell, which can be the result of either intrinsic or 

extrinsic signaling, depending on the environment and tissue type where the cell is 

located (Abrash and Bergmann 2009).  In plants, asymmetric divisions have been 

studied extensively in stomatal development, in stem cell populations in the root, and 

in the embryo. One example of an asymmetric division in plants is the first division of 

the Arabidopsis thaliana embryo. The newly formed zygote divides into two cells, a 

small apical cell with embryonic cell fate, and a larger basal cell that will form a 

structure known as the suspensor (Figure 1). This cell does not have embryonic cell 
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fate. The MAPKK YODA is partially responsible for this difference. When YODA is 

absent, the suspensor has partial embryonic identity, and constitutively active YODA 

causes the apical cell to have suspensor-like characteristics due to altered cell fate 

(Lukowitz, Roeder et al. 2004). Thus, while it is not known how YODA promotes this 

asymmetry, or in what ways it is responsible for the difference between the apical and 

basal cell of the newly formed embryo, it has been shown to play a role in the 

asymmetry among the daughter cells of this division through unevenly promoting 

suspensor-like characteristics. 

 

Figure 1: Asymmetric cell division in the Arabidopsis thaliana zygote and early 
embryo. The first division of the Arabidopsis zygote is asymmetric, forming the cells 
labeled a and b. Cell a gives rise to the embryo itself. The daughter cell b is known as 
the suspensor. It provides the embryo support. After the initial division of the zygote, 
multiple symmetrical and asymmetrical cell divisions in cell a will form an embryo. 
Adapted from (Heidstra 2007). 

 

Stomatal Complex Development in Arabidopsis thaliana 

 In Arabidopsis thaliana a series of asymmetric cell divisions leads to the 

formation of a stomata, each composed of a pair of guard cells. Initially, a protodermal 

cell in the epidermis becomes a meristemoid mother cell. This cell makes an 

asymmetric division, forming a meristemoid and a larger sister cell (Figure 2). At this 

point, one of three things can occur. In the simplest outcome, the meristemoid will 
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then become a guard mother cell, which will then divide symmetrically to form a 

guard cell pair. Alternatively, the meristemoid can undergo what are known as an 

amplifying division, which is an asymmetric division that gives rise to another 

meristemoid, and a larger sister cell (Figure 2). The meristemoid will eventually 

become a guard mother cell, then divide to form a guard cell pair. The third possibility 

concerns the larger sister cell, which can itself become a meristemoid mother cell, 

beginning the process all over again. The orientation of these asymmetric divisions is 

variable, but follows the rule that guard mother cells do not form adjacent to other 

guard mother cells or guard cells, ensuring a minimum of one non guard cell between 

neighboring stomata (Bergmann and Sack 2007). It should also be noted that each 

meristemoid mother cell will produce only one guard cell pair.
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Figure 2: Stomatal development in Arabidopsis thaliana. Stomatal development in 
Arabidopsis thaliana begins with a postprotodermal cell, which will become a 
meristemiod mother cell (shown in blue), which divides asymmetrically, forming a 
large cell and a smaller meristemoid cell (red). The meristemoid cell can either 
become a guard mother cell (pink), then divide symmetrically to form a guard cell pair 
(green), or it can divide, forming a second larger cell, and regenerating a meristemoid 
cell. This can occur multiple times before the meristemoid cell will divide to form a 
guard cell pair. Each of these divisions will produce a larger cell that give rise to 
epidermal pavement cells, or has the possibility of becoming a meristemoid mother 
cell. Reproduced from (Bergmann and Sack 2007). 

 

 External signaling is hypothesized to play a role in stomatal lineage 

asymmetric divisions. Several receptors and receptor-like kinases are required for the 

maintenance of one-cell spacing. TOO MANY MOUTHS (TMM), an LRR-RLK, and 

the ERECTA family of LRR-RLKs, ERECTA, ERECTA-LIKE1, and ERECTA-

LIKE2, all have a mutant phenotype of excess stomata that form clusters (Nadeau and 
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Sack 2002; Shpak, McAbee et al. 2005). TMM and the ERECTA family are thought to 

orient asymmetric divisions and repress stomatal fate at various phases of the stomatal 

lineage. Although these proteins are part of the same general class of receptor as maize 

PAN1, they are not closely related to it, nor do they show specific polarized 

subcellular localization (Nadeau and Sack 2002). 

Another protein involved in asymmetric cell division, BREAKING OF 

ASYMMETRY IN THE STOMATAL LINEAGE (BASL) shows specific subcellular 

localization: it acts in the cortex, promoting fate asymmetry, and segregates unequally. 

BASL has no recognizable functional domains, so it is neither a transcription factor, 

nor a signaling component. BASL mutants have reduced physical and fate asymmetry 

and generate daughter cells that are similar in size and identity (Dong, MacAlister et 

al. 2009). It is expressed in asymmetrically dividing cells of the stomatal lineage. 

Before asymmetric division, BASL is localized to the nucleus, but it accumulates in a 

cortical crescent, positioned such that it ends up in the larger daughter of a stomatal 

lineage division. Both the smaller and larger daughter have nuclear-localized BASL, 

however, if the smaller daughter becomes a GMC, it loses BASL and if the larger cell 

loses BASL, it will become a nonstomatal epidermal cell. Interestingly, if the larger 

(SLGC) cell does retain BASL and divides asymmetrically to form a secondary 

meristemoid, the SLGC will have to reorient its axis of polarity to follow the one-cell 

spacing rule, and in this case, the cortical BASL crescent will relocate to the opposite 

side of the cell (Dong, MacAlister et al. 2009). Thus, BASL plays a role in asymmetric 

cell division that is analogous to that of intrinsic polarity proteins or fate determinants 
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in animal cells. BASL is of particular interest because its loss of function phenotype 

mirrors that of animal polarity proteins, but its localization is like that of fate 

determinants. 

 

Stomatal Complex Development in Zea mays 

Asymmetric cell division has been studied extensively in maize through the 

divisions that produce stomatal complexes. Maize is a monocot and a grass. Maize 

stomata form through a series of asymmetric divisions that result in a four-cell 

complex. As illustrated in Figure 3, the first division is asymmetric, and forms a guard 

mother cell (GMC), which is flanked by subsidiary mother cells (SMCs). Next, the 

GMC is thought to signal the SMCs to polarize, accumulating a cortical F-actin patch 

on the side of the SMC that contacts the GMC: the nucleus migrates to this site. The 

preprophase band (PPB), consisting of microtubules and F-actin, forms in late G2 after 

actin patch accumulation and nuclear migration, setting up the future division plane. 

This structure disappears after prophase, and then the spindle forms. Finally, the 

phragmoplast, the cytoskeletal scaffold on which new cell wall is assembled after 

mitosis, connects the new cell wall at the former site of the PPB. This results in the 

formation of a small, lens shaped subsidiary cell next to each guard cell (Gallagher 

and Smith 2000). The guard cell pair forms last, as the guard mother cell divides 

symmetrically. These are the cells that define the stomatal pore (Figure 3). 

 



 

 

Figure 3:  Stomatal development in 
mature stomatal complex begin with a guard mother cell (GMC) flanked by two 
subsidiary mother cells (SMCs). Actin polarizes to the area of the SMC that contacts 
the GMC. The preprophase band (PPB) forms, setting 
plane. The phragmoplast forms at the former site of the PPB. Signaling between the 
GMC and SMCs is thought to determine the correct orientation of the division. 
Reproduced from (Cartwright, Humphr

 

 Maize PAN1 

 pan1 is a recessive mutation that causes defects in the premitotic polarization 

of subsidiary mother cells, leading to the formation of abnormally shaped subsidiary 

cells. In pan1 mutants, the subsidiary mother cell does not polarize properly. More 

specifically, in pan1 mutants SMCs have a reduced percentage of polarized nuclei 

compared to wild-type and many have no actin patch, or a delocalized actin patch 

(Figure 4). Thus, pan1 m

formation defects, but these two are not closely correlated 

al. 2009). 

 

Stomatal development in Zea mays. In grasses, cell divisions that produce a 
mature stomatal complex begin with a guard mother cell (GMC) flanked by two 
subsidiary mother cells (SMCs). Actin polarizes to the area of the SMC that contacts 
the GMC. The preprophase band (PPB) forms, setting up the site of the future division 
plane. The phragmoplast forms at the former site of the PPB. Signaling between the 
GMC and SMCs is thought to determine the correct orientation of the division. 

(Cartwright, Humphries et al. 2009). 

is a recessive mutation that causes defects in the premitotic polarization 

of subsidiary mother cells, leading to the formation of abnormally shaped subsidiary 

mutants, the subsidiary mother cell does not polarize properly. More 

mutants SMCs have a reduced percentage of polarized nuclei 

type and many have no actin patch, or a delocalized actin patch 

mutants have both nuclear localization defects and actin patch 

formation defects, but these two are not closely correlated (Cartwright, Humphries et 
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. In grasses, cell divisions that produce a 
mature stomatal complex begin with a guard mother cell (GMC) flanked by two 
subsidiary mother cells (SMCs). Actin polarizes to the area of the SMC that contacts 

up the site of the future division 
plane. The phragmoplast forms at the former site of the PPB. Signaling between the 
GMC and SMCs is thought to determine the correct orientation of the division. 

is a recessive mutation that causes defects in the premitotic polarization 
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mutants, the subsidiary mother cell does not polarize properly. More 

mutants SMCs have a reduced percentage of polarized nuclei 

type and many have no actin patch, or a delocalized actin patch 
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(Cartwright, Humphries et 
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Figure 4: Actin localization in Wild-type vs. pan1 mutants.  Cortical actin staining 
shows that in wild-type plants SMC F-actin (black arrows) forms dense patches 
adjacent to the GMC. In pan1 mutants, actin patches are often delocalized. Image 
from Heather Cartwright. Staining done with Alexa-488 phalloidin. 

 

 pan1 encodes a 662 amino acid receptor-like protein predicted by SMART to 

have an N-terminal signal sequence, followed by an extracellular domain with leucine-

rich repeats, a transmembrane domain, and an intracellular serine/threonine kinase 

domain. pan1 has been found to have 5 leucine-rich repeat motifs (Cartwright, 

Humphries et al. 2009). PAN1 has been identified by immunoblot analysis of maize 

protein extracts as being membrane-associated (Cartwright, Humphries et al. 2009). 

Immunolocalization studies showed that PAN1 forms a patch in SMCs at sites of 

GMC contact (Figure 5), which persists in newly-formed subsidiary cells. Further 

study with antibody labeling has shown that PAN1 localizes to the GMC contact site 

before actin patches form there and before nuclei migrate to this site. Thus, PAN1 

patches are now the earliest known marker of polarity in maize SMCs. Together, these 

pan1 Wild-type 
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findings on PAN1 localization and function have supported the notion of a role for 

PAN1 in relaying a polarizing cue from GMCs to SMCs.
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Figure 5: PAN1 and actin localization in developing stomata. PAN1 and actin 
localization in developing stomata. White arrowheads on GMCs indicate PAN1 and 
actin patches in adjacent SMCs. SMC nuclei are identified as unpolarized (u), partially 
polarized (pp), polarized (p), or divided (d) and are numbered in (D) and (G) for 
reference. (A to C) PAN1 staining in green and propidium iodide-stained nuclei in 
blue (single confocal planes). (D to L) Double staining of PAN1 [monochrome in (D), 
(G), and (J); green in (F), (I), and (L)] and actin [monochrome in (E), (H), and (K); red 
in (F), (I), and (L)] in WT leaves (Z projections of confocal stacks). In (D) to (I), 
SMCs 1, 2, and 6 have polarized nuclei and both PAN1 and actin patches; the 
remaining SMCs have unpolarized or partially polarized nuclei with both PAN1 and 
actin patches (SMC3), a PAN1 patch only (SMC5), or neither PAN1 nor actin patches 
(SMC4). Scale bar, 10 µm. Reproduced from Cartwright, Humphries et al. 2009. 

 



11 

 

 
 

Although the kinase domain of PAN1 is well conserved overall with active 

serine/threonine kinases, it lacks certain residues necessary for kinase catalytic activity 

and shows no activity in in vitro kinase assays (Cartwright, Humphries et al. 2009). 

Thus, PAN1 may function as a scaffolding protein rather than a conventional receptor 

with signaling function, or it may function as a signaling receptor in partnership with 

an active kinase. Consistent with the second possibility, the membrane fraction of 

wild-type maize extracts has been shown via immunoblot analysis with anti-

phosphoamino acid antibodies to have a membrane-associated phosphoprotein of 

about 50kD that is reduced or absent in pan1(Cartwright, Humphries et al. 2009). This 

protein represents a possible functional kinase that requires PAN1 for activity. 

 

Leucine-Rich Repeat Receptor-Like Kinases 

Arabidopsis thaliana Brassinosteroid Insensitive 1 (BRI1) is an example of 

RLK activation in plants. BRI1 is a membrane-bound LRR-RLK that is a plant steroid 

receptor. LRR domains in plants consist of repeating units of about 24 amino acids 

that have a high Leucine content. Each unit is made up of an α-helix and β-sheet 

hairpin where the β-sheet forms the surface directly involved in protein-protein 

interaction in the extracellular environment (Kobe and Deisenhofer 1994; Kobe and 

Deisenhofer 1995). BRI1 has an LRR domain with a 70-amino acid loop between 

repeats 21 and 22 that is crucial for function (Friedrichsen, Joazeiro et al. 2000). BRI1 

is also thought to be regulated via inactivation by a kinase-associated protein 

phosphatase (KAPP) (Bishop and Koncz 2002). BRI1 has been shown to localize to 
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the membrane through the study of GFP fusion proteins (Friedrichsen, Joazeiro et al. 

2000) and it has a fully functional kinase domain that is required for function (Li and 

Chory 1997). Still, many RLK type proteins in plants have been found to have 

substitutions at residues critical for kinase function, but these kinase domains are still 

necessary for wild-type function (Chevalier, Batoux et al. 2005; Cartwright, 

Humphries et al. 2009). 

 

Catalytically Inacive Kinases 

 Eukaryotic kinases are characterized as a domain of about 250-300 amino 

acids consisting of 12 subdomains (Hanks and Hunter 1995). In plants, a subset of 

proteins identified as kinases are actually “kinase dead”. These proteins have 

substitutions in some number of residues in their kinase domains that are necessary for 

catalytic function, rendering them “dead”. Specifically, the kinase subdomain II must 

have the invariant lysine to have full enzyme activity, as this residue is part of the 

kinase active site (Hanks and Hunter 1995). This residue is substituted in maize PAN1 

with an Arginine residue. Functional kinase domains must also have an asparagine in 

subdomain VI as part of a DFG motif, and a conserved aspartic acid in subdomain VII, 

which is part of an area involved in cation binding and orientation of ATP. PAN1 has 

substitutions at both of these locations. It has a conserved glutamic acid in subdomain 

VIII intact. This residue is part of an APE motif, a motif typically found as a part of 

the activation loop of a protein kinase (Hanks and Hunter 1995; Castells and 

Casacuberta 2007). 
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Catalytically inactive kinase domains are considered to have some functional 

role due to the fact that they are maintained in the genome and that there are so many 

different “kinase dead” proteins in such diverse organisms as maize and mice. These 

domains are hypothesized to serve a purpose that does not involve kinase function, 

such that over time the kinase function is lost, but the overall structure of the domain 

is maintained. Mammalian ErbB3 serves as one example illustrating the functional 

importance of a dead kinase domain (Kroiher, Miller et al. 2001). ErbB3 forms a 

heterodimer with another member of the EGFR family, and becomes phosphorylated 

by it in response to EGF stimulation. The dead kinase domain of ErbB3 then serves as 

a docking site for other proteins, leading to downstream signaling events. 

Examples of catalytically inactive, receptor-like kinases have also been studied 

in plants, and they have some features in common with ErbB3. In maize, MARK, or 

Maize Atypical Receptor Kinase, was found to interact with MIK, a germinal center 

kinase (GCK)-related protein. MARK is a transmembrane protein with no catalytic 

activity, but it associates with MIK, leading to MIK phosphorylation (Llompart, 

Castells et al. 2003). CRR1 and CRR2 are catalytically inactive receptor-like kinases 

in Arabidopsis thaliana. CRR2 has been shown to be phosphorylated by ACR4, an 

active serine/threonine kinase (Cao, Li et al. 2005). Finally, STRUBBELG (SUB) is a 

protein involved in regulating organ development that has an intracellular kinase 

domain. In subdomain VIa in the SUB kinase domain, there is an N where functional 

kinases usually have a D, and a K where functional kinases usually have an N, and 

SUB does not autophosporylate or transphosphorylate (Chevalier, Batoux et al. 2005). 
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Despite the fact that SUB lacks kinase function, sub mutants have a strong ovule 

development defect. Furthermore, plants expressing SUB kinase domains with an 

impaired ability to orient ATP for phosphotransfer are indistinguishable from wild-

type plants (Chevalier, Batoux et al. 2005). Thus, plants with mutations affecting 

kinase function do not have any recognizable phenotype, providing further evidence 

that wild-type SUB kinase domains no longer retain kinase function. 

 

BRICK and the ARP 2/3 and SCAR Complexes 

 BRICK and SCAR proteins have been implicated in ARP2/3 complex-

dependent actin nucleation in plants. BRICK is the plant homolog of the mammalian 

Hspc300, a subunit of the multiprotein complex also containing Scar/WAVE, and the 

SCAR proteins are plant homologs of the mammalian Scar/WAVE proteins. Scar is an 

activator of the ARP2/3 complex, which nucleates actin polymerization (Dyachok, 

Shao et al. 2008).  The ARP2/3 complex consists of ARP2, ARP3, and ARPC1 

through 5 (Pollard and Beltzner 2002). The SCAR complex consists of SCAR, 

ABIL1, SRA1, NAP1, and Hspc300/BRK1 (Djakovic, Dyachok et al. 2006). 

Mutations in the genes encoding ARP2/3 complex subunits (Li, Blanchoin et al. 2003; 

Mathur, Mathur et al. 2003), as well as mutations in genes encoding SRA1, NAP1, 

and BRK1 lead to a dramatic disruption of Arabidopsis trichome morphology 

(Brembu, Winge et al. 2004; Djakovic, Dyachok et al. 2006). Additionally, mutations 

in these genes lead to decreased lobe outgrowth and intercellular adhesion defects in 

Arabidopsis epidermal pavement cells (Dyachok, Shao et al. 2008).  



15 

 

 
 

 

Figure 6: Mutations in the genes encoding proteins of the SCAR or ARP2/3 
complexes result in a dramatic trichome phenotype. Wild-type trichomes are three-
pronged straight hairs (A, E). brk1 mutants (B, F) and arp2 mutants (C, G) have fatter, 
underbranched, curled trichomes. Figure adapted from (Djakovic, Dyachok et al. 
2006). 
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Figure 7: Mutations in the genes of the ARP2/3 complex or the SCAR complex result 
in decreased epidermal lobing and mutations in BRK1 result in cellular adhesion 
defects. (A) Columbia wild type; (B) arp2 (wurm) mutant; (C) arpc5 (crk) mutant; (D) 
sra1 (pir) mutant; (E) brk1-1 mutant; (F) arp2;brk1-1 double mutant; (G) arpc5;brk1-
2 double mutant. Arrows and arrowheads indicate intercellular gaps adjacent to 
stomata and at other locations, respectively. Images are of cotyledons. Scale bar: 100 
µm. (H) Form factors are shown for each genotype analyzed (n=3-8 plants and 63-317 
cells). Error bars illustrate s.e.m. (where n=number of plants analyzed). Reproduced 
from (Djakovic, Dyachok et al. 2006) 
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In Arabidopsis, BRK1-YFP and GFP-SCAR1 fusion proteins have been 

observed to localize to expanding pavement cell corners (three way cell junctions) 

(Figure 8) (Dyachok, Shao et al. 2008). In combination with the cell adhesion defects 

observed in SCAR complex and ARP2/3 complex mutants (Figure 7), this protein 

localization pattern has been suggested to reflect a role for ARP2/3-dependent actin 

nucleation in deposition of adhesive wall components that are concentrated at 3 way 

cell junctions (Dyachok, Shao et al. 2008). 

 

 

Figure 8: BRK1-YFP and GFP-SCAR1 localization in Arabidopsis pavement cells. 
BRK1p::BRK1::YFP expressed in brk1 mutant plants (M, N) and 
SCAR2p::GFP::SCAR1 expressed in scar2 mutants (O, P) show localization to the cell 
periphery in both immature and partially mature epidermal cells, with increased 
deposition to corners apparent (marked with arrows) and increased localization to 
areas of maximum lobe curvature (arrow heads in N, P). Reproduced from (Dyachok, 
Shao et al. 2008). 

 

 Mutations in the maize homolog of BRK1 lead to the complete absence of 

epidermal cell lobing associated with a failure to form cortical F-actin enrichments at 

the tips of emerging lobes (Frank and Smith 2002). Maize brk mutants also have 

defects in subsidiary mother cell polarization. Similar to pan1 mutants, premitotic 

SMC nuclei in brk1 mutants often fail to migrate to the GMC contact site and SMCs 
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often fail to form actin patches at this site, leading to aberrant divisions and misshapen 

subsidiary cells (Gallagher and Smith 2000). Interestingly, maize pan1;brk1 double 

mutants display a synergistic enhancement of the SMC division defects seen in both 

single mutants, suggesting cooperative functions for PAN1 and BRK1 in SMC 

polarization, although there is no evidence for any direct interaction between the two 

proteins and the localization of SCAR complex subunits in maize is unknown 

(unpublished data). One hypothesis for the relationship between PAN1 and BRK1 is 

that PAN1, in response to cues from the GMC, stimulates actin patch formation at the 

GMC contact site in SMCs via activation of the SCAR/ARP2/3 actin nucleation 

pathway. 

 

Arabidopsis PANGLOSS-LIKE 1 and PANGLOSS-LIKE 2 

 As discussed earlier, pangloss1 (pan1) was originally identified in maize. 

Arabidopsis PANGLOSS-LIKE-1 (PNL1) and PANGLOSS-LIKE-2 (PNL2)  are the 

closest Arabidopsis relatives of maize pan1. PNL1 and PNL2 are of interest as a 

means to conduct experiments investigating the functions of these proteins that would 

be more difficult or even impossible to do in maize. Also, understanding their function 

in Arabidopsis could provide further understanding of the similarities and differences 

of asymmetric cell division and stomatal development in two very different plant 

model systems. Finally, it is possible that a thorough understanding of PAN1, PNL1, 

and PNL2 could lead to a greater understanding of the function of kinase dead proteins 

in signaling division. However, due to the differences in stomatal development in 
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maize vs. Arabidopsis outlined earlier, and the lack of a counterpart to maize SMCs in 

Arabidopsis, PNL1 and PNL2 were expected to have different localization patterns 

from that of PAN1. Analysis of those localization patterns, and of gene function via 

analysis of single and double mutants, is expected to shed light on the functions of 

these proteins in Arabidopsis. 

 The PNL1 and PNL2 genes were identified by a BLAST search of the 

Arabidopsis genome, PNL1 was found to be the most similar Arabidopsis gene to 

pan1, followed closely by PNL2. These two genes are each other’s closest relatives 

(the proteins are 70% identical), and both are expressed in tissues with dividing cells, 

as revealed by microarray data (Figure 9, 10). Several other genes were identified as 

having a high degree of similarity to pan1, but were excluded from preliminary work 

as their gene products showed more similarity to other rice LRR-RLKs than to the rice 

PAN1 ortholog itself (L.G. Smith, unpublished). However, other members of the 

LRR-RLK gene subfamily to which PNL1 and PNL2 belong could be important for 

understanding the functions of the PNL1 and PNL2. 
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At3g57830 (PNL1) 

 

Figure 9: Microarray analysis of PNL1 gene expression. PNL1 is very highly 
expressed in the shoot apex, however it also shows reasonable expression in the 
vegetative rosette. Data was acquired from http://bbc.botany.utoronto.ca. 
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At2g42290 (PNL2) 

 

Figure 10: Microarray analysis of PNL2 gene expression. PNL2 is expressed at 
reasonably high levels in embryos, and is also expressed in the shoot apex. Microarray 
data provided by the University of Toronto eFP browser is not set on an absolute 
scale, but rather on a relative scale. Data acquired from http://bbc.botany.utoronto.ca. 
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MATERIALS AND METHODS 

 

 

Plant Growth 

Arabidopsis seeds were placed on soil in pots and covered with humidity 

domes, then stored at 4°C, in total darkness for 5-7 days. After that, they were grown 

in a growth room with a 16-hour light/ 8-hour dark cycle. Soil was prepared for use 

with Cleary anti-fungal mixed in. Plants were watered three times per week and 

supplemented after bolting with a fertilizer solution, followed by a merit solution, and 

sprayed with bulls-eye. Safer’s garden fungicide was used as needed to prevent fungal 

growth on soil and leaves. Plants were thinned to prevent overcrowding as needed. 

 

Genotyping for Mutants 

 To generate double mutants, crosses were performed between single mutants to 

generate F1 plants, which were allowed to self-pollinate. F2 plants were then grown, 

and had leaf tissue harvested for DNA preps at about 2 weeks old. Leaf tissue was 

added to a microcentrifuge tube with extraction buffer (1M Tris pH 8.0, 5M NaCl, 0.5 

M EDTA pH 8.0, 10% SDS, water to volume) and a tungsten carbide bead. Then, the 

tissue was shaken in a Retsch MM400 mixer mill for 2 minutes at 25/s. Next, DNA 

preps were centrifuged for 10 minutes at 15,000 rpm and the supernatant was added to 

350µL of isopropanol. After 5 minutes of precipitation time, the mixture was 
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centrifuged for 3 minutes at 15,000 rpm, the supernatant was discarded, and the 

precipitated genomic DNA was washed by centrifugation at 15,000 rpm with 500µL 

of 70% ethanol. The ethanol wash was also discarded and the genomic DNA left to 

dry for 30-60 minutes, then resuspended in 50µL of elution buffer with 10µg/mL 

RNase A. 

 PCR was performed on this genomic DNA to identify the presence or absence 

of both mutant and wild-type alleles. Genotyping primers are listed in Table 1. Gene 

specific primers span the insertion site, so they should selectively amplify the wild 

type allele. Insert-specific primers are a pair where one primer is gene specific and the 

other primer compliments a region of the insertion sequence such that only a mutant 

allele with the insertion will be amplified. See Figure 11 for the location of the 

insertion sites in PNL1 and PNL2. This method of genotyping was used to determine 

the genotypes of individual plants as well as to confirm the genotypes of progeny. 

 



24 

 

 
 

Table 1: Genotyping Primers 

GS= Gene specific pair, GS+T-DNA= Forward primer is gene specific, reverse primer 
is insert specific, Ds= Forward primer is insert specific, reverse primer is gene 
specific. 

Allele Primer Type 

and 

Elongation 

Temperature 

Primer Name Sequence 

pnl1-A GS 

58�C 

PNL1-F3 

PNL1-B5 

5’ TCCTCCTCACTGAATCCAGATGG 3’ 

5’ CGAACGCTGTTGGTCCTTGG 3’ 

GS+T-DNA 

58�C 

PNL1-1F 

SALK_T-DNA  

5’ TCCAACACTTTTTAAGCTCCC 3’ 

5’ CCGTCTCACTGGTGAAAAGAA 3’ 

pnl1-B GS 

63�C 

PNL1-10F 

PNL1-2R 

5’CTCTCTTAAACCAAGGACCAACAG 3’ 

5’ CAATCAACTGGTTCAAGAGCAC 3’ 

GS+T-DNA 

 63�C 

PNL1-10F 

GABI-Kat_T-DNA  

5’CTCTCTTAAACCAAGGACCAACAG 3’ 

5’ CCCATTTGGACGTGAATGTAGACAC 3’ 

pnl1-C GS 

58�C 

PNL1-8F 

PNL1-5R 

5’ TTGATTTTTTTGTAGGTGGACC 3’ 

5’CGGCTTCTCTTCCTTGACC 3’ 

GS+T-DNA  

58�C 

PNL1-8F 

SALK_T-DNA  

5’ TTGATTTTTTTGTAGGTGGACC 3’ 

5’ CCGTCTCACTGGTGAAAAGAA 3’ 

pnl2-A GS 

53�C 

PNL2-1F 

PNL2-1R 

5’ CAAAAACCCAAAACGCAAAT 3’ 

5’ AACCGAGTTCTGATGGAATGTAAC 3’ 

GS+T-DNA 

63�C  

GABI-Kat_T-DNA  

PNL2-1R 

5’ CCCATTTGGACGTGAATGTAGACAC 3’ 

5’ AACCGAGTTCTGATGGAATGTAAC 3’ 

pnl2-B GS 

63�C 

PNL2-3F 

PNL2-3R 

5’ CGACCCGACCCGAGTAATG 3’ 

5’ ACGATTCCGCCGCCACTAC 3’ 

Ds  

63�C 

DS 3-4 

PNL2-4R 

5’ CCGTCCCGCAAGTTAAATATG 3’ 

5’ AGCCTTCTAACGGCGACAAC 3’ 
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Table 2: Primers for YFP Constructs 

Note: A 55�C elongation temperature was used for all primers listed in the table 

below. 

Construct Primer 

Name 

Sequence 

35sp::PNL2-

∆kinase 

PNL2-

DN-1f 

5’ TCCGAATTCCAACTTCTCGTTGCCTCACAC 3’ 

PNL2-

DN-1r 

5’ GAAGGTACCTTCGATTCCGCCGCCACTACT 3’ 

PNL2-∆kinase PNL2-

P1sac1 

5’ AGTGAGCTCTTTATGGGGTTTGGAGAGACGA 3’ 

PNL2-

DN-1r 

5’ GAAGGTACCTTCGATTCCGCCGCCACTACT  3’ 

35sp::PNL2::YFP PNL2-

DN-1f 

 

5’ TCCGAATTCCAACTTCTCGTTGCCTCACAC  3’ 

 

PNL2-

P2bkpn1 

5’ AGTCCGGTACCCCTTTGATCCGACCTAGAATTTCAGAC 

3’ 

 

 

Table 3: Primers for Sequencing YFP Constructs 

Used for Primer Name Sequence 

pEZRK-LNY sequencing PNL2-seqF 5’ ACGCTCGAGCTCAAGC 3’ 

pEZRK-LNY sequencing PNL2-2F 5’ CCAAAACGCAAATCCCAATA 3’ 

pEZRK-LNY sequencing PNL2intr_seq1F 5’ AACGCATTCGCTGGAAAC 3’ 

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

pEZRK-LNY sequencing GFP5 5’ CTGAACTTGTGGCCGTTTACGTCGC 3’ 
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Stomatal Analysis 

 Leaves were analyzed from each homozygous single mutant line (pnl1-A, pnl1-

B, pnl1-C, pnl2-A, and pnl2-B), as well as from each homozygous double mutant line 

(pnl1-C x pnl2-A, pnl1-B x pnl2-A #10-3, pnl1-B x pnl2-B, pnl1-C x pnl-2B #5-10). 

Both Columbia and Nossen were used as controls and brk1 was included as well. One 

healthy leaf was harvested from the middle rosette of a 4-week old plant and incubated 

overnight in a solution of 86% ethanol and 14% glacial acetic acid. The following day, 

two 30 minute incubations were done in 70% ethanol, followed by two 30 minute 

incubations in 100% ethanol. Finally, leaves were stored in a chloral hydrate solution 

(200g trichloroacetoaldehyde monohydrate, 20g glycerol, and 50g distilled water) 

until analysis. Slides were prepared using the same chloral hydrate solution and leaves 

were photographed under 20X bright-field conditions using a Nikon Eclipse E600 

microscope with a MTI CCD72 camera setup. Images were acquired with ImageJ 

software from NIH and were analyzed using Microsoft Paint and Microsoft Excel. 

Images were taken at random and genotypes were hidden while images were being 

acquired and while the image analysis was in progress. 

 

Characterization of PNL1-YFP and PNL2-YFP 

 PNL1-YFP and PNL2-YFP were created by former Master’s student Maiti 

Rodriguez, as outlined in her thesis. Plants were grown under 16-hour daylight 

conditions and primordia were dissected out of transformants without killing them and 
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mounted on slides with dH2O with 0.01% Triton for confocal imaging. Plants 

expressing the signal were transplanted for propagation of T2 transformants. Once the 

transplanted T1 plants reached full maturity a few of their siliques were dissected to 

remove and image the embryonic T2 generation. Finally, roots and young primordia 

were dissected from T2 transformants and imaged using the confocal setup described 

below. 

 

Production and Characterization of a Truncated PNL2 Overexpression 

Construct 

 

A. General Amplification and Cloning 

 For all constructs produced, a pEZRK-LNY backbone was used. This construct 

has a 35s promoter and a downstream YFP-encoding region. It also has a kanamycin 

resistance gene. Arabidopsis thaliana genomic DNA was isolated from Columbia 

wild-type plants and amplified using the above primers (shown in Table 2). Primers 

have restriction sites added and additional base pairs as needed to ensure that YFP is 

in frame following the insert, and to prepare the DNA for the ligation reaction. PNL2 

genomic DNA inserts were purified after PCR with a QIAGEN MinElute PCR 

purification kit, then all inserts and vector DNA were digested with the appropriate 

restriction enzymes (see below). After the enzyme digest and heat inactivation of 

enzymes, all inserts and accompanying vector were run on a 1% agarose gel to 
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quantitate the DNA. The bands were cut from the gel and a QIAGEN MinElute gel 

extraction kit was used to re-isolate the DNA for ligation. Upon completion, all of the 

ligation reactions were tested for the presence of the insert in pEZRK-LNY by 

repeating the restriction enzyme digest on some of the reaction product and running it 

on a gel. Next, the vector DNA was transformed into E. coli, and positive colonies 

were selected for with LB plates containing 50 µg/mL kanamycin, and a few colonies 

were chosen to grow in liquid culture for 2 days. DNA was then isolated from E. coli 

liquid cultures using the QIAprep Miniprep Kit (QIAGEN). The samples were tested 

for presence of pEZRK-LNY with insert by PCR, with empty pEZRK-LNY vector 

used as a control. Finally, the DNA was sequenced using the primers listed in Table 3. 

 

B. Amplification of the PNL2 Genomic Regions Cloned into pEZRK-LNY 

 For the production of the 35sp::PNL2-∆kinase::YFP construct, a region of the 

PNL2 gene of about 1.2kb was amplified with primers PNL2-DN-1f and PNL2-DN-

1r. This region begins just before the start codon and extends through the region where 

the transmembrane domain ends (Figure 11), but does not include the majority of the 

kinase domain. This insert was digested with EcoR1 and Kpn1 and ~60ng of insert ws 

used with ~100ng of pEZRK-LNY vector, digested with EcoR1 and Kpn1. PNL2-

seqF and GFP5 were used to sequence this construct. PNL2-seqF was designed to 

amplify from the region just upstream of the start codon in 35s-promoter driven 

constructs in pEZRK-LNY. 
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 The control construct, 35sp::PNL2::YFP was produced using the forward 

primer, PNL2-DN-1f, which was designed to amplify from the start codon, and the 

reverse primer PNL2-P2bkpn1 to generate the full coding region of PNL2 without the 

native promoter, a region of about 2.6kb. This was digested along with pEZRK-LNY 

with EcoR1 and Kpn1 as well, but ~180ng of this DNA was used with ~100ng of 

vector. PNL2-seqF, PNL2intr_seq1F, PNL2-8R, and GFP5 were all used to sequence 

this construct. 

To generate NP::PNL2-∆kinase::YFP, the forward primer PNL2-P1sac1 was 

used with the reverse primer PNL2-DN-1r. This region of about 2.8kb includes the 

putative PNL2 promoter and any upstream regulatory elements and a truncated PNL2 

coding region, ending just before the kinase domain. Sac1 and Kpn1 were used to 

digest ~180ng of this insert and ~100ng of accompanying pEZRK-LNY. Sac1 was 

chosen for this reaction specifically to remove the 35s promoter from pEZRK-LNY, as 

this vector has Sac1 sites flanking the 35s promoter. PNL2-2F and GFP5 were used to 

sequence this construct. PNL2-2F binds to the PNL2 upstream region, thus it is 

suitable to bind to constructs with the native promoter.  A representation of all 

constructs derived from PNL2 can be seen in Figure 11. 

 

Transformation of Agrobacterium with YFP Constructs 

 Stocks of electrocompetent Agrobacterium tumefaciens were transformed with 

the pEZRK-LNY-based constructs via pulse electroporation with 1 µL of plasmid 
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used per bacteria stock. Cells were then incubated with 500 µL of Luria broth (LB) for 

2 hours on a room temperature shaker. LB plates were prepared with 50 µg/mL 

kanamycin and after incubation, transformed cells were plated on these and colonies 

grown for 2 days at 28°C to select for cells containing the vector. From these plates, a 

few individual colonies were chosen for growth in liquid culture. LB was prepared 

with 50 µg/mL kanamycin and each colony was grown in 2mL for 2 days on a shaker 

at 28°C. A small amount of the liquid culture was removed and tested for presence of 

the vector construct. An Invitrogen Purelink quick plasmid miniprep kit was used to 

isolate the vector DNA, then PCR was performed to ensure the colonies contained the 

desired construct. All cultures containing the construct were prepared into glycerol 

stocks with 1 part bacterial culture to 1 part 30% glycerol. 

 

Agrobacterium-mediated transformation of Arabidopsis thaliana with YFP 

Construct 

 In all transformations, either non-transgenic Columbia ecotype plants or 

CFP:TUA4 plants from (Kirik, Herrmann et al. 2007) were used. Plants were grown to 

about 4 weeks of age, then all inflorescences were trimmed to promote branch 

outgrowth. 5 days after the inflorescences were trimmed, a glycerol stock (see above) 

of the desired construct in Agrobacterium was selected and plated on LB containing 

50 µg/mL kanamycin and grown for 2 days at 28°C. 
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 On the day of transformation, all siliques were trimmed from the plants. 

Bacterial culture was scraped into 30mL of LB in a large weigh boat and 120mL of a 

5% sucrose, 0.03% Silwet L-77 solution was added to that. Plants were dipped for 1-

1.5 minutes in this mixture, making sure all flowers were submerged. Dipped plants 

were wrapped in saran wrap and put back into a 16-hour light/ 8-hour dark cycle 

growth room. Saran was removed after 1 day. 

 

Characterization of 35sp::PNL2-∆kinase::YFP and Control Constructs 

 35sp::PNL2-∆kinase::YFP T1 plants were grown on plates inoculated with 

kanamycin as outlined above, then transplanted onto soil. Once these plants had begun 

to grow infloresences, a mature leaf was removed andmounted on a slide in 0.01% 

triton 100-X to verify that the plant was positive for the construct. 

 

Confocal Microscopy 

 All confocal imaging was performed using a spinning-disk confocal-

microscope system as described in (Walker, Muller et al. 2007). All YFP fusion 

proteins were excited with 514nm and were viewed with a 570/65nm bandpass 

emission filter. CFP:TUA4 was  excited with 440nm and were viewed with a 

525/50nm bandpass emission filter. Image integration times were from 500-2000ms at 
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60x magnification using a water-immersion objective. Images and Z-stacks were 

produced with MetaMorph software (Universal Imaging). 
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RESULTS 

 

Characterization of PNL1-YFP and PNL2-YFP 

 Native promoter-driven, full-length YFP fusions of both PNL1 and PNL2 

proteins were made in order to investigate protein localization and gene expression 

levels. This information can, in turn, help identify potential functions for PNL1 and 

PNL2. For each gene, a genomic region comprising the mative promoter and full 

length coding sequence minus the stop codon was amplified from wild type genomic 

DNA and ligated into the pEZRK-LNY vector such that the 35s promoter was 

removed from the vector, ensuring that protein expression would be native promoter 

driven (Figure 11; see Materials and Methods for details). PNL1-YFP and PNL2-YFP 

constructs were made and transformed into Columbia ecotype Arabidopsis by a former 

graduate student who also performed a preliminary analysis of PNL2-YFP 

localization. All other constructs and transformations were my own work, as was a 

more rigorous analysis of the localization of these fusion proteins. 
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 PNL1-YFP and PNL2-YFP were imaged in leaf primordia, roots, and embryos 

of wild type Arabidopsis. Initially, developing embryos were removed from T1 plants 

by removing the siliques and popping out the developing seeds. Embryos were 

primarily looked at as a method of identifying plants expressing the transgenes and 

determining levels of transgene expression without damaging the T1 plant and were 

not rigorously studied (Figure 12). Brief examination of embryos revealed that PNL1-

YFP is expressed most strongly in the cotyledons at the torpedo and walking-stick 

stages of embryogenesis (Figure 12). It was also found that PNL2-YFP is most 

strongly expressed in the embryonic root. In embryos, PNL1-YFP and PNL2-YFP 

were both localized at the cell surface as expected for a receptor, but were not 

observed to localize to particular areas of the surface as PAN1 does, nor were they 

restricted to certain cell types (patchy expression as illustrated in Figure 12B was 

observed in most transformants but did not appear to follow any pattern that could be 

related to developmental events and was considered most likely due to random 

transgene silencing in some cells
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Figure 12: PNL1-YFP and PNL2-YFP localization in embryos. A) PNL1-YFP is 
expressed most strongly in the cotyledons during the torpedo to walking-stick stages. 
B) PNL2-YFP localizes to the root portion of the developing embryo during the 
torpedo to walking-stick phase. 
 
 
 In leaf primordia, PNL1-YFP was found to localize to the cell surface in all 

epidermal cell types, and showed a relatively even distribution. It is expressed at all 

stages of stomatal development (see Figure 13). To characterize the expression and 

localization of PNL1-YFP in depth, ten positive T1 plants were identified by screening 

the embryos of a few of their siliques, then growing T2 plants for 6-19 days before 

dissection. Multiple stages of leaf develpoment were examined, including regions 

containing both mature and developing stomata to ensure that a range of stomatal and 

epidermal developmental phases were observed. T2 plants were dissected, removing 

one or two primordia for imaging via confocal microscopy. For PNL2-YFP, embryos 

were also checked for expression, but ultimately for identification of PNL2-YFP 

positive T1 plants, it was more efficient to use a dissection method of screening (leaf 

primordia were excised from kanamycin resistant PNL2-YFP transformants without 

A B 
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killing them). Positive plants were then transplanted onto soil so that T2 progeny 

could be collected. Like PNL1-YFP, PNL2-YFP was also expressed and localized at 

the cell surface in all epidermal cells of leaf primordia examined. It was expressed at 

all stages of stomatal development. However, PNL2-YFP was found to be 

preferentially localized to cell corners, or junctions where three walls meet (Figure 13) 

in a similar pattern to that of BRK1-YFP. Cell corner localization of PNL2-YFP is not 

as dramatic as that of BRK1-YFP, and unlike BRK1-YFP, PNL2-YFP was not 

observed in developing trichomes. Localization to corners has not been observed in 

PNL2-YFP expressing embryos. Interestingly, PNL2-YFP has also been observed to 

be preferentially localized to the surface of pavement cells that are in contact with the 

stomata (Figure 14). Although it is unclear what this patterns indicated in terms of 

PNL2 function, this pattern is reminiscent of the localization pattern observed for 

maize PAN1 staining (concentration in subsidiary mother cells at the area of contact 

with guard mother cells, and later in subsidiary cells where they contact guard cells). 
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Figure 13: PNL1-YFP and PNL2-YFP localization in the epidermis and in the root. 
A-C) PNL1-YFP localizes to the membrane in epidermal and root cells. A and B show 
PNL1-YFP in two different fluorescent lines’ expression in the epidermis and C shows 
the expression of PNL1-YFP in the root. D-F) PNL2-YFP localizes to the cell surface 
in epidermal cells and roots, with preferential localization to corners. D shows the 
expression in a primary transformant and E is a secondary transformant from the same 
line, note the arrows in E pointing to corner localization show accumulations of 
PNL2-YFP in pavement cells along the stomata. F shows root localization. Arrows 
indicate localization to cell corners. 
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Figure 14: PNL2-YFP is preferentially localized to epidermal pavement cell surfaces 
in contact with stomata. Arrows indicate a few examples of areas of the membrane 
with increased PNL2-YFP deposition. The round cells are actually differentiated guard 
cell pairs in which the pore is not in the plane of focus. Examples given are from 
independent transformation events. 
 

 Additionally, this localization pattern has been observed in the roots of PNL2-

YFP expressing plants in corners. Both fusion proteins are expressed at low levels in 

roots, but the expression is relatively uneven (Figure 13C,F). As a result, no specific 

expression pattern has been identified in roots, despite the fact that the 

cortex/endodermis initial (CEI) in the root meristem and surrounding cells were 

examined in multiple individuals known to have expression in the leaf primordia. 

Additionally, it is unclear whether or not the uneven expression observed in roots is 

meaningful due to the fact that uneven expression could be a result of silencing. 

 

Analysis of pnl Single and Double Mutants 

 PNL1 and PNL2 were chosen as the closest Arabidopsis homologs of maize 

pan1. Three different alleles of pnl1 (pnl1-A, pnl1-B, and pnl1-C) and two alleles of 

pnl2 (pnl2-A and pnl2-B) were isolated and analyzed by a previous Master’s student, 

as well as two double mutants: pnl2-A; pnl1-B and pnl2-A; pnl1-C. Mutant alleles 
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contain T-DNA insertions (see Figure 11 for insert locations). pnl2-A has an insertion 

in the upstream region before the start codon, and recent RT-PCR data from another 

lab member (Figure 15) has indicated that this mutation may not result in a full loss of 

function. For this reason, I used pnl2-B, which has an insertion in the coding sequence, 

to generate additional double mutants for analysis in this project. The new double 

mutants, pnl2-B; pnl1-B and pnl2-B; pnl1-C were then surveyed with the previously 

isolated double mutants and all single mutants for phenotypes affecting stomatal 

development. 

 

 



41 

 

 
 

 

Figure 15: RT-PCR data for all PNL mutant alleles. RT-PCR performed by another 
lab member indicates that RNA is produced in pnl-2A mutants (red asterisk). 
 

A former Master’s student, Maiti Rodriguez, had observed occasional double 

stomata in some pnl mutants, but in extending her analysis, I found that the frequency 

of such doublets was extremely low and the difference between mutants and wild 

types was not statistically significant (data not shown). In the process, I observed 

occasional “immature stomata” in pnl2 mutants and analyzed this phenotype 

quantitatively. Immature stomata were judged as such based on being circular and 

relatively flat and small with a circular pore, or no pore at all (see Figure 16). Mature 

stomata were defined as being large and more 3-dimensional, with a thick appearance, 

and as having a coffee bean shape and an elongated pore. These parameters represent 

an attempt to evaluate the maturity of the guard cells at every state of openness. 

*  
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The first quantitative analysis of stomatal immaturity was conducted on pnl1-

A, pnl1-C, and pnl2-B single mutants and pnl2-B;pnl1-C double mutants. In this study, 

six fully expanded leaves from the middle of the rosette were harvested from each 

genotype and eight pictures were taken from each at 20X magnification. Those leaves 

harvested and cleared were chosen based on having emerged at about the same time 

and being of about the same size, if possible. Each picture was analyzed for immature 

stomata. All results from the same leaf were summed to give the total immature 

stomata over the total number of stomata counted for the leaf; all leaves of the same 

genotype were averaged to give the percent immaturity for a given genotype (Graph 

1). Individual leaves’ values were compared statistically using Student’s t-test with 

p<0.05 and standard error was calculated for each genotype. This study found that 

pnl2-B and two independently arising pnl2-B;pnl1C mutants had a significantly higher 

number of immature stomata than wild-type while pnl1-A and pnl1-C did not, 

suggesting that the pnl2-B mutation alone was responsible for the phenotype. The 

study was repeated for all mutants plus some additional mutants, with 3 leaves used 

per genotype and six images taken per leaf. These leaves were chosen and analyzed in 

the same way as in the previous experiment, but the stomatal immaturity observed in 

pnl2 mutants and pnl1;pnl2 double mutants seen in the first experiment was not 

reproducible (Graph 2). As a result of these later data, it was decided that the 

immaturity phenotype would be difficult to analyze meaningfully, so another approach 

would be necessary to understand the role of the PNLs. 
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Figure 16: Columbia and pnl2B;pnl1C #5-10  double mutant epidermis. A few fully 
mature stomata are indicated with white arrows for each genotype. Immature stomata 
are indicated with black arrows. Double mutants identified with the pnl2-B mutation 
were named based on the segregating parent and the number of its offspring that was 
first found to be a double mutant, thus pnl2B;pnl1C #5-10 plants are the progeny of 
plant 10, which was found to be a double mutant, and was originally the offspring of 
segregating plant 5. 
 

Columbia pnl2B;pnl1C #5-10 



 

 

Graph 1: Percent Immature Stomata
pnl2B; pnl1C #1-16 mutant plants all had a significantly higher  number of 
underdeveloped stomata than Columbia (p<0.05), while pnl1A and pnl1C
showed no significant difference from Columbia in stomatal development, as 
computed by Student’s T
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Percent Immature Stomata, First Study.  pnl2B, pnl2B; pnl1C #5
16 mutant plants all had a significantly higher  number of 

underdeveloped stomata than Columbia (p<0.05), while pnl1A and pnl1C
showed no significant difference from Columbia in stomatal development, as 
computed by Student’s T-test. Error bars represent the standard error of the mean.

 

pnl1A pnl1C pnl2B pnl2B;1C 
#5-10

pnl2B;1C 
#1-16
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, First Study.  pnl2B, pnl2B; pnl1C #5-10, and 
16 mutant plants all had a significantly higher  number of 

underdeveloped stomata than Columbia (p<0.05), while pnl1A and pnl1C plants 
showed no significant difference from Columbia in stomatal development, as 

test. Error bars represent the standard error of the mean. 
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Graph 2: Percent Abnormal Stomata, Second Study. Only brk mutants showed a 
significantly higher number of underdeveloped stomata than Columbia, and pnl1-B 
mutants showed a significantly lower number of underdeveloped stomata, by 
Student’s T-test (p<0.05). Error bars represent the standard error of the mean. 

 

 

During the process of isolating double mutants, it became apparent that there 

was a problem with the transmission of the mutant alleles. Double mutants were less 

frequent than expected, given that the PNL1 and PNL2 genes are not linked. pnl 2-

A;pnl1B and pnl2-A;pnl1-C mutants were isolated by Maiti Rodriguez and frequency 

data were not maintained. As shown in Figure 4, the frequency of pnl2-B;pnl1-B and 

pnl2-B;pnl1-C double mutants was much lower than the expected 1/16 (6.25%) and no 

pnl2-B;pnl1-A double mutants were identified among 115 F2 individuals genotyped 

(<1% double mutants). One possible explanation for this finding is a pollen defect, in 

which double mutant pollen is out-competed by wild-type and single-mutant pollen, 

which could explain why double mutants, once isolated, have no fertility problems. In 
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this case, it is assumed that pnl1-A is a stronger mutant allele. This could represent a 

new direction for the project in the future: quantitative analysis of pollen tube growth 

combined with confocal imaging of PNL1-YFP and PNL2-YFP in pollen tubes could 

reveal a function for PNLs in pollen tube growth. 

 

Table 4: PNL1 and PNL2 Mutant Crosses 

 pnl 1-A pnl 1-B pnl 1-C 

pnl 2-A No double 
homozygotes 
isolated 

2 double homozygotes 
isolated 

1 double homozygote 
isolated 

pnl 2-B No double 
homozygotes 
isolated 
Individuals tested: 
115 

1 double homozygote 
Frequency: 1 in 35, or 
2.9% 

3 double 
homozygotes 
Frequency: 3 in 123, 
or 2.4% 

 

 

 

Bioinformatics Survey 

PNL1 and PNL2 are two members of an 11-gene family (Figure 17; Castells 

and Casacuberta, 2007). Given the lack of a reproducible phenotype in both pnl1 and 

pnl2 single mutants and pnl1; pnl2 double mutants, a bioinformatics analysis was 

performed to identify a potential third gene that may be a good candidate for the 

creation of a triple mutant because of sequence similarity suggestive of functional 

redundancy and co-expression with PNL1 and PNL2. 
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Figure 17: Phylogenetic trees of the LRRIII subfamily of RLKs. Tree A was 
constructed using the Neighbor-Joining method, and B was constructed using the 
maximum-likelihood method. Alignments were performed using kinase domains only. 
Those sequences with substitution of conserved residues in subdomain VIb are shown 
in red. Sequences with substitutions in both subdomain VIb and VII are shown in 
purple. At3g57830, or PNL1, and At2g42290, PNL2, are represented in purple, and 
are more similar to each other than to any other gene. PNL1 and PNL2 are labeled in 
blue and genes considered part of the PNL family are indicated with asterisks. 
Bootstrap values were obtained from 500 replicates. Values >50% are shown. 
Reproduced from Castelle and Casacuberta, 2007. 
 

 First, the kinase regions of each protein in the family were compared to that of 

PAN 1 using the Basic Local Alignment Search Tool (BLAST; 

http://ncbi.nlm.nih.gov/BLAST) and by comparing how many of the residues 

identified by Hanks and Hunter, 2005 as being crucial to kinase function were 
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changed in these proteins. PAN1 has been shown to have N → K substitution in 

subdomain VI and D → G in subdomain VII, as well as K → R substitution in 

subdomain II (Cartwright, Humphries et al. 2009). All 11 members of the Arabidopsis 

PNL family have the K → R subdomain II substitution found in PAN1; and PNL1 and 

PNL2 share the same N → K substitution in subdomain VI and D → G in subdomain 

VII seen in PAN1. Among the remaining members of the PNL family, only 

At1g66830 shares other conserved residue substitutions (besides the K → R 

substitution) with PAN1—it has the D → G substitution in subdomain VII. The other 

PNL family members have only the K → R substitution. However, BLAST identifies 

the kinase domain of Atg67510 as being the most similar overall to the PAN1 kinase 

domain, after PNL1 and PNL2 (see Table 5). 

BLAST was also used to compare the leucine-rich repeat, extracellular portion 

of the proteins. Among PNL family members, after PNL1 and PNL2 the At1g25320 

protein has the most similar LRR domain to that of PAN1, followed by At1g67510, 

then At1g23300 (see Table 5). Simple Modular Architecture Research Tool (SMART; 

http://smart.embl-heidelberg.de/) was also used to compare the number of leucine-rich 

repeats in each protein, as compared to PAN1. As 3 of the 9 candidates have 6 repeats 

and the rest have 7-8 repeats, no clear ranking could be determined from this 

comparison.  BLAST was also used to compare the middles of the proteins, the region 

containing the transmembrane domain and additional sequence that is not well 

conserved. This comparison identified At1g66830 as the most similar to PAN1, 

followed by At1g25320 and At2g23300 (refer to Table 5). 
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 To further consider the question which member(s) of the PNL family would be 

the best choice for a potential triple mutant, the University of Toronto eFP browser 

(http://bar.utoronto.ca/) was used to analyze microarray data for each of these genes, 

reasoning that genes (like PNL1 and PNL2) that are expressed in tissues where cells 

are dividing are the most likely to be functionally redundant with PNL1 and PNL2 

during cell division. The data taken from this site was then evaluated based on the 

expression levels in certain tissues. Four genes were chosen for having an expression 

value in the shoot apical meristem that is at least as high as that of PNL2: At1g25320, 

At2g01210, At4g34220, and At5g67280 (see Table 5 for values). Among these four, 

At2g01210 has a similar overall expression pattern to that of PNL2. While the other 

genes are highly expressed, they do not have a similar overall expression pattern, so it 

is unclear whether or not using them for the creation of a triple mutant with PNL1 and 

PNL2 would contribute to understanding a role for the PNLs in stomatal development 

or cell division in general. 

 After evaluating all PNL family members for sequence similarity with PAN1, 

and expression similarity with PNL1 and PNL2, no one candidate emerged as being 

the best choice for the creation of a triple mutant with pnl1 and pnl2 (Table 5). It was 

concluded that, while crossing multiple mutations into pnl1; pnl2 double mutants may 

have proved very informative, a dominant negative approach could provide more 

information about PNL gene functions in a short amount of time. 
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Table 5: Results of bioinformatics survey of a subset of PNL family members. 

A value of n/a indicates that no alignment could be made. Bold font highlights the 
family member that is most similar to PAN1 after PNL1 and PNL2 in each portion of 
the protein analyzed. *Expression values for the shoot apical meristem includes 
expression in leaf primordia. 
 
 Kinase 

Domain 
% identity 
to PAN1 

Middle of 
Protein 
% identity 
to PAN1 

LRR region 
% identity 
to PAN1 

Number of 
LRR 
repeats 

Expression 
value (shoot 
apical 
meristem)* 

PAN1 100 100 100 5  
PNL1 51 28 46 6 148.93 

SD 2.46 
PNL2 52 27 41 4 49.96 

SD 3.64 
At1g25320 40 52 44 7 75.8 

SD 2.93 
At1g66830 40 58 32 7 4.85 

SD 2.39 
At1g67510 49 28 41 6 39.41 

SD 3.47 
At2g01210 40 32 37 6 59.91 

SD 1.18 
At2g15300 32 25 36 7 17.28 

SD 0.61 
At2g23300 36 45 39 6 22.83 

SD 2.57 
At4g34220 29 28 32 7 109.31 

SD 5.6 
At4g37250 34 n/a 35 7 45.78 

SD 1.92 
At5g67280 34 n/a 35 8 109.91 

SD 3.86 
 

 

Characterization of 35sp::PNL2-∆kinase::YFP and Control Constructs 

 35sp::PNL2-∆kinase::YFP and its control constructs: 35sp::PNL2::YFP and 

NP::PNL2-∆kinase::YFP were made from PCR-amplified PNL2 Arabidopsis genomic 

DNA inserted into a pEZRK-LNY backbone (see Figure 11A, 11B and Materials and 



 

 

Methods for details). 35sp::PNL2

construct designed to be evaluated as a potential dominant negative mutation for the 

PNL family and 35sp::PNL2::YFP, the full length overexpression construct, was 

designed to control for any effects of overexpression that may not be due to the 

truncated PNL2 protein. NP::PNL2

truncated construct, in case the truncated overexpression construct was lethal, and has 

not been characterized. 

 

Figure 18: Wild type vs. 35sp::PNL2
∆kinase::YFP plants are
and B) 35sp::PNL2-∆kinase::YFP were grown in the same size pots and transplanted 
at the same age. 
 

 Plants transformed with 35sp::PNL2

morphologically normal (Figure 18) and no obvious differences in the cellular pattern 

 

Methods for details). 35sp::PNL2-∆kinase::YFP is a truncated overexpression 

construct designed to be evaluated as a potential dominant negative mutation for the 

family and 35sp::PNL2::YFP, the full length overexpression construct, was 

ol for any effects of overexpression that may not be due to the 

truncated PNL2 protein. NP::PNL2-∆kinase::YFP was designed as a “back

truncated construct, in case the truncated overexpression construct was lethal, and has 

 

Wild type vs. 35sp::PNL2-∆kinase::YFP morphology. 35sp::PNL2
kinase::YFP plants are morphologically normal at various life stages. 

∆kinase::YFP were grown in the same size pots and transplanted 

ts transformed with 35sp::PNL2-∆kinase::YFP and 35sp::PNL2

morphologically normal (Figure 18) and no obvious differences in the cellular pattern 

51 

kinase::YFP is a truncated overexpression 

construct designed to be evaluated as a potential dominant negative mutation for the 

family and 35sp::PNL2::YFP, the full length overexpression construct, was 

ol for any effects of overexpression that may not be due to the 

kinase::YFP was designed as a “back-up” 

truncated construct, in case the truncated overexpression construct was lethal, and has 

 

35sp::PNL2-
morphologically normal at various life stages. A) Columbia 

kinase::YFP were grown in the same size pots and transplanted 

kinase::YFP and 35sp::PNL2-YFP were 

morphologically normal (Figure 18) and no obvious differences in the cellular pattern 
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of the leaf epidermis was observed (Figure 21). 35sp::PNL2-∆kinase::YFP and 

35sp::PNL2-YFP localization was analyzed via confocal microscopy. It was found 

that the removal of a single leaf primordium from plants carrying the truncated 

overexpression construct for confocal imaging (as outlined in Materials and Methods) 

was almost always lethal for these plants, and that these plants had a low rate of 

survival after transplant, so any surviving T1 plants were evaluated for expression of 

the construct by dissecting out and imaging embryos at the torpedo to walking-stick 

phase of development (Figure 19). As a result, very little analysis was done to 

compare 35sp::PNL2-∆kinase::YFP localization to that of PNL2-YFP in leaf 

primordia, but preliminary results confirm that this construct is localized to the cell 

surface with many bright foci along the membrane in primordia (Figure 20), and in 

addition, patchy localization to the cell surface in roots (Figure 19) was observed. It is 

unclear at this point whether the patchy localization in the roots is due to silencing, or 

if the construct is preferentially localized. 35sp::PNL2::YFP was analyzed by 

nonlethal removal of primordia and was also found to localize to the cell surface with 

very even expression (Figure 20). Also, 35sp::PNL2-∆kinase::YFP is localized to the 

cell surface in embryos in both the cotyledons and the root-like region of the embryo. 
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Figure 19: 35sp::PNL2-∆kinase::YFP localizes to the cell surface in embryos and root 
tips. Localization in the root-like portion of the embryo (A) and in the cotyledons (B) 
at torpedo to walking-stick phases of embryo development. C) 35sp::PNL2-
∆kinase::YFP also localizes to the cell surface in root tips, but the expression is patchy 
and uneven. 
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Figure 20: 35sp::PNL2-∆kinase::YFP and 35sp::PNL2::YFP localization in the leaf 
epidermis. Both constructs localize to the cell surface. A,B) 35sp::PNL2::YFP has 
been verified in leaf primordia, with a similar localization pattern to that of PNL2-
YFP. C,D) 35sp::PNL2-∆kinase::YFP has been verified in leaf primordia with a 
PNL2-YFP-like localization and additional bright foci clustered around the membrane. 
 

 In a preliminary analysis, secondary transformants were grown in parallel with 

Columbia wild-type plants and 35sp::PNL2::YFP secondary transformants for analysis 

of stomatal immaturity (Figure 21). Four leaves were chosen from individual plants as 

above, with 8 images taken per leaf. Interestingly, these secondary transformants show 

no significant difference in stomatal immaturity from wild-type plants. A more in 

depth analysis of these plants needs to be done to identify a phenotype and transgene 

expression needs to be confirmed in the plants analyzed. 
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Figure 21: Wild type vs. 35sp::PNL2-∆kinase::YFP and 35sp::PNL2::YFP epidermis. 
A) Columbia leaf epidermis B) 35sp::PNL2-∆kinase::YFP and C) 35sp::PNL2::YFP. 
Examples of immature stomata are indicated by white arrows. 
 

 

Graph 3: Percent Immature Stomata in transgenic plants expressing 35sp::PNL2-
∆kinase::YFP and 35sp::PNL2-YFP. Neither construct shows a significant difference 
from wild type. Significance was calculated using the Student’s t-test (p<0.05). Error 
bars represent the standard error of the mean. 

 

 

0

2

4

6

8

10

12

14

P
er

ce
nt

 I
m

m
at

ur
e 

St
om

at
a



56 

 

 
 

Further analysis will need to be done on multiple secondary transformant lines 

to draw meaningful conclusions on the localization of the truncated overexpression 

construct and on any potential phenotype, given the often highly variable effects of 

35s-driven expression. 
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DISCUSSION 

 The main focus of this project was to characterize Arabidopsis homologs of the 

Maize protein PAN1 through identifying the function and localization of PNL1 and 

PNL2. PAN1 localizes to subsidiary mother cells, just adjacent to guard mother cells 

during stomatal complex formation, but because Arabidopsis has no subsidiary cells, 

understanding the role of a PAN1 homolog poses certain challenges. Previous work 

has shown that transgenic YFP fusions of PNL1 and PNL2 localize to areas of 

developing stomata and to embryos, although faintly, but no convincing phenotype 

was characterized. This project sought to characterize a potential phenotype and 

further explore PNL1 and PNL2 localization through analysis of YFP fusions. 

 It was found that PNL1-YFP and PNL2-YFP localize to the cell surface in 

epidermal cells. PNL1-YFP shows an even expression pattern throughout the 

membrane and all stages of stomatal development. Interestingly, PNL2-YFP was 

found to localize to the membrane much like PNL1, but with bright foci observed at 

cell corners that is reminiscent of BRK1-YFP localization, and often with a brighter 

localization along the point of contact between developing stomata and an adjoining 

pavement cell, a location that is analogous to that of PAN1 in the maze epidermis. It is 

unknown at this point what this means in terms of PNL2 function.  Also, despite the 

fact that the stomatal underdevelopment phenotype was not reproducible, it was found 

only in pnl2 mutant plants and was not enhanced by either of two mutant alleles of 

pnl1. This observation is consistent with an enriched PNL2-YFP localization at the 

edges of guard cells, possibly suggesting that PNL2 plays some role in stomatal 

maturing or expansion. In this case, a lack of reproducible phenotype could easily be 
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explained by the low levels of PNL2 expression (see Figure 10; 

http://bbc.botany.utoronto.ca) and the fact that PNL2 has been shown to be one of an 

11-member family (Castells and Casacuberta 2007). 

 For this reason, and due to the lack of reproducible phenotype, PNL2 was used 

to create a truncated overexpression construct. This construct was intended to be 

evaluated as a potential dominant negative mutation, competing with other members 

of the PNL family. Preliminary studies show that this construct localizes to the 

epidermis and root, as well as the embryo. Localization to the embryo is fairly even 

and is not restricted to any portion of the embryo, while localization in the root is 

patchy and highly variable. It is unclear whether or not the localization of the 

truncated overexpression construct in the root follows any regular pattern, but with a 

more in-depth analysis of T2 lines, this information could explain any potential role 

for PNL proteins in the asymmetric divisions of the root. Localization of the truncated 

overexpression construct to the epidermis shows a similar localization pattern to that 

of PNL2-YFP, but with additional bright foci at random places in the membrane and 

occasionally near the membrane. It is unknown what these are or why they form. As a 

preliminary analysis, however, it is clear that the construct, as well as the 

overexpression control construct, localize to the membrane, and the truncated 

overexpression construct is more noticeably enriched at corners and along guard cell 

pairs. Future experimentation of plants carrying this construct is needed to draw 

conclusions about the localization of the PNL proteins and any analogous roles this 

family might have to that of PAN1. 
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It still remains to characterize potential phenotypes that these plants may have, 

although T2 plants from the first transformant isolated show no increase in stomatal 

immaturity versus wild type plants. This could be the result of silencing, however, 

because the T1 parent produced only a few siliques. The first T1 plant was very 

unhealthy, due to either the effects of the construct combined with poor growth 

conditions, or due solely to poor growth conditions. In the former case, it is possible 

that the few seeds that this plant produced were the result of silencing. It is also 

noteworthy, however, that subsequent surviving T1 plants had no growth problems 

and produce siliques, although it is unknown exactly what this means in terms of the 

potential effects of the truncated overexpression construct, due to the variability of 

35s-driven expression. It could be that these plants are more susceptible to 

environmental stresses, and they could also be less fertile than Columbia plants. 

Given that the first primary transformants carrying 35sp::PNL2-∆kinase::YFP 

seemed to have reduced fertility, it would be interesting to analyze the pollen of these 

plants for any growth defect. This would also be informative given the fact that pnl1; 

pnl2 double mutants were somewhat rare in the segregating populations genotyped. 

Both pnl single and double mutants could be surveyed in parallel with plants carrying 

the truncated overexpression construct and with PNL1-YFP and PNL2-YFP. Such an 

experiment would address whether or not the relative infrequency of pnl1; pnl2 double 

mutants was due to a pollen phenotype while determining whether or not the the PNL 

proteins, or more specifically, PNL1 and PNL2 play a role in pollen production. 

Also, brk1; pnl2 and arp2; pnl2 double mutant lines will need to be established 

and analyzed for any enhancement of the brk1 adhesion and decreased lobing 
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phenotype to assess any potential relationship between PNL2 and the Scar and Arp 2/3 

complexes. Due to the fact that PNL2-YFP shows enrichment in cell corners, as does 

BRK-YFP in Arabidopsis, and also due to the fact that mutations in brk and pan1 in1 

maize have a synergistic phenotype it was deemed reasonable to explore any 

enhancement of the Arabidopsis brk mutant phenotype that may occur in a brk1; pnl2 

double mutant. In addition, PNL2-YFP will need to be transformed into brk and arp2 

mutant plants to assess if these mutations have any effect on the localization of PNL2-

YFP. 
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