
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Characterization of Stewart's Wilt Resistance in Juvenile pan1 Mutants of Maize

Permalink
https://escholarship.org/uc/item/5h4048dh

Author
Deng, Kaiyue

Publication Date
2017
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5h4048dh
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA, SAN DIEGO 
 
 

Characterization of Stewart's Wilt Resistance in Juvenile pan1 Mutants of Maize 
 

A Thesis submitted in partial satisfaction of the requirements 
for the degree Master of Science 

 
 
 

in 
 
 
 

Biology 
 
 
 

by 
 
 
 

Kaiyue Deng 
 
 
 
 
 
 
 
Committee in charge: 

Professor Laurie G. Smith, Chair 

Professor Eric Allen 

Professor Alisa Huffaker 

 
 
 
 
 
 
 

 
2017 

 



 

 

 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  















1 

I. Introduction 

 

 Disease resistance in crop plants of economic interests has been a big focus of research in 

biology. Resistance in plants can come from alterations in a single gene or in quantitative trait 

loci (QTL) that contain several different genes. Stewart’s Wilt caused by the vascular pathogen 

Pantoea stewartii is a major concern in north-central and eastern USA (Roper 2011). A multiple 

disease resistance QTL for both Northern Leaf Blight (NLB) and Stewart’s Wilt (SW) has been 

mapped to overlapping regions of maize chromosomal bin 1.06 (Jamann et al. 2014). Field-

grown adult mutants of pan1, residing within the QTL, have been shown to have increased SW 

resistance (Jamann et al. 2014). Our project characterizes the SW resistance phenotype in 

juvenile pan1 mutants and investigates the underlying mechanisms of increased resistance. 

 

Pantoea stewartii and Stewart’s Wilt 

Pantoea stewartii subsp. stewartii (previously Erwinia stewartii), a hemi-biotrophic 

vascular pathogen, is the etiological agent of Stewart’s Wilt disease (SW;  Roper 2011). It is the 

most serious bacterial disease of sweet corn and maize (Zea mays) in the north-central and 

eastern USA. Corn flea beetle (Chaetocnema pulicaria; Figure 1.1.A) hosts P. stewartii during 

winter time and introduces the bacterium to corn plants while feeding in the spring and summer 

(Pataky 2003). SW symptoms include water-soaked lesion (WSL; Figure 1.1.B) and wilting 

(Figure 1.1.C). WSL occurs when bacteria colonize intercellular spaces of the leaf tissue and 

cause localized cell death. Bacteria also enter the xylem and spread systemically, which 

eventually plugs the xylem and causes wilting and death, especially in seedling plants. P. 

stewartii preferentially colonizes the xylem and, when reaching a high cell density, forms 
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biofilms encased in an exopolysaccharide (EPS) capsule and slime, called ‘stewartan’. EPS 

production is cell-density dependent and is regulated by a quorum sensing system (Carlier 2009). 

EPS along with the formation of biofilm enables bacteria to plug the xylem and eventually 

ruptures the pit membranes causing the spread of the bacteria into other vessels and intercellular 

space (Beck Von Bodman 1995; Dolph et al. 1988; Leigh and Coplin 1992). Seedlings of 

susceptible maize plants are especially vulnerable to wilting symptoms that can lead to death of 

the plant, and when infected in adult stage, the plant growth is stunted with mainly vascular 

chlorosis and necrosis but little wilting (Roper 2011).  

While cell-density dependent EPS production is critical for causing the wilting 

symptoms, the type III secretion system (T3SS) in P. stewartii is required in forming the 

characteristic water-soaked lesion symptoms of SW and wilting (Ham et al. 2006). The T3SS of 

P. stewartii encoded by hrp (for hypersensitive response and pathogenicity) genes helps 

introduce the effector protein WtsE into host cells (Frederick et al. 2001). Upon infection, T3SS 

detects plant host signals and releases the WtsE effector protein which causes damage in the 

apoplast resulting in localized plant cell death and formation of the water-soaking phenomenon. 

As infection progresses in the xylem, the WtsE effector may interact with living xylem 

parenchymal cells, releasing nutrient for bacterial proliferation (Roper 2011). In the regulation of 

the hrp genes, hrpS plays a critical role for encoding a transcriptional activator of several hrp 

genes which leads to full activation of the T3SS (Figure 1.2; Merighi 2003, 2005). Plant signals 

inducing the T3SS in P. stewartii haven’t been identified, but P. stewartii with pre-induced hrp 

expression or constitutive expression of hrpS achieved by the pRF205 plasmid was able to cause 

cell death in non-host plants (Frederick 1993; Ham et al. 2008). Moreover, WtsE effector was 
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introduced to non-host plant by heterologous delivery system, and WtsE alone also causes cell 

death in these plants (Ham et al. 2008).   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. The corn flea beetle (Chaetocnema pulicaria) and disease symptoms associated with 
Stewart’s wilt of sweet corn. (A) The primary vector of P. stewartii, causing agent of Stewart’s Wilt. 
The beetle makes scratching wound when feeding on the leaf and introduce the bacterium to the plant. 
(B) Characteristic water-soaked lesion (WSL) caused by P. stewartii colonization of leaf apoplast.  (C) 

Wilting of young plants that were systemically infected. (Pataky 2003) 
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Figure 1.2. Model of the hrp regulatory cascade including the autoregulatory loop triggered by 
HrpS. The hrpX/hrpY operon, constitutively expressed at low level, encodes a two-component signal 
transduction system, which detects plant signals (unknown) and activates hrpS transcription. HrpS not 
only induces the hrpL transcription to fully activate the Hrp regulon but also triggers a positive 

autoregulatory loop that stabilizes the “on” state of the regulatory circuit. (Merighi 2003) 
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Plant defense mechanisms against pathogens 

Upon pathogen attack, plants activate numerous defense responses. Pattern recognition 

receptors (PRRs) at the cell surface recognize broadly conserved pathogen molecules (PAMPs or 

MAMPs) and cell wall fragments released by pathogen-induced wall degradation (DAMPs), 

leading to upregulation of basal defense responses including production of reactive oxygen 

species (ROS) and antimicrobial metabolites, and upregulation of salicylic acid (SA), ethylene 

and/or jasmonic acid and consequent induction of various pathogenesis-related (PR) genes.  

While the SA pathway targets mainly biotrophs, the ET/JA pathway targets mainly necrotrophs 

(Glazebrook 2005).  Effectors introduced by pathogens into host cells (encoded by “Avirulence” 

or Avr genes) target components of the plant basal defense machinery. If not recognized by the 

host, effector proteins increase disease susceptibility by suppressing basal defense mechanisms. 

However, plant R genes encode  recognition factors for pathogen effector proteins (Van Der 

Biezen and Jones 1998; Nimchuk et al. 2003). R-mediated effector recognition, if it occurs, leads 

to rapid amplification of basal defenses leading to responses generally not seen as part of the 

basal defense response such as SA-mediated, localized programmed cell death also known as the 

hypersensitive response (HR; Collmer 1998; Van Der Biezen and Jones 1998; Jones and Dangl 

2006).  

Although plant mutants that display constitutive upregulation of pathogen defense 

responses have increased resistance to certain pathogens, plant growth is reduced resulting in 

lower biomass and seed yield (Glazebrook 2005). The normal growth in pan1 mutant suggests 

that these defense pathways are not constitutively activated to increase resistance. Preliminary 

investigation showed no increase of SA- and ET/JA-induced gene expression in uninfected pan1 
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mutants, further confirming that increased resistance in pan1 mutants is not due to upregulation 

of SA and ET/JA signaling pathway (Figure 1.5.). 

 

 

 

 

 

 

 

 

 

Figure 1.3. Analysis of R-gene mediated defense-related gene expression in un-inoculated wild 
type B73 and pan1 mutant seedling leaves.  prm6b, cc9 and pr4 were amplified via RT-PCR and the 
products were quantified relative to a constitutively expressed actin gene. prm6b is induced by SA-
dependent signaling pathway, and cc9 and pr4 are induced by JA-dependent signaling pathway 
(Huffaker et al. 2011; Linde et al. 2012). Error bars show standard deviations (n=3 or 4 plants/genotype). 
Expression of all 3 defense genes is lower in pan1 mutants, but none of the differences shown are 
significant at the p<0.01 level. Reproduced from (unpublished; L. Smith, personal communication) 



7 

pan1 is within a multiple disease resistance QTL that confers resistance to Stewart’s Wilt  

Pathogen resistance in plants can be achieved by sets of genes that fall within quantitative 

trait loci (QTL). These genes may be partially overlapping or distinct from the R-genes, and all 

together they usually contribute to multiple disease resistance, or MDR (Krattinger et al. 2009; 

Wisser et al. 2005; Fukuoka et al. 2009). Moreover, previous study has shown that quantitative 

resistance is more durable than R-gene-mediated resistance because pathogens must acquire 

multiple mutations to overcome this multigenic type of resistance (Parlevliet 2002). The maize 

chromosomal region at bin 1.06 houses a wide variety of multiple disease resistance QTL, and 

bin 1.06 is known to be associated with stabilizing yield under both biotic and abiotic stress 

(Wisser et al. 2006; Chung et al. 2010; Zwonitzer et al. 2010; Landi et al. 2010). Resistance to 

Northern Leaf Blight (NLB) and Stewart’s Wilt (SW) have been mapped to overlapping regions 

within bin 1.06 (Jamann et al. 2014). NIL1.06B73 and NIL1.06Tx303, near isogenic lines (NILs) 

with either B73 or Tx303 allele of bin 1.06 introgressed to B73 background, were generated in 

the mapping process to study the QTL. Plants of NIL1.06Tx303 have been shown to be more 

resistant to both NLB and SW compared to those of NIL1.06B73, which indicates that the Tx303 

allele donates the resistance phenotype (Chung et al. 2010). In addition, with fine-mapping 

analysis, pan1 gene is localized within the regions associated with resistance to both NLB and 

SW, and pan1 is considered as one of the candidate genes that underlies the multiple disease 

resistance QTL (Figure 1.4.). Field-grown adult pan1 mutants showed increased resistance to 

SW in the same study (Figure 1.5.), indicating that the wild type pan1 gene promotes SW 

susceptibility in maize and reinforcing the possibility that loss of pan1 function underlies the 

resistance increase associated with the Tx303 allele at the bin 1.06 QTL (Jamann et al. 2014).  
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Figure 1.4. Mapping of NLB and SW resistance loci in relation to pan1. (A) Results of an association 
mapping study identified an NLB-associated SNP 37.5 kb from pan1. (B) Fine mapping of the QTL 
associated with NLB and SW to a chromosome 1 interval that includes pan1. (Jamann et al. 2014) 

Figure 1.5. Stewart’s wilt response of B73 and two independent null pan1 mutants in field-grown 
adult plants. Both independent null pan1 mutants were more resistant to SW than B73. Plants were 
inoculated with P. stewartii strain PsNY003. Diseased leaf area (DLA) was represented on a percentage 
scale of 0–100, with 0 being no disease and 100 being completely diseased. Letters denote significance 
with Student’s t-test (P-value, 0.0001). (Jamann et al. 2014) 
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The role of pan1 and pan2 in maize stomatal development  

The maize (Zea mays) stomatal complex forms through a sequence of coordinated 

asymmetric and symmetric cell divisions (Figure1.6.A).  First, a guard mother cell (GMC) is 

form after an asymmetric division, and the subsidiary mother cells (SMCs), the two lateral cell 

flanking the GMC, polarize toward the GMC induced by unknown signal derived from the GMC  

(Stebbins and Shah 1960). Premitotic polarization of the SMCs are characterized by nuclei 

polarizing toward the GMC and the formation of F-actin patches at the GMC contact site 

(Figure1.6.B). Followed by the next asymmetric divisions, two subsidiary cells are generated 

from the SMCs. Lastly, the GMC divides longitudinally and symmetrically into a guard cell pair, 

and this marks the end of stomatal complex formation (Gallagher and Smith 2000; Panteris, 

Apostolakos, and Galatis 2006).  

pan1 encodes a leucine-rich repeat receptor-like kinase (LRR-RLK) that is involved in 

promoting the asymmetric division of SMCs. PAN1 is thought to act in SMC polarization in 

response to ligand signals produced by the adjacent GMC, which is consistent with its 

accumulation within SMCs at the GMC contact site (Cartwright 2009).  PAN1 protein, that has a 

molecular mass of 68 kDa, consists of an extracellular domain with LRR motifs for ligand 

binding, a transmembrane domain, and an inactive intracellular kinase domain that may interact 

with other phosphoproteins in the signal transduction process. Consistent with its major role in 

stomatal development, PAN1 protein is present primarily in the microsomal fraction of leaf 

division zone tissue. Null pan1 mutants have defects in stomatal complex compared to wild type 

(Figure 1.7) since they fail to polarize nuclei and actin formation toward GMC in SMCs during 

stomatal development. PAN1 protein is undetectable in the leaf division zone of null pan1 

mutants (Cartwright et al. 2009). Since only 20-30% of subsidiary cells form aberrantly in 
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juvenile leaves of pan1 mutants, this suggests that PAN1 is not solely responsible for the 

reception of polarizing signal from GMCs (Cartwright et al. 2009).  

pan2 mutants have the same defect in stomatal morphology as pan1 mutants (Figure 

1.7.C; Zhang et al. 2012). pan2 encodes a LRR-RLK that acts upstream of pan1 in the 

polarization of SMCs (Zhang et al. 2012). PAN2 protein has a molecular mass of 115 kDa and 

like PAN1, PAN2 has an extracellular domain with LRR motifs for ligand binding and an 

inactive intracellular kinase domain. Double mutant analysis indicates that pan1 and pan2 act 

cooperatively to promote subsidiary mother cell polarization. Like PAN1, PAN2 accumulates at 

the GMC contact site prior to SMC division but PAN2 localizes there earlier and is required for 

polarized accumulation of PAN1 but PAN1 protein can still be detected in the leaf division zone 

of pan2 mutants (Cartwright 2009; Zhang et al. 2012).   
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Figure 1.6. Features of stomatal development in maize. (A) Schematic illustration of asymmetric 
SMC division involving premitotic polarization of actin and nuclei. Failure of these events in pan1 or 
pan2 mutant SMCs leads to formation of aberrant subsidiary cells. (B and C) Localization of the 
indicated proteins in polarized SMCs. Dots mark GMCs; arrowheads point to areas of localized 
accumulation of each protein in adjacent SMCs. Scale bar = 10µM. (Facette and Smith 2012) 

Figure 1.7. Stomatal complex in wild type B73, pan1 and pan2. Toluidine blue O–stained epidermal 
peels from adult leaves of wild type (A), pan1 (B), and pan2 mutant (C). Guard cells stain blue [black 
arrow in (A)]; subsidiary cells stain pink [black arrowheads in (A)]. White arrowheads in (B) and (C) 
indicate abnormal subsidiary cells in pan mutant leaves. Scale bar, 100 mm. (Cartwright et al., 2009) 
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Our project 

 Our focus is to characterize the SW resistance in juvenile pan1mutants. Since the 

increased resistance phenotype has been observed in field-grown adult pan1mutnats, we wanted 

to confirm the same phenotype is observed in juvenile stage, which is easier to work with for 

further investigation of the resistance mechanisms. The resistance phenotype is confirmed in 

juvenile plants of two independent null pan1 mutants, which also indicates that mutations in 

pan1 cause the resistance. We included pan2 mutants, which has same stomatal defects as pan1 

but unlinked, to see if the stomatal defects explain the resistance, but the pan2 is susceptible as 

wild type B73, suggesting that stomatal defects do not cause resistance. Surprisingly, 

heterozygous pan1 plants are as resistance as homozygous pan1 mutants, although PAN1 protein 

level in leaf division zone of heterozygous pan1 plants is reduced by half of the normal amount. 

We also examined the effect of constitutive expression of type III secretion system in P. stewartii 

using the pRF205 plasmid that expresses the HrpS activator. The results showed that insufficient 

induction of the type III secretion system is not the cause of increased resistance.  
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II. Materials and Methods 

Plant material 

 Lines of maize plant used include: wild type B73, homozygous pan1-ems mutant 

(Cartwright et al. 2009), heterozygous pan1-ems (homozygous pan1-ems crossed with B73), 

homozygous pan1-Mu mutant (Cartwright et al. 2009), heterozygous pan1-Mu (homozygous 

pan1-Mu crossed with B73), homozygous pan2 mutant (Zhang et al. 2012), NIL1.06B73 and 

NIL1.06Tx303 (named as qNLB1.06B73 and qNLB1.06Tx303 in Chung et al. 2010). Plants were 

grown under greenhouse conditions.  

 

Bacterial strains and growth conditions 

 Strains of P. stewartii include: DC283 (wild type, nalidixic acid resistance) carrying 

pHC60 (Broad host range vector carrying gfp, tetracycline resistance; Herrera et al. 2008) and 

DC283 carrying the pRF205 plasmid (Ham et al. 2008). The strains of P. stewartii were taken 

from glycerol stock and streaked on plates with Nutrient Agar and Luria-Bertani Broth 

containing appropriate antibiotics.  The plates were incubated at 28ºC for three days. Individual 

colonies were picked and grown overnight in liquid LB on shaker at 200 rpm at 28°C. The cells 

were subcultured in liquid LB and allowed to grow to OD600nm = 0.7 before harvesting for 

inoculation.  
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Pseudostem scratch inoculation and wilting symptom evaluation 

The inoculation protocol was performed as descried in Roper et al. 2015 with 

modifications. Bacteria was harvested by centrifugation, and the pellet was washed twice with 

sterile phosphate buffered saline, pH 7.4 with 0.2% Tween 20 (1X PBS-T) and then resuspended 

to OD600nm = 0.2. Two scratches were made, using a 20-gauge syringe needle, between leaf 1 and 

leaf 2 on the pseudostem of 11 days old maize seedlings, usually with leaf four emerging. Five µl 

of the OD600nm = 0.2 suspension was then placed over each wound. Plants for negative control 

were mock-inoculated with five µl of 1X PBS-T. Plants were observed for wilting symptoms 

after 16 days post-inoculation (dpi), and the symptoms were quantified by number of dead leaves 

due to wilting.  

 

Membrane protein extraction and immunodetection 

The membrane protein extraction protocol was performed as described in Cartwrigh et al 

2009 with modifications. 30-day-old plants were used to isolate the basal 3 cm of unexpanded 

leaves 10-12. About 0.5 g (3-4 plants) of tissue was used in membrane protein extraction for 

each genotype. SDS-PAGE gel and immunoblotting were performed as described in Cartwrigh et 

al 2009 with modifications. After SDS-PAGE gel, proteins were transferred to nitrocellulose 

membrane. The membrane was stained with Ponceau S, washed with DI water, and imaged using 

Bio-Rad ChemiDoc™ Imaging System and Image Lab™ Software. The membrane was de-

stained in DI water after imaging. The membrane was blocked in 5% BSA overnight, probed for 

2.5 hours with anti-PAN1 antibody, washed, then incubated in anti-rabbit IgG alkaline 

phosphatase conjugate for 1 hour. The substrates NBT and BCIP (Promega) were used for 
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visualization and the membrane was imaged using Bio-Rad ChemiDoc™ Imaging System and 

Image Lab™ Software. 
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III. Results 

A. Juvenile plants of two independent null pan1 mutants have increased SW resistance 

A previous study has shown that field-grown adult pan1 mutant plants have increased 

SW resistance (Jamann et al. 2014). We examined if the SW resistance phenotype also occurs in 

juvenile pan1 mutant plants, since juvenile plants have many advantages, such as shorter growth 

time, for investigating the mechanisms behind the increased SW resistance. We also wanted to 

confirm if mutations in pan1 gene lead to increased SW resistance by incorporating two 

independent null pan1 mutants in our evaluation. We hypothesize that if mutations in the pan1 

gene is the cause of increased SW resistance, plants of both independent pan1 mutants would be 

more resistant to SW than wild type B73 plants. 11-day old maize plants of each genotype 

(homozygous pan1 mutants backcrossed several times into the B73 background, and B73 wild 

type) were scratch-inoculated in the pseudostem with P. stewartii-GFP and evaluated for disease 

symptoms 16 days post inoculation. The wilting symptoms were quantified by number of dead 

leaves due to bacterial wilting. Wilting symptoms were observed in infected B73 plants but not 

in mock-inoculated B73 plants (Figure 3.1.A). In contrast, both pan1-ems and pan1-Mu mutant 

plants had minimal wilting symptoms compared to infected B73 plants, or mock-infected 

controls. Thus, both independent pan1 mutant plants had significantly increased resistance to SW 

compared to B73, and no significant difference in resistance was found between the two 

independent pan1 mutants, pan1-ems and pan1-Mu (Figure 3.1.B). The results showed that 

juvenile pan1 mutant plants have increased SW resistance as observed in field-grown adult pan1 

mutant plants. Since both independent null pan1 mutants are more resistant than B73 to SW, we 

conclude that the increased SW resistance phenotype is due to mutations in pan1 gene.  
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B. pan1-ems and NIL1.06Tx303 juvenile plants have same level of increased resistance to SW 

The pan1 gene falls within a QTL region in bin 1.06 which is associated with SW 

resistance, and therefore pan1 is considered as a candidate gene for this QTL (Jamann et al. 

2014).  NIL1.06Tx303 plants carry the Tx303 (resistance) allele of this QTL. Previous work 

showed that adult plants of this genotype are more resistant to SW than NIL1.06B73 plants, which 

are isogenic with qNLB1.06Tx303 except in the QTL region of bin 1.06 where they carry the B73 

(susceptibility) allele of the QTL.  To ask whether the resistance differences between 

NIL1.06Tx303 and NIL1.06B73 previously observed in adult plants are also observed in juvenile 

plants (facilitating further experimental analyses of the resistance phenotype), we compared SW 

resistance in NIL1.06Tx303 and NIL1.06B73 seedlings. As controls, we also included B73 and pan1-

ems homozygotes in a B73 background. We hypothesized that if mutations in pan1 underlie this 

SW resistance QTL, NIL1.06Tx303 would exhibit increased SW resistance in seedlings compared 

to NIL1.06B73, as observed for pan1 mutants compared to B73.  The appearance of wilting 

symptom ranged from most severe in B73, intermediate in NIL1.06B73 and most resistant in both 

pan1-ems and NIL1.06Tx303 (Figure 3.2.A).  There was no significant difference between pan1-

ems and NIL1.06Tx303 in the statistical analysis, and both were significantly different from B73 

(Figure 3.2.B). The response in NIL1.06B73 was significantly different from the other three 

genotypes, giving intermediate susceptibility. In conclusion, NIL1.06Tx303 exhibits increased SW 

resistance in juvenile plants compared to NIL1.06B73, as expected if pan1 is the underlying gene 

for this QTL.  
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C. pan2 juvenile plants are susceptible to SW  

pan1 and pan2 are two unlinked genes that participate in the same pathway of 

asymmetrical cell division during stomata development, and null mutations in both genes cause 

the same defects in stomatal development. We hypothesized that if the stomatal defect in pan1 

mutants explains the increased SW resistance, pan2 mutant would also have increased SW 

resistance. When compared to the mock-inoculated plants, both B73 and pan2 mutant plants 

were similarly affected by the infection of P. stewartii-GFP which resulted in several dead wilted 

leaves (Figure 3.3.A). In contrast, pan1-ems mutant plants had minimal wilting symptom 

compared to mock-inoculated plants. In terms of quantified wilting symptom, no significant 

difference was found between B73 and pan2, while pan1-ems was significantly different from 

the other two genotypes (Figure 3.3.B). The results indicate that stomatal defect is not the cause 

of the increased resistance phenotype observed in pan1 mutants.  
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D. pan1 acts in a dominant manner to increase SW resistance shown in juvenile plants 

pan1 acts in a recessive manner to cause stomata defect in maize. Thus, heterozygous 

pan1 plants do not have the stomatal defect observed in pan1 homozygotes. To further 

investigate whether the stomatal defect is the cause of increased SW resistance in pan1 mutants, 

we examined SW response in two heterozygous pan1 mutants. We hypothesized that if the 

stomatal defect increases SW resistance in pan1 mutants, heterozygous pan1 plants would not 

show increased SW resistance since they have normal stomata. If observed, this finding would 

also demonstrate that pan1 acts in a recessive manner to increase SW resistance.  

The SW response was first measured in pan1-ems/+ along with homozygous pan1-ems 

comparing to B73 (both mutants were well introgressed into the B73 inbred background). The 

pan1-ems/+ juvenile plants appeared to have minimal wilting symptom as seen in pan1-ems after 

pseudostem-scratch inoculation with P. stewartii-GFP, while B73 suffered more wilting 

symptom as seen in previous experiments (Figure 3.4.A). Quantitative analysis of SW response 

revealed that B73 was significantly more susceptible than both pan1-ems/pan1-ems and pan1-

ems/+, and no significant difference was found between pan1-ems/pan1-ems and pan1-ems/+ in 

terms of SW resistance (Figure 3.4.B). pan1-Mu/+ seedlings were then evaluated for SW 

susceptibility compared to B73, pan1-ems/pan1-ems and pan1-Mu/pan1-Mu (with all mutations 

well-introgressed into B73). Infected B73 juvenile plants experienced more severe wilting 

symptoms, but the infection had less effect on both pan1 homozygous mutants and pan1-Mu/+ 

plants (Figure 3.5.A). Quantitative analysis of wilting symptom confirmed that no significant 

difference was found among pan1-ems/pan1-ems, pan1-Mu/pan1-Mu, and pan1-Mu/+, and all of 

them were more resistant than B73 (Figure 3.5.B). The results confirm that the stomatal defect 

(absent in heterozygotes) does not explain the increased SW resistance observed in pan1 
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mutants. We also conclude that pan1 null mutant allele acts in a dominant manner to increase 

SW resistant.  
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E. PAN1 protein expression in pan1 heterozygotes is reduced by about half compared to 

wild type B73 

The unexpected finding that pan1 null mutations acts dominantly to increase SW 

resistance led us to ask what happens to PAN1 protein levels in pan1 heterozygous plants. 

Although heterozygous null individuals would ordinarily be expected to have half the normal 

level of protein, the dominant action of pan1 null alleles might be explained if heterozygotes 

have less than half the wild type level of PAN1. We wanted to relate the PAN1 expression levels 

in pan1 heterozygotes to their resistant phenotype. We hypothesized that PAN1 expression was 

reduced by about half in heterozygous pan1 mutants compared to wild type B73. PAN1 protein 

level was determined in juvenile plant division zone of the two pan1 heterozygotes along with 

wild type B73 and pan1-ems. The normalization and quantitative immunodetection method were 

validated at the same time as for the experimental measurements. Both total protein 

normalization method and quantitative immunodetection with alkaline phosphatase (AP) were 

proved to produce quantitative results for the amount of protein sample loaded (7 µl) in the 

experimental measurements (Figure 3.6). As shown in Figure 3.7, pan1 heterozygotes juvenile 

plants expressed about half amount of PAN1 protein as compared to B73 plants. No PAN1 

protein was detected in pan1-ems mutants, as previously described (Cartwright et al., 2009). 

Thus, half the normal amount of PAN1 protein expression in pan1 heterozygotes is not enough 

to produce the SW susceptible phenotype seen in wild type B73 plants. Moreover, we cannot 

explain the dominant action of pan1 null alleles in terms of lower than expected levels of PAN1 

protein in heterozygotes (which were not observed). 
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F. Increased SW resistance in pan1 mutants is not due to inefficient induction of P. 

stewartii Type III secretion system 

One possible mechanism behind the increased SW resistance seen in pan1 mutants may 

be a lack of plant signals that are positively regulated somehow by the wild type (functional) 

PAN1 protein to induce the Type III secretion system in P. stewartii.  According to this idea, 

resistant pan1 mutant plants would then be susceptible to P. stewartii infection because of the 

introduction into host cells of bacterial effector proteins via Type III secretion. We hypothesized 

that if the proposed mechanism is true, when the Type III secretion system is constitutively 

activated in P. stewartii during infection in the absence of plant signals, pan1 mutants would 

become susceptible to SW.  P. stewartii carrying the pRF205 plasmid consecutively expresses 

the HrpS gene that positively regulates the expression of the Type III secretion system genes and 

the effector protein gene WtsE, and thus does not rely on plant signals to produce the Type III 

secretion apparatus (Frederick 1993; Ham et al. 2008). B73 and pan1-ems juvenile plants were 

inoculated with either wild type P. stewartii-GFP or P. stewartii carrying the pRF205 plasmid. 

The trend of wilting symptom remained consistent between the inoculation of both strains of P. 

stewartii, in which B73 plants suffered more aggressive wilting symptom compared to pan1-ems 

plants (Figure 3.8.A). Statistical analysis also showed that there was no significant difference in 

SW response between the infection by the two strains of P. stewartii, and SW response of B73 

and pan1-ems was significantly different after inoculation with either strains of P. stewartii 

(Figure 3.8.B). The results indicate that insufficient induction of Type III secretion system does 

not explain the increased SW resistant phenotype in pan1 mutants.  
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IV. Discussion 

In the present work, we characterized the SW resistance phenotype observed in maize 

pan1mutants using juvenile plants and investigated possible mechanisms behind the resistance. 

Field-grown adult pan1 mutants have been shown to be more resistant to SW than wild type B73 

(Jamann et al. 2014), and our results confirm that the same resistance phenotype is observed in 

green-house grown juvenile pan1 mutants. Thus, juvenile maize plants, as a more manageable 

system, are suitable for further investigation of the SW resistance.  We test two independent null 

pan1 mutants, pan1-ems and pan1-Mu, and both have the same level of increased SW resistance, 

which strongly suggests that mutations in pan1give rise to the resistance phenotype. The pan1-

ems mutant gene encodes a premature stop codon in the first exon which leads to a truncated 

protein at amino acid 47. The pan1-Mu mutant gene contains a Mutator transposon insertion in 

the coding sequence resulting no transcription of the gene (Cartwright 2009). Both null pan1 

mutants do not produce any unusual or functional transcript (protein) from the pan1 locus that 

would affect the SW resistance phenotype.  

Since pan1 mutants have increased SW resistance and the pan1 gene falls within the SW 

resistance QTL in bin 1.06, pan1 may be the gene that underlies the SW resistance QTL. Adult 

plants of NIL1.06Tx303, NIL carrying the resistant Tx303 allele of bin 1.06, have shown increased 

SW resistance compared to NIL1.06B73 plants, NIL carrying the susceptible B73 allele (Chung et 

al. 2010). We confirm the same phenotypes in juvenile plants of these NILs and show that pan1 

mutant plants behave the same way as the resistant NIL1.06Tx303.  

Although pan1 mutants are known for their characteristic stomatal defects, these do not 

explain the increased SW resistance phenotype. Genetically unlinked pan2 mutants exhibit the 

same stomatal defects, but our data show that pan2 mutants are as susceptible as wild type B73. 
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Moreover, heterozygous pan1 plants, both pan1-ems/+ and pan1-Mu/+, have normal stomatal 

phenotype, but they are as resistant as homozygous pan1mutants. Therefore, the SW resistance 

phenotype in pan1 mutants is not due to their stomatal defects. Furthermore, since P. stewartii is 

introduced into plant apoplast and xylem through scratching wound by corn flee beetle in nature, 

stotmata are not necessarily required as gateway for the bacterium to enter plants (Roper 2011). 

Surprisingly, while pan1 mutants are recessive for their stomatal defects phenotype, our 

results reveal that pan1 acts in a dominant manner to increase SW resistance. Both heterozygous 

pan1 plants of two independent alleles, pan1-ems/+ and pan1-Mu/+, are as resistant as 

homozygous pan1 mutants. Moreover, the PAN1 protein level expressed in the leaf division 

zone of the heterozygous pan1 plants is reduced to about half of the normal amount seen in wild 

type B73. These results indicate that half of normal amount of PAN1 protein is not sufficient to 

generate the susceptible phenotype, suggesting that the PAN1 protein acts in a dosage-dependent 

manner in relation to this phenotype. It could be hypothesized that PAN1 may play a role as a 

negative regulator of certain defense responses, and removal of half amount of PAN1 protein 

leads to increase in plant defense against P. stewartii. Still more investigation is required to 

characterize how PAN1 regulates SW resistance in a dosage-dependent manner. 

In addition, we demonstrate that the observed resistance to SW in pan1 mutants is not 

due to an inefficient induction of P. stewartii type III secretion system. The T3SS is responsible 

for introducing the bacterial effector WtsE into plant cells resulting in localized cell death to 

release nutrients from the host plant, which causes the characteristic water-soaked lesion (WSL). 

Type III secretion system may also enhance the wilting symptoms by injecting the effector 

protein into living xylem parenchymal cells (Roper 2011). Activation of bacterial T3SS requires 

the detection by the bacteria of specific host plant signals, that in the case of P. stewartii are 
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unknown. P. stewartii with pre-induced activation of T3SS or overexpression of the positive 

regulator hrpS (resulting in constitutive expression of T3SS) can cause wilting symptoms in non-

host plants (Frederick et al. 1993; Ham et al. 2008). It has been reported that decreased levels of 

host-derived T3SS inducing signals increases plant resistance by suppressing the ability of the 

bacterial pathogen to express its T3SS and inject effector proteins into plant cells (Anderson et 

al. 2014).  Therefore we used a P. Stewartii strain that constitutively expresses the T3SS to test if 

a lack of host-derived inducing signals was the cause of the SW resistance observed in pan1 

mutants. However, when pan1 mutants are inoculated with P. stewartii that constitutively 

expresses the T3SS releasing the WtsE effector protein, pan1 mutants are still as resistant as 

when they are inoculated with wild type P. stewartii. Therefore, the increased resistance 

observed in pan1mutants is not achieved by inhibition of the type III secretion system in P. 

stewartii. 

Conclusion  

We have showed that juvenile plants of two independent pan1 mutants have increased 

SW resistance compared to wild type B73, and mutations in pan1 may underlie the SW 

resistance QTL in bin 1.06. Our results also demonstrate that the increased resistance is not 

associated with stomatal defects in pan1 mutants and that pan1 mutant alleles act in a dominant 

manner to increase resistance even though heterozygous plants have about half of the normal 

amount of PAN1 protein. Furthermore, we have shown that an inefficient induction of P. 

stewartii type III secretion system is not the cause of the observed SW resistance in pan1 

mutants. We continue to investigate the SW resistance in pan1 mutants. Experiments that 

examine the effect of raising PAN1 protein level in heterozygous pan1 plants via introduction of 

PAN1-YFP transgene has been started.  
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