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Introduction 

The current global population estimate is 7.6 billion people, and it is expected to grow 

over one third by the year 2050 (UN DESA, 2017). A 70% increase in overall food production is 

needed to nourish this growing population. By curtailing the current loss of over 40% of crops 

due to pests, weeds, and pathogens, we could facilitate our future food demands (Fletcher et al., 

2006). Implementing more genetically based pest-resistance mechanisms in crops will increase 

urgently needed crop yields.  

Plants activate two forms of plant-induced immunity to protect themselves from 

microbial pathogens and herbivores: effector-triggered immunity (ETI) and pattern-triggered 

immunity (PTI) (Katagiri and Tsuda, 2010). PTI encompasses plant recognition of potential 

pathogens by conserved molecular motifs and thereby activates the immune response, which is 

an intricate network of signal-transduction pathways leading to expression of defense traits. 

Pathogens have evolved effectors that are introduced into plant cells during pathogen attack; 

these effectors often block the efficacy of PTI (Jones and Dangl, 2006). When this first line of 

plant defense is compromised, plants have evolved a mechanism to rapidly recognize the effector 

and restore and enhance plant immunity. Chemical effectors are recognized by nucleotide-

binding leucine-rich repeat proteins, which then trigger the second line of defense known as 

effector-triggered immunity (ETI) (Cui et al., 2015; Williams, 2017). Both PTI and ETI are 

mediated by a variety of signaling networks in which the plant hormones jasmonic acid (JA) and 

salicylic acid (SA) play essential roles. ETI is distinct from PTI in that the signaling sectors have 

compensatory relationships and are thus more robust than those found in PTI (Tsuda and 

Katagiri, 2010).  
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The JA-signaling pathway is associated with defense responses to decrease the success of 

herbivores (Turner et al., 2002). JA regulates a variety of secondary metabolites and proteins, 

which deter feeding or inhibit the herbivore's ability to digest the plant diet. The JA-signaling 

pathway also confers resistance to necrotrophic microbial pathogens (Pena-Cortes et al., 2004). 

On the other hand, SA-signaling pathways are typically associated with responses against 

biotrophic pathogens and abiotic stresses (Klessig et al., 2018). However, often there is 

significant cross-talk between the two hormones, which helps fine tune the defense responses 

(Smith et al., 2009). It was found that often SA and JA have antagonistic effects on defense 

signaling; but these hormones also have synergistic effects at low dosages and cell death 

responses at very high doses of SA and JA (Mur et al., 2006).  

An additional role for the hormone JA is in trichome formation and induction of defense 

in glandular trichomes (Pattanaik et al., 2014). Trichomes are specialized hairs found on the 

aerial parts of 30% of vascular plants that have evolved substances to provide the plant with 

protection against herbivores and pathogens (Huchelmann et al., 2017). JA treatments can 

increase trichome densities, terpene emission, and protease inhibitor induction. Glandular 

trichomes of healthy plants store polyphenol oxidases (PPOs), which typically work to reduce 

nutritive quality of the plant diet. However, along with systemic induction of PPO, they have 

also shown an implication with resistance to pathogenic bacteria (Thipyapong and Steffens, 

1997). Overexpression of a PPO in transgenic tomato plants showed increased resistance to the 

pathogen Pseudomonas syringae pv. tomato (Pst) (Glas et al., 2012).  

Another studied mechanism for plant defense has been leucine aminopeptidase A (LAP-

A). LAPs are found in animals, plants, and microbes (Walling, 2004). In tomato (Solanum 

lycopersicum), there are actually two forms of LAP: LAP-A and LAP-N. These two classes are 
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differentiated by their isoelectric points (pI): acidic (LAP-A) and neutral (LAP-N) (Tu et al., 2003). 

While LAP-N is present in all plants, LAP-A is only present in a subset of Solanaceae and barely 

detectable in healthy leaves (Chao et al., 1999; Matsui et al., 2006). LAP-A is induced after leaf 

wounding, insect infestation, JA or ABA exposure, salinity, water deficit, and some bacterial and 

oomycete pathogens (Pst and Phytophthora parasitica) (Pautot et al., 1993; Pautot et al., 2001; 

Jwa and Walling, 2002). After Manduca sexta larvae fed on tomato foliage, LAP-A was the most 

abundant protein found in their guts (Chen et al., 2007). However, LAP-A is not induced by 

whiteflies that cause minimal damage while feeding (Puthoff et al., 2010). LapA transcripts have 

also shown a decline in response to salicylic acid and in a def1 signaling mutant (Pautot et al 1993). 

While LAP-A’s function has not been completely unraveled, there have been many 

studies in biochemistry, transcriptomics, proteomics, and volatile profiling completed to 

understand LAP-A’s role in defense signaling (Walling, 2013). LAP-A modulates late wound-

signaling and acts downstream of JA biosynthesis and perception (Fowler et al., 2009). LAP-A is 

localized in plastids and it regulates gene expression, particularly against herbivory (Gu et al., 

1996; Narváez-Vásquez et al., 2008). It acts as a positive and negative nuclear gene expression 

regulator by upregulating late wound response genes in anti-herbivory (e.g., Pins, PPOs, etc.) 

and down regulating stress response genes such as PRs and chaperones (Fowler et al., 2009; 

Scranton et al., 2013). LAP-A’s localization in plastids suggests that there is a production or 

control of a signal that moves to the nucleus (Fowler et al., 2009; Scranton et al., 2013). LAP-A 

and LAP-N were the first plant aminopeptidases that were shown to be bifunctional and act as a 

molecular chaperones (Scranton et al., 2012)(Park et al 2018). LAP-A’s chaperone activity 

increases when its hexameric structure is disassembled. This new data suggest that a new 

potential role in defense against stress may exist (Scranton et al., 2012). 

Commented [L4]: I think Tu et al has this primary data.  
Chao et al 

Commented [L5]: Walling 2013? 



6 
 

To test the role of LAP-A in plant defense, LapA antisense (LapA-AS),  LapA-silenced 

(LapA-SI) and LapA-overexpressed (LapA-OX) tomato plants were observed (Walling, 2004). 

Overexpressing or silencing LAP-A levels did not impair the fitness of the transgenic plants 

(Fowler et al., 2009).  Manduca sexta (the tobacco hornworm) larvae were placed on WT, LapA-

SI and LapA-OX plants to test the protein’s role against herbivory. Relative to WT 

plants,  LAPA-OX plants were more resistant to insect feeding and there was an observed delay 

in insect growth and development (Fowler et al., 2009). Contrarily, LAPA-SI plants were more 

susceptible to insect feeding and larger insect masses were observed (Fowler et al., 2009). These 

results showed that LAP-A indeed plays a critical role in plant immunity to tissue damaging 

herbivores (Fowler et al., 2009). 

While LAP-A's role in plant immunity against herbivory has been well characterized, its 

role in protection against plant microbial pathogens is less well studied (Fig. 1). Plant disease can 

be defined as the condition when a plant cannot carry out vital functions properly by losing form 

and integrity due to pathogenic attack and other noninfectious factors (Kerr et al., 2009). Plant 

diseases have been reported to reduce global food production by at least 10%, contributing to the 

growing undernourished human populations (Savary et al., 2012). Investigating the role of LAP-

A in plant immunity against Pst infection could continue to unravel mechanisms for plant 

defense.  

Pst is a model pathogen for studying disease susceptibility. Pst uses a type III secretion 

system to suppress plant immune responses and promote susceptibility to disease. Another 

mechanism of Pst is its ability to secrete the toxin coronatine. Some of coronatine's roles in 

infection are to facilitate bacterial invasion, the induction of disease symptoms, and enhancement 

of disease susceptibility. Coronatine is proposed to mimic the active form of JA or JA-Ile, which 
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activates pathways that inhibit the defense hormone SA. This inhibition of SA-regulated 

defenses allows for further susceptibility against biotrophic and hemibiotrophic pathogens, 

including Pst (Xin et al., 2018).  

To study the role of LAP-A in microbial pathogen resistance, previous studies examined 

Pst growth in WT and a LapA-antisense (LapA-as) plants (Pautot et al., 2001). The LapA-as 

plants downregulate LAP-A but do not abolish LAP-A accumulation after wounding (Fowler et 

al., 2009; Pautot et al., 2001). Using time course infections, Pautot et al (2001) showed that WT 

and LapA-as plants supported similar levels of Pst growth. This suggested that LAP-A had no 

impact on defense to this hemibiotroph. However, since the antisense line is not a complete 

knockout, the line may have accumulated enough transcript and provided sufficient LAP-A to 

not compromise immunity to Pst (Pautot et al., 2001).  

 

Figure 1. LAP-A confers resistance against herbivores, but it is unknown if it confers 

resistance against Pst. 
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More recently, LapA-SI plants and LapA-OX were identified and characterized for their 

immunity to tissue-damaging herbivores (Fowler et al., 2009).  LapA-SI plants more stringently 

down-regulate LAP-A than LapA-as plants. For this reason, testing the susceptibility of LapA-

OX and LapA-SI is timely. Here we show that LAP-A does not confer resistance to coronatine-

producing or coronatine-deficient Pst and also highlighted the role of overexpressing the protein 

for enhanced susceptibility. 

 

Materials and Methods 

Plant Materials and Growth Conditions 

Solanum lycopersicum UC82 (wild-type), P35S:LapA-OX (LapA-OX) and P35S:LapA-SI 

(LapA-SI) seeds were sterilized with 10% bleach and were allowed to germinate for a week in 

petri plates containing filter paper. After one week, seedlings for all three genotypes were 

transferred into inserts filled with moist soil. The plants were grown in a growth chamber with a 

16-h (28°C)/8-h (22°C) light/dark cycle with 50% humidity until four weeks old (~8-10 leaves). 

The plants were watered daily and fertilized once a week with Miracle-Gro plant food.  

Infiltration 

Coronatine-producing and -deficient Pseudomonas syringae pv. tomato, Pst- DC3000 

and Pst- DC3118, respectively, were provided by S.Y. He (Michigan State University, MI). The 

strains were grown on King’s B media plates containing 50 µg/ml of rifampicin at 28°C for 72h.  

One colony from each strain was harvested into 100 µl of sterile water and then spread on 

a King’s B media plate with rifampicin to produce even bacterial lawns. After 72 h, the bacterial 

lawn was scraped into eight ml of sterile water and the bacterial concentration was adjusted to 

3.8 x108 bacteria per ml (OD600 nm = 0.4).  

Commented [L8]: Is this what you show??? This needs to 
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Four-week-old plants were inoculated with Pst. The soil in the pots of these plants were 

covered with aluminum foil and the plants were inverted into a 500-ml beaker containing 500 ml 

of bacterial solution consisting of 1 x 105 CFU/ml and 0.0004% silwet. The beakers with the 

submerged plants were then subjected to a vacuum for 2 min (Fig 1). Infiltrated plants were left 

to dry and grow on the lab benchtop (continuous light at 16 µmol m-2 s-2). Samples to measure 

 

Figure 2. Experimental design of disease assay on three tomato genotypes with two 

bacterial strains Tomato plants were infiltrated with Pst using vacuum infiltration. Plant 

tissue was then collected on a time course and plated on King’s B Media. After 72 h, bacterial 

colonies were counted and compared across genotypes.  
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bacterial growth were collected at 0, 24, 48, and 72 h after inoculation. Three 0.8-cm disks were 

excised from each leaf using a cork borer; two leaves per plant were used. Three plants from 

each genotype were used at each time point. This experiment was repeated three times for 

DC3000 and twice for DC3118. 

The disks for each leaf were pooled into a 1.5-ml microfuge tube and homogenized in 0.3 

ml of 10 mM MgCl2 buffer using a micro pestle. Ten-fold serial dilutions were made to 10-5 for 

each homogenization using a 96-well plate and 250 µl total volume/dilution. Ten µl of each 

dilution was plated on King’s B media plates containing rifampicin. The bacterial colonies were 

counted by eye after 72 h of growth at 28°C. 

Statistics 

Data for the bacterial counts was analyzed using a two-way ANOVA. Also, Tukey’s 

multiple comparisons test, with individual variances computed for each comparison was 

completed. The confidence level was set at a 95% confidence interval. Graphed are the means of 

eighteen individually harvested samples and their standard deviation.  

 

Results  

The induction of Leucine Aminopeptidase (LAP-A) after Pst infection is a wound 

response produced by the plant in response to coronatine (Pautot et al, 2001). This study focused 

on whether LAP-A could confer resistance to coronatine-producing or coronatine-deficient Pst.  

In accordance with the project objectives coronatine-producing DC3000 and coronatine -

deficient DC3118 were used to infect three genotypes of tomato plants. The three genotypes 

were wild type (WT), a line that overexpressed LAP-A (LapA-OX) and one that silenced the 

transcript (LapA-SI). These plants were infected, and the pathogens were allowed to grow within 
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leaves and leaves were then collected at four time points (Fig 2). Bacterial colonies were 

analyzed at 0, 24, 48, and 72 hpi (Fig 3). The hypothesis was that, like the herbivory response, 

overexpression of the transcript would confer resistance to the pathogen.   

 

 

Figure 3. Growth difference observed between genotypes. Bacterial populations of A, 

DC3000 or B, DC3118 in 4-week-old wild-type, LapA-OX or LapA-SI tomato plants that 

were vacuum infiltrated with bacteria diluted to ~ 1 x 105 CFU/ml. Control plants were 

infiltrated with 10 mM MgCl2. Error bars indicate ± standard deviation (A, n = 3 B, n=2). 

Significantly different populations based on a two-way ANOVA (P ≤ 0.05) are indicated with 

asterisks. 
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WT plants infiltrated with coronatine-producing DC3000 saw a 105-fold change in 

growth from 0 to 72 hpi. If LAP-A has a role in defense against Pst, I would have expected Pst 

to have enhanced growth in LapA-SI and impaired growth in the LapA-OX. However, this was 

not seen. Pst growth at 24, 48 and 72 hr in WT and LapA-SI was the same. In contrast, Pst had 

enhanced growth trend in the LapA-OX at 24 hpi and at 48 and 72 hpi Pst had significantly 

enhanced growth in the LapA-OX line relative to WT and LapA-SI.  

The phytotoxin coronatine is a strong inducer for LapA transcripts (Pautot et al., 2001) and 

is a key virulence factor for Pst growth in planta. A coronatine-deficient DC3118 strain was used 

to test if Pst growth would accumulate differently in WT or transgenic tomato lines that 

overexpressed or silenced the LapA transcript. In the WT line infiltrated with the coronatine-

deficient DC3118, there was a 105-fold change in growth from 0 to 72 hpi. Unlike the 

coronatine-producing DC3000 strain experiments, there was equivalent bacterial growth in all 

three genotypes at all four time points.  

 

Discussion  

LAP-A is critical for plant immunity to herbivores. LAP-A regulates JA-responsive 

defense traits in tomato (Fowler et al., 2009). When LapA is overexpressed in tomato plants, 

there was resistance to insect feeding and when LapA is silenced there was an enhanced feeding 

on the plant (Fowler et al., 2009). These findings are consistent with JA’s role in immunity to 

herbivory. While responses to herbivory and wounding are well described , LAP-A’s role in 

defense against microbes is less well studied (Pautot et al., 1993; Pautot et al., 2001; Fowler et 

al., 2009). 
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Why do the COR- strain? 



13 
 

LapA transcripts accumulate after Pst infection, however, whether it would confer 

resistance was not well studied (Pautot et al., 1993). A previous experiment with LapA-antisense 

and WT tomato lines suggested that LAP-A was not important in resistance to Pst (Pautot et al., 

2001). However, the antisense line was a knock-down, not a knock-out, mutant and may have 

accumulated enough RNA transcript and protein to stimulate JA defenses sufficiently enough to 

allow for protection against Pst (Pautot et al., 2001). To overcome this possibility, the transgenic 

line LapA-SI with a stronger knockdown phenotype was used (Fowler et al., 2009). In this study, 

WT plants and two transgenic lines that overexpressed (LapA-OX) or silenced (LapA-SI) LAP-A 

were used to observe the role of LAP-A in immunity against coronatine-producing and 

coronatine-deficient Pst.  

My hypothesis was that LAP-A would confer immunity against pathogens just as it did 

with herbivores. To test this hypothesis, I inoculated LapA-SI, LapA-OX and WT plants with Pst 

and then compared bacterial colony forming units over a time course. If LAP-A is important in 

regulating defenses to curtail Pst growth, we would expect to see enhanced Pst growth in the 

silenced lines and suppressed growth in the overexpressed lines. However, what was observed in 

the coronatine-producing infections was enhanced growth in the overexpression lines and 

equivalent growth in WT and silenced lines. The overexpression of LAP-A leads to enhanced JA 

responses (Fowler et al). Therefore, when a COR-producing Pst that activates JA signaling 

infects a LapA-OX line, there is a likely hyperactivation of JA-signaling. Due to cross talk 
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between the JA and SA defense sectors, this will likely lead to suppression of SA-mediated 

defenses. This suppression then allows for Pst to infect the plant host more effectively (Fig. 4).  

Contrarily in the coronatine-deficient Pst strain, equivalent growth was seen across 

genotypes for all time points (Fig. 3). With this evidence we can conclude that LAP-A does not 

play a role in plant defense against Pst but may play a role in the susceptibility (Fig. 4). This data 

supports the study completed with the antisense line in that inhibiting LAP-A does not lead to a 

change in pathogen immunity (Pautot et al., 2001). In comparison to the study with the previous 

studies with the LapA antisense line, the titers of coronatine-deficient bacteria were much larger 

in our study. This suggests that the DC3118 strain may be more virulent than the PT23.2 strain 

used previously. Together these experiments prove that suppressing LAP-A does not confer 

resistance to coronatine-producing or coronatine-deficient Pst and also highlighted the role of 

overexpressing the protein for enhanced susceptibility. Future studies will compare the gene 

expression of several sentinel defense-response genes in order to further unravel the contribution 

of LAP-A to the susceptibility to Pst. Specifically, I would like to test if JA signaling is 

 

Fig 4. LAP-A confers protection against herbivores and promotes susceptibility against Pst 
when overexpressed. 

LapA-OX
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LapA-SI
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hyperactivated in LapA-OX plants relative to WT plants when infected with coronatine-

producing Pst. Continuing to discover the molecular basis of plant-pathogen interactions can 

help implement new tools to meet our growing food demand.  
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	Text1: The protein leucine aminopeptidase A (LAP-A) is active in the wound-response pathway of Solanum lycopersicum (tomato) plants. We have shown that LAP-A plays an important role in plant immunity against herbivores. Whether LAP-A plays a role in pathogen resistance is still unknown. To test the role of LAP-A in resistance to pathogens, we used the model pathogen Pseudomonas syringae pv. tomato (Pst). The pathogenicity of Pst depends on a type III secretion system, virulence effector proteins and the phytotoxin coronatine (COR). COR mimics the action of the plant hormone jasmonic acid (JA) and has been shown to induce LapA RNA and activity. In this study, we examined if LAP-A overexpression or downregulation would affect Pst infection in tomatoes. To complete this, wild type, LapA-overexpression (LapA-OX) and LapA-silenced (LapA-SI) tomato leaves were infiltrated with COR-producing and -deficient Pst and mock treatments. The growth of Pst in the plants was monitored at four times points after infection. Final analysis of bacterial growth revealed that Pst grew at equivalent rates in wild type and LapA-SI, however LapA-OX plants had an effect on the susceptibility to coronatine-producing Pst. These results continue to unravel the underlying molecular mechanisms in plant disease that play a part in the current global threat to food security.  


