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Abstract 

In recent years, alfalfa growers in the Western United States have noted an increase of frost 

damage on their stands in correlation with increased bacterial stem blight (BSB) disease 

symptoms including necrotic lesions on stems, chlorosis and necrosis of leaves, and 

shepherd’s crooking. BSB symptoms have been attributed to strains grouping in 

Pseudomonas syringae phylogroup 2 (PG2) and Pseudomonas viridiflava phylogroup 7 

(PG7). The symptoms can result in significant yield loss up to 50% during the first cutting, 

so managing this disease is critical for farmers to obtain optimal yields. In order to 

eventually manage and control BSB, it is necessary to characterize the pathogenic 

population causing the disease. In chapter one, an extensive literature review of broad 

aspects of P. syringae and P. viridiflava is presented. Chapter two contains the first 

comprehensive phenotypic, phylogenetic, and genomic study of a population of 123 strains 

of P. syringae PG2 and P. viridiflava PG7 causing BSB on alfalfa. Results of this research 

show that the population of PG2 and PG7 strains causing BSB on alfalfa are diverse both 

in phenotypes, such as pathogenic potential on alfalfa and ice nucleation capability, and in 

genetic diversity within their clades. Genomic analysis indicated that PG7 strains contain 

the S-PAI pathogenicity island polymorphism, and that for both PG2 and PG7 strains, 

single gene sequences related to virulence may not be able to explain differences in 

virulence phenotypes. 
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Chapter 1: Review of bacterial stem blight of alfalfa disease and causal pathogens 

Pseudomonas syringae Phylogroup 2b (PG2b) and Pseudomonas viridiflava 

Phylogroup 7 (PG7)  

 

Bacterial Stem Blight Disease of Alfalfa 

Alfalfa (Medicago sativa) is a crop that is used in modern agriculture mainly as a 

source of high-protein feed for dairy and beef livestock. Alfalfa is also valued as a 

rotational crop that contributes to soil and water conservation, as well as biological nitrogen 

fixation that restores soil health. This crop is grown throughout the United States and is in 

the top three crops in over 25 states. The majority of production occurs in Western, 

Midwest, and Northeast regions of the United States (U.S. Department of Agriculture 

National Agricultural Statistics Service, 2018). In 2019, alfalfa production in the United 

States was estimated at 54.9 million tons, and was rated the third most valuable field crop 

in the United States valued at $10.8 billion (U.S. Department of Agriculture National 

Agricultural Statistics Service, 2020). Therefore, managing diseases that reduce alfalfa 

yields is critically important in U.S. agriculture. Bacterial stem blight (BSB) of alfalfa is a 

disease that can diminish forage yields up to 50% in the Central and Western United States, 

with the worst damage occurring during the first cutting (Gray and Hollingsworth, 2015). 

Characteristic symptoms of BSB include necrotic lesions on stems, chlorosis and necrosis 

of leaves, and shepherd’s crooking (Figure 1) (Gray and Hollingsworth, 2015).  
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Figure 1. Symptoms of bacterial stem blight induced by P. syringae PG2 strain SV921. 

Symptoms of leaf chlorosis and stem necrosis are shown. 

 

BSB was first reported in Colorado in 1904 in “A New Alfalfa Disease- Stem Blight” 

published by the Agricultural experiment station at the Colorado Agricultural college. The 

disease was described as being most detrimental during the first cutting and attributed to 

“a germ called Pseudomonas medicaginis” (Sackett, 1910). This report notes the 

association between the BSB symptoms and the presence of frost wounds on the plants as 

a potential entry point for the pathogen. There were relatively few reports of BSB on alfalfa 

during the latter half of the 20th century, but this disease has recently emerged in the 

Western and Midwestern United States. As of 2020, BSB symptoms on alfalfa have been 

detected in California, Oregon, Utah, Colorado, Wyoming, Minnesota, and Ohio in the 

United States. Globally, BSB has been reported in Europe, Australia, and Iran (Nemchinov 

et al., 2017). In 2014, alfalfa stem blight symptoms observed in Cheyenne, Wyoming were 

attributed to bacterial isolate closely related to Pseudomonas syringae pv. syringae, an 

organism that resides in phylogroup 2 (also known as PG2 or P. syringae sensu stricto) of 
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the Pseudomonas syringae species complex (Samac et al., 2014). The BSB symptoms 

occurred in tandem with frost damage on the stem, which was attributed to the ability of 

PG2 strains to act as an ice nucleus, promoting frost formation. In 2019, another member 

of the Pseudomonas syringae species complex, Pseudomonas viridiflava (phylogroup 7 or 

PG7 of the P. syringae complex), was isolated from BSB-diseased alfalfa in California and 

Utah and attributed as a second causal agent of BSB via Koch’s postulates (Lipps et al., 

2019). Although P. syringae PG2 and P. viridiflava PG7 exist in the same species complex 

and therefore share some similarities, they differ in phenotypic, genetic, and genomic 

characteristics that distinguish them from one another. Until now, there has not been a 

comprehensive analysis of BSB-causing bacteria in PG2 and PG7 in the P. syringae 

complex that explores phenotypic, phylogenetic, and genomic characteristics of these 

pathogens. Potential resistance genes for BSB have been identified in two cultivars of 

Medicago sativa via transcriptomic studies (Neminchov et al., 2017); however, the 

resistance gene identification was based only on the BSB-causing PG2 reference strain, 

ALF3. Currently, there are no commercially available sources of resistance for this disease. 

Analysis of the phenotypic, phylogenetic, and genomic characteristics of the population of 

P. syringae PG2 and P. viridiflava PG7 causing BSB on alfalfa is necessary to progress 

the scientific community’s knowledge of this disease, which is critical to the eventual 

development effective resistance mechanisms and control practices. 

 

Pseudomonas syringae sensu stricto: Phylogroup 2 (PG2) of the Pseudomonas syringae 

complex 

Introduction to Pseudomonas syringae  



 

  

4 

 

The bacterium Pseudomonas syringae is a Gram negative, rod-shaped bacterial 

species that resides within the domain Bacteria, the phylum Proteobacteria, the class 

Gamma Proteobacteria, the order Pseudomonadales, and in the family Pseudomonadaceae. 

Out of the top ten plant pathogenic bacteria in molecular plant pathology, P. syringae was 

ranked as number one due to its impacts on the economy, the environment, and agriculture 

(Mansfield et al 2012). The genus Pseudomonas is comprised of two distinct lineages, 

Pseudomonas aeruginosa and Pseudomonas fluorescens; P. syringae resides within the P. 

fluorescens lineage and includes the majority of the plant pathogens within all of 

Pseudomonas (Bull 2010). Although P. syringae is often referred to as a single species, it 

is actually a group of genetically distinct species, or a species complex, that cause similar 

symptoms on plants including specks, spots, blights, and cankers on a wide range of hosts 

(Lamicchane et al., 2015b). The P. syringae species complex is an amalgam of closely 

related pseudomonads that altogether is comprised of nine genomospecies determined by 

DNA-DNA hybridization, 13 phylogroups determined by multi-locus sequence analysis 

(MLSA), and 60 pathovars that infect a wide range of hosts (Berge et al., 2014; Gardan et 

al.,1999). The term “pathovar” is a naming convention used for granular subdivision within 

phylogroups to associate pathogenic strains with information about the host of origin, 

mainly in description of pathotype strains. The name P. syringae pv. syringae refers to a 

pathovar that exists within the phylogroup 2b (PG2b), which is one of five distinct clades 

within PG2 defined by Berge et al. (2014). This phylogroup is referred to as P. syringae 

sensu stricto, meaning in the strictest sense, or simply P. syringae. P. syringae pv. syringae 

was originally isolated from lilac in 1902 and later characterized for its pathogenicity traits 

in 1990 (Young, 1990). PG2 is one of the most ubiquitous groups of the entire complex, 
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existing in a wide range of environments from agricultural to natural landscapes (Berge et 

al., 2014; Morris et al., 2008). In agriculture, PG2-grouping strains have caused eight major 

outbreaks on annual plants since 2000, which makes up 11% of all outbreaks caused by the 

entire P. syringae species complex worldwide since the start of the century (Lamicchane 

et al., 2015b). In nature, P. syringae has an important role in contributing to cloud 

formation and ice nucleation in the global water cycle (Morris et al., 2008). PG2 isolates 

are typically more pathogenic on agricultural plants than isolates from other phylogroups, 

utilizing a switch from an epiphytic to an endophytic phase to fulfill the phytopathogenic 

role (Xin et al., 2018). PG2-grouping isolates are also the most consistently ice nucleation 

active, with 85-90% of PG2 isolates showing ice nucleation activity in a recent study of 

216 strains across the entire P. syringae species complex (Berge et al., 2014). P. syringae 

PG2 strains have an arsenal of virulence factors that contribute to its success as a 

phytopathogen including production of toxins, a pathogenicity island (PAI) that encodes 

the type III secretion system (T3SS) for delivery of effector molecules, quorum sensing, 

and its ability to act as an ice nucleator.  

Because P. syringae is a prominent phytopathogen, there have been extensive 

research efforts on the identification and phylogenetic classification of strains into 

genomospecies and phylogroups within the species complex. Many P. syringae strains 

causing diseases across a variety of hosts have been identified, classified, and placed into 

a phylogenetic context via single gene sequencing, multi-locus sequence analysis (MLSA) 

and multi-locus sequence typing (MLST), repetitive element sequence-based PCR (rep-

PCR), and more recently whole genome sequencing (Berge et al., 2014; Bull and Koike 

2015; Dillon et al., 2019a; Hwang et al., 2005). Complete and draft genome assemblies of 
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PG2-related isolates are available in the National Center for Biotechnology Information 

(NCBI) Genome database, including a draft genome of the strain P. syringae pv. syringae 

ALF3, a BSB-causing strain isolated from alfalfa (Harrison et al., 2016).  

Control and management practices have been developed to limit the disease caused 

by P. syringae in various hosts, including the use of bactericides, antagonistic bacteria, and 

limiting inoculum from irrigation systems (Bashan, 1997; Braun-Kiewnick et al., 2000; 

Lamicchane et al., 2015b). Regarding host resistance, recent research identified candidate 

genes involved in resistance to bacterial stem blight in alfalfa (Nemchinov et al., 2017). 

The following section is a summary of the current knowledge of taxonomy, epidemiology, 

virulence factors, and management practices for P. syringae PG2. 

 

Delineation of P. syringae sensu stricto (PG2) in the P. syringae complex 

Historically, the fluorescent pseudomonads were differentiated into two species, P. 

syringae and P. viridiflava, using the LOPAT profile test (levan production, oxidase 

production, pectinolytic activity, arginine dihydrolase production, and tobacco 

hypersensitivity) and DNA-DNA hybridization (Gardan et al., 1999; Palleroni, 1984). 

Because the P. syringae species complex is large and diverse, improved methods for 

detecting species diversity were developed. Housekeeping genes gyrB (gyrase B) and rpoD 

(RNA polymerase sigma factor), as well as the 16S rRNA gene, were originally used to 

assemble a phylogeny of members of the P. syringae species complex and delineate 

individual species (Yamamoto et al., 2000). More recently, other housekeeping genes such 

as gapA (glyceraldehyde-3-phosphate dehydrogenase A), cts (citrate synthase), and more 

have been sequenced and used to create phylogenetic trees either with a single gene 
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analysis or MLSA (Berge et al., 2014; Hwang et al., 2005). The cts, gapA, or rpoD 

housekeeping genes alone are sufficient to place a P. syringae isolate into its phylogroup 

in the P. syringae complex (Berge 2014; Parkinson et al., 2011). For more granular 

identification within the P. syringae species, a framework was proposed by Bull and Koike 

(2015) for determining the etiology of bacterial plant pathogens at the intra-species level, 

which involves molecular finger printing known as rep-PCR (repetitive extragenic 

sequence palindromic chain reaction), housekeeping gene sequencing for MLSA, and 

pathogenicity testing. Genetic identification and classification methods are also typically 

paired with phenotypic and biochemical methods. 

Although MLSA and molecular fingerprinting have been useful tools for exploring 

intra-species diversity in the past, the increase in affordability and accessibility of whole 

genome sequencing will soon be the gold standard for delineating P. syringae species and 

pathovars within the complex. Many whole genomes from PG2 have been sequenced to 

date, including the ALF3 genome, which is a strain in PG2 isolated from alfalfa near 

Cheyenne, WY and attributed to causing symptoms of BSB (Samac et al., 2014).The ALF3 

genome sequence was nearly identical (99.9% average nucleotide identity, a measure of 

nucleotide-level genomic similarity in coding regions of genomes) to that of a bacterium 

isolated from an unidentified plant in China; apart from this, the ALF3 genome most 

closely matched P. syringae pv. japonica M301072 from barley and P. syringae pv. aptata 

DSM 50252 from beet, which are also two strains that group in PG2 of the P. syringae 

complex (Harrison et al., 2016). Most recently, an impressive whole genome sequencing 

and evolutionary analysis of 391 agricultural and environmental strains of P. syringae, 

including P. syringae strains in PG2, revealed that there are primary and secondary 
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phylogroups within the complex based on genomic relatedness (Dillon, 2019). PG2 isolates 

belong in the primary category, meaning that they contain typical features of P. syringae 

sensu lato largely, such as canonical a T3SS and ability to act as an ice nucleus. Going 

forward, whole genome sequencing will be critical to achieving a full understanding of the 

classification of strains within the P. syringae complex. 

Currently, the P. syringae species complex is comprised of nine genomospecies, 13 

PGs, and 64 pathovars based on DNA-DNA hybridization and MLSA (Berge et al., 2014; 

Gardan et al., 1999). The 13 PGs reside within two categories, the seven late-branching 

canonical lineages, or primary phylogroups (PG 1-6), and six early-branching, non-

canonical lineages, the secondary phylogroups (PGs 7-9 and 11-13) (Dillon et al., 2019a; 

Xin et al., 2018). The P. syringae phylogroup 2 (PG2) contains five distinct clades, one of 

which is clade 2 or phylogroup 2b (PG2b) (Berge et al.,2014). The PG2b includes P. 

syringae pv. syringae type strain CFBP 1392, P. syringae pv. aptata, and P. syringae pv. 

atrofaciens. Strains in the PG2b clade have been isolated from a wide range of 

environmental and agricultural substrates. The PG2b includes strains with capability of 

toxin production, ice nucleation activity, and a wide range of virulence (Berge et al., 2014; 

Morris et al., 2019). PG2b-grouping isolates are the cause of many plant disease outbreaks, 

including bacterial stem blight of alfalfa in the United States (Samac et al., 2014; 

Lamicchane et al., 2015b; Lipps et al., 2019). The PG2a contains strains isolated from 

asymptomatic plants and rainwater. PG2c includes non-pathogenic strains from a wide 

range of environmental substrates that possess an atypical T3SS similar to P. viridiflava. 

The PG2d contains strain P. syringae pv. syringae B278a and is most closely related to 

PG2b. Finally, PG2e is comprised of the fewest number of isolates, currently just two 
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strains from freshwater and snow. It is important to define the phylogenetic contexts of 

agricultural and environmental strains grouping with PG2, particularly PG2b, to contribute 

to the understanding of the P. syringae species complex makeup as a whole and further 

define characteristics of clades that may eventually be important in developing resistance 

or management practices for important diseases. 

 

Evolutionary context of P. syringae: An environmental microbe turned plant pathogen 

The evolutionary history of P. syringae explains its ubiquity in nature and 

agriculture. Although research on P. syringae has largely been conducted through an 

agricultural lens, recent research on the role of P. syringae in non-agricultural contexts and 

its life history reveals its original niche as an aquatic, environmental microbe with a 

significant role in the water cycle (Morris et al., 2008; Morris et al., 2013). The ancestors 

of P. syringae were aquatic by nature, existing long before the emergence of land plants, 

and today P. syringae is continues to be isolated from rainwater, streams, snow and ice 

packs, epilithic biofilms, and other substrates related to the water cycle (Morris et al., 2008; 

Morris et al., 2013). Beyond its presence in the water cycle, P. syringae can reside in 

irrigation water, symptomless weeds, wild plants, and ground covers; substrates that can 

also serve as inoculum sources to infect host crops (Morris et al., 2019). Somewhat 

surprisingly, there are indeed striking genetic and phenotypic similarities between P. 

syringae strains isolated from environmental substrates and from agricultural contexts. For 

example, in an analysis of over 1,000 environmental strains isolated from rivers and lake 

water, snowpack, precipitation, epilithic biofilms, leaf litter, and wild plants, more than 

half of the strains could induce a hypersensitive response in tobacco, meaning that these 
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environmental strains encode a functional T3SS to induce disease (Morris et al., 2013). 

Also, in phylogenetic analyses of the partial cts gene from a collection of P. syringae, 

isolates from a range of environmental to agricultural habitats could not be differentiated 

from each other (Morris et al., 2013). Phenotypically, P. syringae, particularly PG2, is well 

known for its ice nucleation capability, or its ability to cause ice crystal formation at lower 

than normal temperatures. While often discussed from an agricultural standpoint, mainly 

as the cause of frost injury on crops, ice nucleation ability in P. syringae is deeply ancestral 

and crucial to its role in the water cycle, particularly its role in precipitation (Morris et al., 

2008). The ice nucleation capability of P. syringae helps it fill different niches, as it 

provides advantages in both agricultural and non-agricultural contexts. For example, the 

ice nucleation active bacterium may promote frost damage on a crop plant and thus provide 

an entry point for infection. Finally, some of the most important traits for P. syringae 

survival as an environmental microbe have transferrable utility to its success as a plant 

pathogen. For example, typical survival traits employed by environmental P. syringae 

strains against external stresses or microbial competition such as use of siderophores, 

toxins, efflux pumps, and exopolysaccharides are the same traits that increase its virulence 

as a plant pathogen (Morris et al., 2013). Understanding the evolutionary context of P. 

syringae as an environmental microbe provides insight into the way in which scientists 

approach diseases caused by this pathogen in agriculture. Increased knowledge of P. 

syringae niches outside of host crops allows researchers to understand potential sources of 

inoculum, and well as potential sources for genetic recombination. 

 

Lifestyles of P. syringae in agriculture: Epiphytic, endophytic, and pathogenic phases 



 

  

11 

 

In an agricultural context, the life cycle of P. syringae is comprised of two main 

phases: the epiphytic phase and the endophytic phase (Xin et al., 2013; Xin et al., 2018). 

In the epiphytic phase, bacteria dwell on the surface of plant tissues in the phyllosphere. In 

the endophytic phase the bacteria have entered the plant via openings, such as stomata or 

wounds, and invade the intercellular apoplastic space.  

Within P. syringae, there are strains that are better epiphytes than others. For 

example, P. syringae pv. syringae in PG2b is a strong epiphyte, while P. syringae pv. 

tomato strain DC3000 in PG1a is a weak epiphyte. There are several characteristics that 

are correlated with successful epiphytes such as tolerance to UV light and dry weather that 

facilitate survival in the phyllosphere as well as the ability to act as an ice nucleator (Xin 

et al., 2018). PG2-grouping isolates of the P. syringae complex are the most consistently 

ice nucleation active of all of the complex (Berge et al., 2014). Ice nucleation active isolates 

can cause frost injury in plants, which can be critical to creating an entry point for P. 

syringae to enter a host (Lindow et al., 1982). In the present study, the majority of PG2b-

grouping strains causing stem blight on alfalfa are ice nucleation active and were isolated 

from plants that were subject to frost injury.  

One of the most important attributes of a successful P. syringae epiphyte is its use 

of quorum sensing. Quorum sensing is the regulation of gene expression resulting from 

changes in cell population density. For P. syringae, quorum sensing is important for both 

its survival as an epiphyte as well as its pathogenic potential. Quorum sensing plays an 

important role in positively regulating extracellular polysaccharide production, oxidative 

stress tolerance, and plant tissue maceration. P. syringae undergoes quorum sensing via 
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production of N-acyl-homoserine lactone (AHL), which is the product of the Ahl1 gene 

(Quiñones et al., 2005). AHL serves as a signaling molecule to other bacterial cells and 

when it accumulates to a certain threshold, community gene expression levels may be 

altered. The population size at which signaling molecules have reached a sufficient 

concentration threshold to influence density-dependent gene expression is often referred to 

as quorum size. For P. syringae the quorum size is relatively small, often less than 30 cells 

per aggregate, and is even smaller when the environmental conditions are dry (Dulla et al., 

2010). Quorum sensing promotes the epiphytic fitness of P. syringae by stimulating 

extracellular polysaccharide production, which serves as protection for the bacterial 

community (Yu et al., 1999). Conversely, P. syringae pv. syringae mutants with defective 

AhII genes had reduced ability to survive leaf desiccation stress (Quiñones et al., 2005). P. 

syringae undergoes quorum sensing in an iron-dependent manner. In a study where P. 

syringae bacteria were in competition with other iron-chelating bacteria and therefore in 

an environment with iron availability, P. syringae pv. syringae quorum sensing was 

blocked (Dulla et al., 2010). In the same study, AHL production was significantly lower in 

low-iron media in comparison with high-iron media (Dulla et al., 2010). Quorum sensing 

facilitates the switch between aggregate and individual growth. When quorum sensing 

occurs in P. syringae pv. syringae, swarming motility is suppressed, which is an important 

step in infection. On the other hand, mutants of P. syringae pv. syringae B728a (from 

PG2d, which is closely related to PG2b) unable to produce AHL were classified as “hyper-

swarmers” that could infect a leaf more quickly, and therefore cause disease more quickly, 

than wild type strains. (Quiñones et al., 2005). Quorum sensing populations induce internal 

tissue maceration in plants but inhibits the formation of water-soaked lesions in beans pods 
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(Quiñones et al., 2005). Ultimately, quorum sensing has a critical role in the epiphytic 

phase of P. syringae and helps dictate the switch between epiphytic and pathogenic phases.   

Environmental factors that influence the success of P. syringae  

There are several external factors that influence the endophytic and/or pathogenic 

fitness of P. syringae. The disease triangle (Stevens, 1960) conceptualizes the integral roles 

of the host, the environment, and the pathogen in the development of plant disease. These 

factors are all critical to the induction of disease by P. syringae. Environmental factors of 

humidity and temperature are particularly critical to the pathogenic potential of P. syringae. 

High humidity environments support the survival of epiphytic populations; higher levels 

of epiphytic populations of P. syringae are indicators for greater disease severity as time 

progresses (Hirano and Upper, 1990). Also, high humidity environments can compromise 

stomatal closure processes triggered by P. syringae in bean and Arabidopsis thaliana 

(Panchal et al., 2016). Plants that cannot effectively close stomata in the presence of P. 

syringae allow an entry point for the bacteria, and therefore a portal for P. syringae to enter 

the endophytic phase. Humid conditions influence P. syringae success once in the 

endophytic phase as well. High humidity conditions are necessary for P. syringae to 

multiply aggressively once inside the apoplast, and therefore result in a successful infection 

(Xin et al., 2018). Besides humidity, temperature is also a factor in the success of P. 

syringae in causing disease. Warm temperatures of 28–30 °C reduce the expression of EPS 

biosynthesis-related genes in P. syringae pv. syringae and the expression of T3SS genes in 

P. syringae pathovars more broadly (Li et al., 2006; Van Dijk et al., 1999). 
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The surrounding microbiome of the P. syringae bacteria also influences its 

pathogenic potential. There are several examples of bacteria in a shared microbiome with 

P. syringae either stealing its niche or producing compounds that dampen the pathogenic 

potential of P. syringae. For example, P. putida P9 is a non-pathogenic endophyte that can 

suppress populations of P. syringae via colonization of potato and effectively occupy the 

niche of P. syringae (Andreote et al., 2009). In another study, production of the plant 

hormone cytokinin by P. fluorescence G20-18 was a determinant for biocontrol via niche 

stealing of P. syringae (Großkinsky et al., 2016). Ultimately, the bacteria in the 

surrounding microbiome of P. syringae can have a role in shaping the pathogenic potential 

of P. syringae. 

Overall, P. syringae has a critical role not only in agricultural production, but 

natural landscapes as well. There are two main phases of P. syringae, epiphytic and 

endophytic, and different strains are more equipped for one or the other phase. 

Environmental factors including humidity, temperature, and associated microbiomes 

impact the success of P. syringae in both phases. 

Phyotoxins as virulence factors in P. syringae 

P. syringae is a successful phytopathogen due to its utilization of several effective 

virulence factors. One of these important virulence factors is the production of phytotoxins. 

The most extensively studied and well-characterized toxins produced by P. syringae sensu 

lato are coronatine, syringomycin, syringopeptin, tabtoxin, and phaseolotoxin. Each of 

these toxins uniquely contributes as a virulence factor to plants (Table 1). The P. syringae 
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toxins induce chlorosis and/or necrosis in plant hosts. Toxins syringomycin, syringopeptin, 

and syringolin A are most commonly attributed to PG2 strains. 

Table 1. Common Phytotoxins Produced by P. syringae 

Toxin Description 

Coronatine Coronatine is a structural mimic of jasmonate-isoleucine, the active 

form of the plant hormone jasmonate. Coronatine binds to and 

activates the plant jasmonate receptor, which ultimately leads to 

stomatal opening. Coronatine induces plant chlorosis on a wide variety 

of hosts (Bender et al., 1999) 

 

Syringomycin Syringomycin induces pore formation and disrupts host plant 

membranes, which leads to release of plant metabolites and eventually 

cell death. It also creates a biosurfactant which facilitates bacterial 

movement into the plant (Hutchinson et al., 1995). Syringomycin 

ultimately causes necrosis. 

Syringopeptin Like syringomycin, syringopeptin causes membrane disruption and 

ion leakage, eventually leading to plant cell death. Necrosis inducing 

(Baltrus et al., 2011). 

Syringolin A Syringolin A can induce stomatal opening via irreversible proteosome 

inhibition, leading to necrosis (Schellenberg et al., 2010). 

 

Tabtoxin Tabtoxin inhibits glutamine synthetase and thus prevents amino acid 

biosynthesis in plants. Also, plants need glutamine synthetase to 
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detoxify ammonia and can suffer cell death in its absence. Tabtoxin 

causes chlorosis in many hosts (Bender et al., 1999). 

Phaseolotoxin Phaseolotoxin inhibits ornithine-carbomyl-transferase and causes 

chlorosis in many plant species (Bender et al., 1999; Ferguson and 

Johnston, 1980).  

 

 

Pathogenicity island (PAI), type III secretion system (T3SS), and type III effectors (T3Es) 

Pathogenicity islands (PAIs) were originally defined as gene clusters that include 

many virulence genes, are selectively present in pathogenic strains, have distinct G/C 

content from the surrounding of the bacterial DNA, occupy large chromosomal regions, 

are often flanked by direct repeats, and are bordered by tRNA genes or mobile elements 

(Hacker et al., 1997). Canonical P. syringae (sensu stricto) pathogenicity islands are tri-

partite in nature and are often referred to as the tripartite pathogenicity island, or T-PAI. 

The three parts of the T-PAI include a hrp (hypersensitive reaction and pathogenicity)/hrc 

(hypersensitive reaction and conserved) cluster, an exchangeable effector locus (EEL) and 

a conserved effector locus (CEL) (Alfano et al., 2000). Hrp genes were first discovered 

and reported in P. syringae (Lindgren et al., 1986). There are three types of hrp genes at 

this locus: (1) a class encoding structural components of the T3SS including hrc genes that 

share significant similarity with the flagellum assembly genes and are conserved among all 

bacteria containing a T3SS, (2) a class encoding regulatory proteins that are responsible 

for expressing the T3SS-associated genes in the plant host, and (3) a class encoding the 

proteins secreted from the T3SS (Jin et al., 2003). The EEL and CEL regions both encode 
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Type III effectors (T3Es) known as hop (hrp outer protein) genes. These effector proteins 

travel through the T3SS and are ejected into the host to induce disease. The CEL region 

encodes universal, ancestral effector genes, while the EEL region tends to have 

hypervariability between strains (Cunnac et al., 2009). In an extensive study of the presence 

of specific T3SEs across P. syringae, there were three core effectors identified: avrE, 

hopAA1 (formerly hopPsyA), and hopAJ2 (Dillon et al., 2019b). These three T3SEs were 

detected in over 95% of the primary phylogroup strains, which include all of P. syringae 

sensu stricto (PG2) and are important virulence factors for a wide range of hosts. Each 

T3SE has its own target in the host cell; for example, avrE targets plant PP2A (protein 

phosphatase 2a) subunits, and functionally establishes an aqueous intercellular 

environment, which ultimately leads to water soaking; this function is essential to 

supporting bacterial growth by increasing nutrient accessibility and decreasing the 

concentration of antimicrobial compounds in the apoplast (Dillon et al. 2019b; Xin 2018). 

Overall, the T3SS and associated T3SEs that are delivered into the host cell are important 

for induction of disease, and therefore the success of P. syringae as a pathogen. The 

importance of the T3SS and associated virulence genes can be understood through a study 

by Mohr et al. (2008). In this study, a group of non-pathogenic P. syringae isolates, which 

are closely related to the pathogenic strain P. syringae pv. syringae B728a, was genetically 

compared to B728a. It was found that the hrp/hrc cluster encoding the T3SS and flanking 

effector genes was absent in the non-pathogenic group but present in B728a; the 

researchers hypothesized that the nonpathogenic group most likely evolved from a P. 

syringae ancestor and through evolution, lost the T3SS from the genome (Mohr et al., 

2008). Finally, the authors supplemented the non-pathogenic strains with a plasmid-
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encoded T3SS and the P. syringae pv. syringae 61 effector gene, hopA1, and this increased 

in planta bacterial growth 10-fold (Mohr et al., 2008). Ultimately, the PAI and encoded 

type III secretion system are important to the virulence and success as a pathogen of P. 

syringae. 

 

Ice nucleation  

Ice nucleation activity (INA) is the ability of a microbe to serve as a nucleus for the 

formation of ice crystals, resulting in freezing and/or formation of frost as higher than usual 

temperatures. P. syringae was the first identified INA-positive bacterium (Maki et al., 

1974). As previously mentioned, it is posited that the ability of P. syringae to act as an ice 

nucleator in agricultural contexts derives from its evolutionary roots in precipitation in the 

water cycle (Morris 2008). The gene responsible for the INA of P. syringae PG2 is inaZ, 

which encodes a protein on the outer cell membrane where it can interact with external 

water and promote ice formation (Lindow 1982; Pandey et al., 2016). 

INA is an important virulence factor for P. syringae. In the epiphytic phase, 

implementing INA can cause frost injury on the host plant, which consequently creates an 

opening in the plant surface that serves as an entry point for the bacteria. This phenomenon 

has been observed in P. syringae diseases such as bacterial stem blight of alfalfa (Samac 

et al., 2014). Because of the detrimental impacts of frost injury due to P. syringae, there 

have been research efforts to control frost injury in agricultural contexts with non-ice 

nucleating strains, which are ina-defective. In fact, commercial products to impede INA of 

P. syringae have been created such as Frostban™, a generic product name for bacteria that 
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lack the ina gene, and Blightban®, a product to reduce the incidence of fire blight (Skirvin 

et al., 2000). 

 

Host range of P. syringae 

Historically, P. syringae was characterized as a highly host-specific pathogen 

(Lindeberg et al., 2009; Sarkar et al., 2006). In many studies, P. syringae strains were 

isolated from their original host and the ability to cause disease in that host was replicated 

in experimental conditions, while their inability to cause disease in non-hosts was 

confirmed most often by the ability to induce the hypersensitive response (HR) in tobacco 

(Lindeberg et al., 2009). It was recognized that across the species complex, P. syringae 

strains had variability in their capability of virulence on different hosts; this led to the 

implementation of the pathovar naming system within the complex. The proper utilization 

of “pathovar” was defined by the International Society of Plant Pathology Committee on 

the Taxonomy of Plant Pathogenic Bacteria as “to refer to a strain or set of strains with the 

same or similar characteristics, differentiated at the infrasubspecific level from other strains 

of the same species or subspecies on the basis of distinctive pathogenicity to one or more 

plant hosts” (Young et al., 2001). Essentially, strains were assigned an epithet to distinguish 

them from other members of the complex by their presently known host range. Over 60 

“pathovars” have been identified and each pathovar is more or less associated with a 

characteristic group of host plants, which include many economically important crop 

species, suggesting a very broad and impactful host range for this pathogen.  
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Unfortunately, the pathovar naming system is now convoluted as recent research 

investigating isolates on a wider range of hosts and more variable environmental conditions 

has ultimately led to a shift in perception of P. syringae as a host-specific pathogen (Morris 

et al., 2019). In the study by Morris et al. (2019), 134 strains across eight PGs isolated from 

agricultural and environmental landscapes were assessed for their pathogenicity on 15 to 

22 host plants in four separate tests; this represents the largest and most inclusive 

assessment of P. syringae pathogenicity to date. The authors found that P. syringae strains 

displayed diverse host range phenotypes, ranging from extremely restricted (only able to 

cause disease in one host) to very broad; ultimately, regardless of the PG, the strains 

represent an overlapping continuum of host range potential of equally comprised groups 

with narrow, moderate, and broad host ranges (Morris et al., 2019). However, it was found 

that PG2 had the largest host range compared to other groups; interestingly, there was a 

correlation between the extent of host range and the ability of the strains to  swarm on semi-

solid agar medium and with the abundance of genes in biosynthetic clusters (Morris et al., 

2019). This aligns with previous understanding of P. syringae PG2 as the PG with the 

highest pathogenic potential on a wide variety of hosts (Berge et al., 2014). These results 

are particularly compelling due to the large number of hosts tested, compared to historical 

host range tests with very few (typically less than five) hosts in question.  

Ultimately, the previous understanding of P. syringae as a host-specific pathogen 

and subsequent utilization of pathovar to denote host specification is not relevant to the 

biology or pathogenic potential of this pathogen. Because the host range of P. syringae is 

so variable, the environment of the host and pathogen, including abiotic and biotic stresses, 
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must be acknowledged as potential compounding factors to host range potential in P. 

syringae.  

 

Identification, control and management strategies 

Critical to the development of management practices and resistance to diseases 

caused by P. syringae is its proper identification as a disease-causing agent. Primers 

specific to P. syringae sensu lato, which includes all PGs, have been developed (Guilbaud 

et al., 2016). For strains within P. syringae sensu stricto (genomospecies 1, PG2), PCR 

primers for the lipodepsinononapeptide toxin gene of P. syringae pv. syringae, syrB, which 

is necessary for the production of syringomycin, have been developed (Sorensen et al., 

1998). Accurate identification of P. syringae as the causal disease agent informs the 

measures taken for control and/or management. 

Several control and management practices have been developed to limit the disease 

caused by P. syringae in various hosts including the use of bactericides, antagonistic 

bacteria, and limiting inoculum from irrigation systems (Bashan, 1997; Lamicchane et al., 

2015). The use of copper-based bactericides is one of the most common control practices; 

Bordeaux mixture, cupric hydroxide, cuprous oxide, copper salts of fatty acids, 

ammoniacal copper, tribasic copper sulfate, and mixtures of cupric hydroxide and ethylene 

bis-dithiocarbamates (EBDC) are bactericides that are registered for use and have been 

used for disease control with varied degrees of success (Scheck et al., 1998). In addition to 

bactericide application, alternative methods to control P. syringae-incited disease have 

been tested. These alternative methods include heat treatment of seeds, biological control 

with antagonistic microbes, and application of naturally occurring antibacterial compounds 
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(Bashan, 1997). An example of effective biocontrol is application of Pantoea agglomerans 

to plants infected with P. syringae pv. syringae causing basal kernel blight of barley, in 

which field experiments revealed 45-74% kernel blight disease reduction and greenhouse 

studies revealed 50-100% disease reduction (Braun-Kiewnick et al., 2000). Finally, 

limiting inoculum is critical to controlling P. syringae infection. Because P. syringae is 

found in aquatic environments and irrigation water, it is important to test surrounding 

sources of potential contamination for the presence of the bacteria. 

Resistant host varieties, when combined with integrated pest management 

strategies, will ultimately be the most effective and sustainable measure of decreasing 

disease caused by P. syringae. There has been a major research focus in host resistance 

mechanisms in the model plant Arabidopsis thaliana. It is well understood that in A. 

thaliana, avrE and hop genes are critical to suppressing host immunity and creating a 

conducive environment in the apoplast (Xin et al., 2018). This information should be used 

to inform breeding programs for crops susceptible to P. syringae infection, as taking these 

key virulence genes into consideration when breeding for resistance may be critical. To 

date, quantitative trait locus (QTL) mapping has been done in A. thaliana to detect potential 

resistance genes to P. syringae strains grouping with P. syringae pv. tomato DC3000 and 

P. syringae pv. maculicola (phylogroup 1a), as well as the kiwi pathogen P. syringae pv. 

actinidiae (phylogroup 1b) (Luo et al., 2017; Tahir et al., 2019). However, there are no 

reported QTLs mapped for resistance to PG2, and more specifically PG2b. Moreover, there 

have been very few studies on the molecular interactions between P. syringae and legume 

species generally, including alfalfa. One notable study uncovered potentially resistance 

genes to bacterial stem blight of alfalfa in Medicago sativa cultivars, Maverick and 
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ZG9830 via transcriptional analysis (Neminchov et al., 2017). It was found that cultivar 

ZG9830 responded to the pathogen earlier and the response may have been coordinated by 

NBS-LRR, TX, and HSPRO2-like R proteins; on the other hand, resistant plants in the 

cultivar Maverick responded to the pathogen attack later and CNL-class R genes seemed 

important to triggering resistance (Neminchov et al., 2017). Ultimately, more studies 

including QTL mapping, transcriptional analysis and cloning approaches are necessary to 

determine potential sources of host resistance for plant diseases caused by P. syringae PG2-

grouping isolates, and this information should be used by breeding programs to develop 

PG2-resistant plant lines that are accessible to growers. Disease resistant cultivars may 

have the added advantage of reducing frost damage in host plants if resistance reduces 

epiphytic populations of P. syringae. 

 

Pseudomonas viridiflava: Phylogroup 7 (PG7) and Phylogroup 8 (PG8) of the P. 

syringae complex 

Introduction to Pseudomonas viridiflava 

Pseudomonas viridiflava is a Gram-negative species phylogenetically placed 

within the Pseudomonas syringae species complex. Originally isolated in Switzerland from 

dwarf bean (Phaseolus vulgaris) with reddish-brown lesions on the pods in 1930 (Billing, 

1970), P. viridiflava has been shown to infect a range of both monocot and dicot hosts; it 

has been reported to cause disease in over 50 hosts (Table 2). Since 2000, there have been 

at least 13 outbreaks of diseases on annual plants caused by P. viridiflava; this makes up 

18% of all outbreaks caused by the entire P. syringae species complex worldwide since the 

start of the century (Lamicchane et al., 2015b). Diseases caused by P. viridiflava have been 
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reported in countries such as Saudi Arabia, New Zealand, Italy, Hungary, Spain, and 

Greece, among others (Gonzáles et al., 2003; Morretti et al., 2005; Sarris et al., 2012; 

Taylor et al., 2011; Végh et al., 2012). In addition to its role as a crop pathogen, P. 

viridiflava is also exists as an endophyte, epiphyte, and saprophyte in both agricultural and 

natural environments. Genomic and phenotypic characteristics of P. viridiflava make it an 

“internal outsider” within the P. syringae species complex. While it is highly related to 

other members and considered to be a part of the species complex, certain characteristics 

such as pectate lyase as a virulence factor, atypical pathogenicity islands, and other recent 

genomic insights cast this species as a bit of an outsider. Delineation of P. viridiflava, 

among other species within the P. syringae species complex, has been a major research 

focus in the past decade (Baltrus et al., 2017; Berge et al., 2014; Bull and Koike 2015; 

Dillon et al., 2019a). Genetic relationships have been investigated through techniques such 

as DNA-DNA hybridization, comparisons of 16S rRNA and housekeeping gene sequences, 

molecular fingerprinting, and more recently comparisons of whole genome sequences 

(Anzai et al., 2000; Berge et al., 2014; Dillon et al., 2019a; Gardan et al., 1999). Another 

recent focus of P. viridiflava research is understanding the genetic and phenotypic 

variability within the species (Bartoli et al., 2014; Bartoli et al., 2015). Intra-species 

phylogeny and pathogenicity island variability have been investigated (Araki et al., 2006; 

Araki et al., 2007; Bartoli et al., 2014). For phenotypic variability, research has focused on 

soft rotting potential and the two main colony phenotypes, transparent and mucoid, which 

exhibit varied pathogenic and antibiotic resistant phenotypes (Bartoli et al., 2014; Bartoli 

et al., 2015).  
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Delineation of P. viridiflava within the P. syringae species complex  

A goal of recent P. syringae species research is to clarify the taxonomic delineation 

of associated species and pathovars, including P. viridiflava. Similar to PG2, LOPAT 

profile tests (levan production, oxidase production, pectinolytic activity, arginine 

dihydrolase production, and tobacco hypersensitivity) and DNA-DNA hybridization were 

used for delineation and identification (Gardan et al., 1999; Palleroni, 1984). Subsequently, 

16S rRNA gene sequences were used to delineate associated P. syringae at the species 

level, which resulted in P. viridiflava being recognized as a part of the P. syringae species 

complex (Anzai et al., 2000). Because the P. syringae species complex is large and diverse, 

improved methods for detecting species diversity and grouping similar organisms were 

developed. Sequences from housekeeping genes, gyrB and rpoD, as well as the 16S rRNA 

gene, were originally used to assemble a phylogeny of P. syringae species and delineate P. 

viridiflava, among others (Yamamoto et al., 2000). Since then, other housekeeping genes 

such as gapA, cts, rpoD, and purA and more have been sequenced and used to create 

phylogenetic trees either with a single gene analysis or MLSA using P. viridiflava isolates 

(Berge et al., 2014; Goss et al., 2005; Parisi et al., Parkinson et al., 2011; 2019; Sarris et 

al., 2012). Similar to PG2, the cts, gapA, or rpoD housekeeping genes alone are sufficient 

to place a P. viridiflava isolate into its phylogroup in the P. syringae complex (Berge et al., 

2014; Parkinson et al., 2011). Again, it is important to consider that genetic classification 

methods should be paired with phenotypic and biochemical methods as well, since most 

isolates of P. viridiflava exhibit unique properties such as pectinolytic capabilities, among 

others. 
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As previously mentioned, the P. syringae species complex is comprised of nine 

genomospecies, 13 phylogroups, and over 60 pathovars. A genomospecies within the P. 

syringae complex is defined by DNA-DNA hybridization ability; through this method, P. 

viridiflava was determined to be a distinct species from other members of P. syringae sensu 

lato (Gardan et al., 1999). P. viridiflava-grouping isolates do not hybridize with other 

species in the P. syringae complex (Gardan et al., 1999). In a study by Gomila et al. (2019) 

including type strain ICMP 22848T, P. viridiflava had an average nucleotide identity of 

less than 97% compared to other members of the species complex, which is below the 

accepted threshold for species separation (Goss et al., 2005). Phylogroup delineations were 

determined by Berge et al. (2014) using the four-gene MLSA classification schema 

developed by Hwang et al. (2005). P. viridiflava strains are represented in phylogroups 7 

(PG7) and 8 (PG8) (Berge et al., 2014; Gardan et al., 1999). PG7 is further subdivided into 

PG7a, represented by pathotype strain P. syringae pv. primulae LMG2252 and PG7b 

represented by pathotype strain P. viridiflava FMU107; PG8 is represented by pathotype 

strains P. viridiflava LMG2352 and P. syringae pv. ribocola LMG 2276 (Berge et al., 

2014; Bull and Koike, 2015; Gardan et al., 1999). The majority of named “P. viridiflava” 

strains group within PG7a and are typically isolated from a variety of environmental 

sources (Berge et al., 2014). Some key features of PG7 are the soft-rotting capability on 

potato tubers, phenotypic phase variation, and the presence of a non-canonical type three 

secretion system (T3SS) (Bartoli et al., 2014). PG8 shares the key features described for 

PG7; however, it is differentiated by the production of a toxin in bioassays with Geotricum 

candidum (Berge et al., 2014). P. viridiflava shows relatively high intra-specific genetic 

variation; however, the variation does not seem to be correlated with geographic 
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differentiation, as demonstrated in a population of P. viridiflava isolated from Arabidopsis 

from varied locations (Goss et al., 2005). The intra-specific genetic variation also does not 

seem to be attributed to host-specific adaptation; therefore, it will be useful in future studies 

to collect data on molecular and phytopathological (pathotypes and race resistance) 

attributes on broad and diverse sample sets to explore other potential correlations of genetic 

variation (Sarris et al., 2012). The most recent studies on the intra-species genetic diversity 

of P. viridiflava reveal that this species, specifically strains in PG7, experience one of the 

highest rates of horizontal gene transfer (HGT) within the complex, particularly from other 

Pseudomonas species donors (Dillon et al., 2019a). Because P. viridiflava has commonly 

been isolated from environmental reservoirs, the species may contain more HGT-obtained 

loci from other species due to increased opportunities to interact with various microbial 

species (Dillon et al., 2019a). The evolutionary potential of P. viridiflava due to high rates 

of HGT and occupation of varied niches may contribute to the intra-specific diversity. 

As for PG2, whole genome sequencing will soon be the gold standard for bacterial 

identification and delineation. In the past several years, whole genome sequences of P. 

viridiflava have been generated and used for analyses and taxonomic classification (Dillon 

et al., 2019a; Gomila et al., 2017l Ruinelli et al., 2017; Samad et al., 2017; Thakur et al., 

2016). There are over 1,500 P. viridiflava draft genome assemblies available in the 

National Center for Biotechnology Information Genome Database. The first complete 

genome sequence available is that of P. viridiflava CFBP 1590, a strain from PG7 isolated 

from diseased cherry in France; this genome is 6.09 Mbp, has a G+C content of 59.2%, 

and contains 5,283 protein coding sequences (Ruinelli et al., 2017). The second complete 

genome of P. viridiflava is that of strain U625 in PG7 isolated from alfalfa (Medicago 
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sativa) with bacterial stem blight that has a genome of 5.997220 Mbp, G+C content of 

59.2%, and contains approximately 5,468 protein coding sequences (Accession no. 

CP074412).  Recently, an impressive whole genome sequencing and evolutionary analysis 

of 391 agricultural and environmental strains of P. syringae, including four P. viridiflava 

strains in PG7, revealed that there are primary and secondary phylogroups within the 

complex based on genomic relatedness (Dillon et al., 2019a). While most strains (PG1, 

PG2, PG3, PG4, PG5, PG6, PG10) group into the primary group, P. viridiflava strains of 

PG7 grouped within the secondary group. PG8 isolates of P. viridiflava were not included 

in this analysis, but likely can be considered members of the secondary phylogroup due to 

genetic and phenotypic similarities to PG7 strains. 

Epidemiology and lifestyle 

P. viridiflava is widely distributed and plays various roles in the environment. This 

species has been reported as an epiphyte, endophyte, saprophyte, and pathogen on a variety 

of agricultural and wild plant hosts (Bartoli et al., 2014; Bordjiba and Pruner, 1991; Samad 

et al., 2017). P. viridiflava has also been commonly isolated from non-plant environmental 

reservoirs, such as snowpack, rain, epilithic biofilms, and lake water (Bartoli et al., 2014; 

Pietsch et al., 2017). Like P. syringae, some P. viridiflava strains have ice nucleation 

capabilities, which supports their potential relevance in non-agricultural environments such 

as the water cycle. Studies show P. viridiflava isolates having ice nucleation capabilities in 

roughly 33 to 45% of strains tested (Berge et al., 2014; Pietsch et al., 2017). Although 

widespread, its broad distribution does not seem to follow a particular geographical pattern 

or structure (Sarris et al., 2012). Because members of the P. syringae species complex, 
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including P. viridiflava, are seemingly ubiquitous throughout various environments yet 

diverse in population structure, it is conceivable to place P. viridiflava into Cohan’s 

ecotype model, which emphasizes the role of recurrent selective sweeps in defining the 

niche of distinct populations of bacteria (Baltrus et al., 2017; Cohan, 2002). Therefore, the 

existence of epiphytic, endophytic, and pathogenic strains could be considered ecotypes of 

P. viridiflava shaped by certain environmental conditions and selection pressures. Goss et 

al. (2005) hypothesize that because P. viridiflava is often deemed a weak or opportunistic 

pathogen, it could experience selection pressure in its epiphytic phase that the pathogenic 

ecotypes do not. P. viridiflava has demonstrated various roles in the microbial community 

as an epiphyte and endophyte. Some P. viridiflava isolates have been shown to produce a 

family of antimycotics, called ecomycins, that have significant bioactivity against both 

human and plant pathogenic fungi (Miller et al., 1998). Presumably, this capability could 

be important to establishing itself as a plant epiphyte or pathogen when encountering fungal 

competitors. P. viridiflava has also been identified as an endophyte of weeds with the 

capability of herbicidal activity (Samad et al., 2017). The P. viridiflava strain CDRTc14, 

originally isolated as an endophyte in a vineyard in Australia, significantly inhibited seed 

germination and root growth of the weed Lepidium draba in greenhouse conditions (Samad 

et al., 2016). The CDRTc14 genome contained abiotic stress tolerance genes, such as genes 

for heavy metal and herbicide resistance; however, it did not contain a complete 

pathogenicity island or pathogenicity phenotype typical of pathogenic P. viridiflava strains. 

The ability of P. viridiflava to act as an endophyte, saprophyte, and pathogen supports the 

idea that P. viridiflava, like many other members of the complex, is a generalist rather than 
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a specialist. Its ability to infect a wide range of hosts corroborates its validity as a generalist 

pathogen (Goss et al., 2005; Lamicchane et al., 2015b). 

P. viridiflava is responsible for 13 economically relevant disease outbreaks on 

annual plants since 2000 (Lamicchane et al., 2015b) and has been reported to cause disease 

on over 50 hosts since its discovery (Table 2). There are various sources of inoculum for a 

P. viridiflava infection. P. viridiflava has been detected in a range of environmental sources 

including epilithic biofilms, rain, irrigation water, and litter; presumably, these could all be 

sources of inoculum to relevant crop hosts. P. viridiflava inoculum can also come from 

contaminated seeds (Almeida et al., 2012; Yildiz et al., 2004). Epiphytic populations of P. 

viridiflava may also be a source of inoculum, as selection pressure may change epiphytic 

populations to pathogens under certain conditions. Because P. viridiflava is detected in 

water sources, it is conceivable that like P. syringae, it can be disseminated by aerosols, 

rain, and wind. P. viridiflava can survive on plant surfaces or enter the host through 

stomata, hydathodes, or wounds. Overall, disease is most likely to occur when the host 

experiences stress such as low temperatures, high levels of rainfall, high humidity, or prior 

wounding (Jakob et al., 2002; Lamicchane et al., 2015b). Ice nucleating properties of P. 

viridiflava may be beneficial to create frost wounds on the host, which can serve as an entry 

point for the bacteria (Lindow et al., 1982; Varvaro and Fabi, 1992).  

An extensive study was performed on the epidemiology of P. viridiflava causing 

kiwifruit blossom blight over two decades ago. Interestingly, data from this study showed 

that weather variables (air temperature, surface wetness, rainfall, and relative humidity) did 

not seem to affect development of disease while timing of the infection before budding 
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phase was critical for disease (Everett and Henshall, 1994). Since then, there have not been 

any studies solely dedicated to understanding the epidemiology of P. viridiflava in causing 

disease on other specific hosts. Although there may be evidence that climate variables do 

not affect disease development in the case of kiwifruit blossom blight, P. viridiflava infects 

such a wide range of hosts that the role of climate variables needs to be studied in other 

host systems. There is a need for more epidemiological (disease progression) studies of P. 

viridiflava isolates causing disease on its wide range of hosts. 

Another aspect to consider regarding epidemiology and symptom expression by P. 

viridiflava is its potential for synergism with other microbes. There have been several 

reports of P. viridiflava causing disease in synergy with other microbes. For example, P. 

viridiflava causes tomato pith necrosis either by itself or in association with seven other 

Pseudomonas species. Interestingly, it was found that disease severity is greater in co-

infections of P. viridiflava with one or more of the other species (Lamichhane and Venturi, 

2015a). Also, bacterial strains across different species including Pectobacterium 

carotovorum, P. marginalis, P. fluorescens, and P. viridiflava have been reported to cause 

broccoli head rot, of which symptoms are ultimately attributed to this bacterial complex 

(Canaday et al., 1991). Most recently, P. viridiflava was reported to cause bacterial stem 

blight disease of alfalfa along with P. syringae PG 2 strains (Lipps et al., 2019). The 

mechanism of synergy is currently unknown in this system. Overall, the synergistic 

potential of P. viridiflava with other microbes may be a factor in its ability to cause disease 

in certain situations. 

Host range 
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P. viridiflava has a wide natural and experimental host range. This species has also 

been isolated as an endophyte and epiphyte of wild plants as well as from various 

environmental sources. Here, the currently known host range of P. viridiflava as a pathogen 

is summarized, including data from natural hosts and explicit host range studies (Table 2). 

There is evidence for variability in the capability of P. viridiflava to cause disease on 

different hosts depending on strain. For example, a P. viridiflava isolate was reported to 

cause disease on soybean (Gonzáles et al., 2012), but in the host range test by Morris et al. 

(2019) the P. viridiflava isolate used did not cause disease on soybean. Also, a recent report 

of P. viridiflava causing disease on plum (Prunus domestica) cultivars Sapphire and 

Songold in South Africa (Bophela et al., 2020) contradicts the result of a “no disease” 

outcome in a host range test with plum cultivar Marina GF8-1 by Morris et al. (2019); this 

may be an example of cultivar-specific resistance. These examples of varied capacity for 

causing disease are similar to the observations that different isolates within the same 

species of P. syringae can have variable capabilities on different hosts (Morris et al., 2019). 

The variable capacity of P. viridiflava-related isolates to cause disease in different hosts 

warrants testing host range potential of a diverse array of P. viridiflava isolates under varied 

conditions to fully understand factors of pathogenic potential of this species. In addition to 

understanding how environmental conditions contribute to disease-induction variability, it 

is important to understand the role of virulence genes and genomic regions that may 

contribute to the pathogenic success of P. viridiflava. For example, findings of Bartoli et 

al. (2014) suggest that the presence or absence of the virulence gene avrE is crucial to the 

virulence of this pathogen. Future research on host range of P. viridiflava should have a 

similar focus on discovering genes that may provide host-specific virulence. This can be 
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done by pairing host range tests with genomic analysis of putative virulence factors, such 

as analysis of presence/absence and single nucleotide polymorphisms, and subsequent gene 

knock-out or knock-in experiments in which hypotheses on the roles of putative host-

specific virulence genes can be tested. 

Table 2. Plant hosts in which P. viridiflava has been reported to cause disease in natural 

infections or in experimental conditions. 

Host/Source Symptoms Reference 

Acanthus mollis  Leaf blight Sarris et al., 2012 

Alfalfa (Medicago sativa) 

Stem blight; wilt 

and crown root rot 

Heydari et al., 

2014; Lipps et al., 

2019 

Apple (Malus domestica) Blossom blight Alimi et al., 2011 

Apricot (Prunus armeniaca) 

Bacterial canker on 

trunk Parisi et al., 2019 

Arabidopsis thaliana Leaf necrosis Jakob et al., 2002 

Artichoke (Cynara scolymus) Leaf necrosis Sarris et al., 2012 

Basil (Ocimum basilicum) Leaf necrosis 

Little et al., 1994; 

Minuto et al., 2008 

Blite (Suaeda maritima) Leaf spot 

Goumans and 

Chatzaki, 1998 

Broccol (Brassica oleracea var. 

italica) Head rot 

Canaday et al., 

1991 

Cabbage (Brassica oleracea var. 

capitata) Leaf spot Askoy et al., 2017 

Calendula officinalis Leaf spot Moretti et al., 2012 

Calla lily (Zantedeschia 

aethiopica) Leaf spot 

Basavand et al., 

2020b 

Canola (Brassica napus) Leaf spot Myung et al., 2010 
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Carrot (Daucus carota) 

Seed 

contamination; 

postharvest soft rot 

Almeida et al., 

2012; Godfrey and 

Marshall, 2002 

Cauliflower (Brassica oleracea 

var. botrytis) Leaf rot Wilkie et al., 1973 

Celery (Apium graveolens) Leaf blight Sarris et al., 2012 

Cherry (Prunus avium) Not specified 

Harzallah et al., 

2012; Morris et al., 

2019; Ruinelli et 

al., 2017 

Chinese gooseberry (Actinidia 

chinensis) Blossom blight Wilkie et al., 1973 

Chrysanthemum 

Stem rot, leaf 

necrosis 

Goumans and 

Chatzaki, 2000 

Citrus (Citrus macrophylla, Citrus 

sinensis, Citrus aurantium) 

Citrus blast of leaf, 

black pit disease of 

fruit Beiki et al., 2016 

Clover (Trifolium pratense) Not specified Morris et al., 2019 

Common water plantain (Alismo 

plantago-aquatica) Leaf spot 

Basavand et al., 

2020a 

Cowpea (Vigna unguiculata) Not specified Morris et al., 2019 

Cucumber (Cucumis sativus) Leaf spot Wilkie et al., 1973 

Dwarf bean (Phaseolus vulgaris) 

Reddish-brown 

lesions on the pods 

Burkholder 1930; 

Dowson 1939 

Eggplant (Solanum melongena) Leaf spot 

Goumans and 

Chatzaki, 1998 

Favabean (Vicia faba) Not specified Morris et al., 2019 

Garlic (Allium sativum) Leaf streak 

Faggiani et al., 

2004 
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Geranium (Pelargonium) Not specified Morris et al., 2019 

Golden currant (Ribes aureum) Not specified Baltrus et al., 2017 

Grape (Vinus vinifera) Panicle rot Wilkie et al., 1973 

Hebe spp. Leaf spot 

Gonzales et al., 

2006 

Hellebore (Helleborus x hybridus) 

Leaf spot; petal and 

stem lesions Taylor et al., 2011 

Kiwifruit (Actinidia deliciosa) Blossom blight 

Everett and 

Henshall, 1994 

Lettuce (Latuca sativa) Leaf necrosis 

Gonzales et al., 

2003; Goumans 

and Chatzaki, 

1998 

Lupin (Lupinus angustifolius) Leaf spot Wilkie, 1973 

Melon (Cucumis melo) 

Leaf spot, leaf 

necrosis 

Goumans and 

Chatzaki, 1998 

Mexican Heather (Cuphea 

hyssopifolia) Leaf spot Albu et al., 2018 

Mustard (Brassica rapa) Not specified 

Morris et al., 2019; 

Sayama et al., 

2001 

Onion (Allium sepa) 

Bacterial streak, 

bulb rot Gitatis et al., 1997 

Parsnip (Pastinaca sativa) Petiole soft rot 

Hunter and Cigna, 

1981 

Passionfruit (Passiflora edulis) Leaf blotch Wilkie et al., 1973 

Pea (Pisum sativum) 

Wet rot of leaves, 

stipules, and stems Wilkie et al., 1973 

Peach (Prunus persica) Not specified 

Harzallah et al., 

2012; Morris et al., 

2019  
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Plum (Prunus domestica) 

Bacterial canker on 

trunk 

Bophela et al., 

2020 

Poppy (Papaver somniferum) Stem rot Wilkie et al., 1973 

Pumpkin (Cucurbita maxima) Leaf spot Wilkie et al., 1973 

Red-leaved chicory (Cichoriu 

intybus) Leaf spot 

Caruso and Catara, 

1996 

Saposhnikovia divaricata Leaf blight Wang et al., 2015 

Sorghum (Sorghum bicolor) Not specified Morris et al., 2019 

Soybean (Glycine max) Dark-reddish spot 

Gonzales et al., 

2012 

Sunflower (Helianthus annus) Not specified Morris et al., 2019 

Sweet crab apple (Malus 

coronaria) Shoot blight Choi et al., 2020 

Tomato (Solanum lycopersicum) 

Internal stem rot; 

Bacterial blight; 

Pith necrosis 

Jones et al.,1984; 

Saygili et al., 

2008; Wilkie et al., 

1973  

 

Pectate lyase enzyme for soft rot induction as a virulence factor 

Secretion of pectate lyase to degrade pectin in plant cell walls is one of the main 

virulence strategies of P. viridiflava. Pectate lyase depolymerizes pectin and other 

polygalacturonates. The production of pectate lyase via the pel gene is responsible for the 

pectinolytic activity of P. viridiflava that results in soft rot and macerated plant tissue (Liao 

et al., 1988; Liao, 1991). Mutant strains with a defective pel gene resulted in no leaf 

maceration after infection on Arabidopsis (Jakob et al., 2007). Pectate lyase activity has 

been shown to differ based on the type of pathogenicity island (PAI) of the bacterial strain; 
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single PAI isolates exhibited twofold higher enzyme activity than tripartite-PAI isolates on 

Arabidopsis, even though the pel gene is encoded outside of the PAI (Jakob et al., 2007). 

The production of pectate lyase may be considered a significant biological difference 

between P. viridiflava and other members of the P. syringae species complex. Although 

the soft rotting phenotype is unique to P. viridiflava within the P. syringae complex, a 

phenotypic study showed that 8% of sampled P. viridiflava strains were not able to induce 

soft rot on potato tubers; therefore, soft rot may be used as a general descriptor for the 

species, but not a diagnostic trait (Bartoli et al., 2014). 

Phase variation and mutability of P. viridiflava in relation to virulence 

An important discovery regarding P. viridiflava is the phenotypic plasticity of 

pathogenicity-related traits. Historically, “levan-production negative” was a characteristic 

of the typical LOPAT profile of P. viridiflava. However, yellow mucoid, levan-positive 

bacterial colonies originally isolated from bean, kiwi, and lettuce were identified as an 

atypical form of P. viridiflava (Gonzáles et al., 2003). More recent discoveries of levan-

production positive P. viridiflava isolates, that also display yellow, mucoid growth on 

King’s B medium, are evidence for phase variation within the species; in fact, 56% of P. 

viridiflava strains tested in a study by Bartoli et al. (2014) were levan-production positive. 

Thus, the current knowledge of P. viridiflava phenotypic variability is that there are two 

phase variants of isolates: a yellow, mucoid levan-positive variant and a transparent, flat 

levan-negative variant. Interestingly, isolates can switch between the variant phenotypes, 

and the variants correlate with pathogenic potential. In a pathogenicity study of 11 mucoid 

strains and 11 transparent strains stably cloned from the same original 11 isolates, the 

mucoid variant could induce soft rot on potato tubers, while the non-mucoid variant could 
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not (Bartoli et al. 2014). Also, wild-type (defined as whichever of the two variants naturally 

occurred in original isolate) and mucoid variant isolates were able to induce disease on 

bean stems, while the transparent variant could not (Bartoli et al., 2015). Although phase 

variation in P. viridiflava could be linked to pathogenic potential, there may be other 

advantages to possessing this type of plasticity. The presence of exopolysaccharide could 

increase bacterial tolerance to plant defenses, or the pectinolytic capability of the mucoid 

strains could be important to bacterial colonization via release of sugars (Bartoli et al.,  

2014). More recently, it was reported that the transparent variant has a mutator phenotype 

and general antibiotic resistance in additional to low pathogenic potential on bean (Bartoli 

et al., 2015). Conversely, the mucoid variant did not show mutability or antibiotic 

resistance potential but did effectively cause disease in bean. Ultimately, the mucoid 

variant appears to be the more prominent threat regarding plant health. 

Pathogenicity islands, associated virulence genes, and effectors 

In the P. syringae complex and commonly in Gram-negative bacteria, virulence 

factors such as the type three section system (T3SS) and associated effectors are arranged 

in a cluster known as a pathogenicity island (PAI). In the early 2000s, Araki et al. (2006; 

2007) contributed significantly to the understanding of the genetic basis of pathogenicity 

of P. viridiflava, specifically regarding PAIs, using isolates from Arabidopsis. There are 

two main forms of PAIs in P. viridiflava that exist as a presence/absence polymorphism in 

individual strains. The most recent common ancestor of the two PAI types predates the 

divergence of P. viridiflava from other Pseudomonas species; this serves as evidence that 

the two PAI types could not have originated from a recent HGT, or a recent duplication 

event; rather, there is a deeper evolutionary history of PAI development in this species 
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(Araki et al., 2006). The two forms, a single pathogenicity island (S-PAI) and a tripartite 

pathogenicity island (T-PAI), differ in structure and phenotype. The T-PAI contains three 

components: the hrp/hrc gene cluster, the 5’ effector locus or the exchangeable effector 

locus (EEL), and the 3’ effector locus or the conserved effector locus (CEL); the T-PAI 

variant region is typically ~45 kbp (Araki et al., 2006; 2007). The S-PAI differs in that it 

only contains one of the components of the T-PAI, the hrp/hrc cluster, as well as a 10 kb 

insertion; the S-PAI variant region is typically ~30 kbp (Araki et al., 2006; 2007). S-PAI-

associated virulence genes include avrE (avirulence gene); avrF (putative avrE chaperone; 

and hrpA, hrpZ, and hrpW (type III secreted proteins). T-PAI associated genes included 

those of S-PAI as well as hopPsyA (avirulence gene) and shcA (putative hopPsyA 

chaperone) (Araki et al., 2007) (Figure 2).  

 

Figure 2. Model of PAI polymorphisms and their associated genes in P. viridiflava. (A) 

Genes present in S-PAI or T-PAI polymorphism. (B) T-PAI polymorphism schematic. 

(C) S-PAI polymorphism schematic. 
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An association between PAI type and host-specific virulence was also noted; S-PAI 

variant isolates were found to cause disease more rapidly on Arabidopsis, while the T-PAI 

variant isolates were faster in causing HR in tobacco (Araki et al., 2006). In a study of 286 

P. viridiflava isolates from around the world, 10% contained a T-PAI and the other 90% 

contained an S-PAI; in both cases, each isolate contained a single type of PAI (Araki et al., 

2006). Thus, the majority of P. viridiflava isolates examined harbored a S-PAI. 

Since the work of Araki et al. (2006; 2007), the previous understanding that S-PAI 

and T-PAI occur strictly as a polymorphism has shifted. In a study of environmental P. 

viridiflava isolates, a genomic region resembling an EEL was detected in S-PAI strains, 

likely from a recombination between the two types of PAI (Bartoli et al., 2014). This 

amends the previous understanding that only two distinctly different PAIs, one containing 

an EEL and CEL and one without either, exist in P. viridiflava. Additionally, although it 

was previously accepted that the two different PAIs were associated with varied virulence 

phenotypes, recent research showed that the two PAI configurations are not correlated with 

pathogenicity or soft rotting capability; instead, it was found that the only gene linked with 

pathogenicity was the presence or absence of the avrE effector on the PAI (Bartoli et al. 

2014). As sampling and sequencing of P. viridiflava increases, it is possible that there will 

be more isolates with variable PAIs because of recombination than previously discovered.  

To infer evolutionary history, Bartoli et al. (2014) constructed a phylogeny with the 

hrcC gene present in both PAI types and found that the T-PAI strains grouped closest with 

PG5, PG2, and PG3 of the P. syringae complex, whereas the S-PAI strains formed a group 

more closely related to P. cichorii. This corroborates the findings in Araki et al. (2007) that 
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the PAI types have a deep and divergent evolutionary history. It was also found that 

regardless of PAI type, there were two genes, encoding for lipoprotein and 

monooxygenase, that were present in nearly all strains that were analyzed by Bartoli et al. 

(2014). These genes are present in the EEL of the T-PAI and in a region resembling an 

EEL, yet lacking effectors, in S-PAI types. Phylogenetic analysis of these two genes 

showed that they grouped in accordance with their PAI type (Bartoli et al., 2014). Finally, 

in Bartoli et al. (2014) PG7 strains contained either a S-PAI or T-PAI type, while PG8 

strains contained only the T-PAI type; this finding led to the hypothesis that the T-PAI in 

PG7 strains was likely acquired later in its evolutionary history, which was supported by 

the placement PG8 strains at the root of the phylogenetic tree of PG7 and PG8 strains 

constructed with four gene MLSA. In the context of all PGs within the P. syringae complex 

based on four gene MLSA (Berge et al., 2014), PG7 and PG8 group more proximally to 

PG11 (P. cichorii), which is closest to the root of the tree, than most other phylogroups. A 

distinct feature of P. cichorii is its oxidase positive phenotype. P. viridiflava does not have 

an oxidase positive phenotype; however, the cytochrome c oxidase operon, responsible for 

this phenotype in P. cichorii, was found in two strains in PG7, but not in any other 

phylogroup (Berge et al., 2014). The shared S-PAI and cytochrome c oxidase operon 

between P. cichorii and some PG7 strains is corroborative of their evolutionary history.  

Recently, the phylogenetic distribution of the T3SS in P. viridiflava was studied. 

Four types of T3SS were detected in P. viridiflava strains: canonical T-PAI, alternate T-

PAI (which acts as a replacement for the canonical T-PAI), S-PAI and a Rhizobium-like 

PAI, or R-PAI, which differs from other PAIs by the splitting of the hrcC gene (Dillon et 

al., 2019a; Gazi et al., 2012). Interestingly, all P. viridiflava isolates containing a S-PAI 
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T3SS also contained a R-PAI T3SS. Likewise, the R-PAI was always detected in tandem 

with at least one other type of T3SS across all strains tested in P. viridiflava and P. syringae 

generally. Even though the S-PAI variant lacks some features of the canonical T3SS (i.e. 

the EEL and CEL), Dillon et al. (2019a) hypothesized that these strains would be successful 

in effector delivery into some plant hosts. 

Further research suggests that there are fewer T3SS effectors present in the 

secondary phylogroups of P. syringae, which include P. viridiflava (PG7 and PG8), 

compared to primary phylogroups. On average, P. viridiflava isolates harbored roughly 

four T3SS effectors, as compared to an average of about thirty T3SS effectors detected in 

primary P. syringae phylogroups (Dillon et al., 2019b). 

Other potential virulence factors of P. viridiflava 

While pathogenicity islands, phase variants, and soft rot capability are the main 

contributors to virulence, there are a few other potential virulence factors in the arsenal of 

P. viridiflava. The P. syringae group in general is known for its use of toxins, particularly 

coronatine, syringomycin, syringopeptin, tabtoxin, and phaseolotoxin, in induction of plant 

disease (Bender et al., 1999). Although P. viridiflava isolates in PG7 have not been shown 

to produce toxins, isolates in PG8 all produced a toxin inhibiting the fungus Geotricum 

candidum in an in vitro bioassay (Berge et al., 2014). Because P. viridiflava likely does not 

produce syringomycin, it is possible that the toxicity could be a product of an antimycotic, 

ecomycin, that was previously identified as a toxin produced by P. viridiflava (Berge et al., 

2014; Miller et al., 1998). The production of ecomycin may serve as a virulence factor by 

means of eliminating fungal competitors. 
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Another potential virulence factor is ice nucleation activity (INA). This is a general 

characteristic that spans across the phylogroups of the P. syringae complex at varied 

intensities. Currently, only isolates belonging to PG7 have been shown to have INA; in one 

study, 33% of PG7 isolates tested and none of the PG8 isolates were ice nucleation active 

(Berge et al. 2014). However, for the isolates that do exhibit INA, this may be an important 

virulence factor in creating frost damage, and thus creating a wound in a plant host for 

bacterial infection. This was exemplified in a study where kiwifruit plants were infected 

with an ice nucleation active strain of P. viridiflava and when cooled down to -3° C, the 

presence of the bacteria increased frost sensitivity in accordance with bacterial 

concentration (Varvaro and Fabi, 1992). Although not as prominent as other virulence 

factors, INA ability may enhance the pathogenic potential of some strains of P. viridiflava. 

Detection and control/management practices 

To prevent and control plant disease, it is necessary to be able to detect the 

pathogen. Fortunately, there have been advances in detection methods of P. viridiflava in 

recent years. PCR primers for lipoprotein and monooxygenase genes, which are present in 

the majority of P. viridiflava strains regardless of PAI type, were created for species-

specific detection (Bartoli et al., 2014). Primers for the lipoprotein and monooxygenase 

genes in P. viridiflava (Bartoli et al., 2014) have been used in multiplex PCR with primers 

for the lipodepsipeptide toxin gene (Sorensen et al., 1998) present most commonly in P. 

syringae sensu strico for detection and diagnosis of pathogens causing bacterial stem blight 

of alfalfa (Lipps et al., 2019). Currently, there are no highly effective methods for 

management of P. viridiflava diseases. Generally, elimination or reduction of pathogen 
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inoculum is recommended for diseases caused by the P. syringae species complex 

(Lamicchane et al., 2015b). For P. viridiflava, recent discovery of irrigation water, 

streams/rivers, snowpack, and epilithic biofilms serving as inoculum sources should shape 

the practices for eliminating or reducing pathogen inoculum. There have been some 

successes using Bacillus as a biocontrol in vitro, as well as some promise in using copper 

compounds to control epiphytic populations (Balestra and Bovo, 2003; Orel, 2020). 

Additionally, further exploration of the mechanisms behind the non-pathogenic transparent 

phase variants of P. viridiflava could pave the way for developing control strategies based 

on increasing the occurrence of these variants (Bartoli et al., 2015). 

As far as achieving disease resistance, the use of translational taxonomy, the 

application of basic taxonomic research to disease control, will be crucial in the case of P. 

viridiflava due to its muddled relationship to the P. syringae complex. Classifying, naming, 

and identifying isolates of P. viridiflava based on relevant characteristics will enhance the 

ability of researchers to develop resistant plants. For example, current knowledge of 

pectolytic capability, PAI type diversity, and effector and (a)virulence gene repertoires 

specific to P. viridiflava will help accelerate research on P. viridiflava-specific avenues of 

disease resistance. At present, there are no cases of plants bred or engineered specifically 

for resistance of diseases caused by P. viridiflava. 

Research justification 

In recent years, alfalfa growers in the Western United States have noted an increase 

of frost damage on their stands in correlation with increased bacterial stem blight (BSB) 

disease symptoms caused by strains grouping with the ice nucleation active P. syringae 
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PG2 (Samac et al., 2014). These characteristic symptoms of bacterial stem blight of alfalfa 

include necrotic lesions on stems, chlorosis and necrosis of leaves, and shepherd’s crooking 

(Gray and Hollingsworth 2015). BSB symptoms can result in significant yield loss up to 

50% during the first cutting, so managing this disease is critical for farmers to obtain 

optimal yields. Recently, P. viridiflava, another member of the P. syringae species 

complex, was isolated from BSB-diseased alfalfa and shown to cause symptoms on alfalfa 

(Lipps et al. 2019). Until now, only one strain of P. syringae and seven strains of P. 

viridiflava PG7 causing BSB of alfalfa have been genetically and phenotypically 

characterized. There have not been any studies on a larger population of isolates from 

several different locations to characterize phenotypic and genetic diversity or genomic 

characteristics. In order to eventually manage and control BSB, it is necessary to 

characterize the pathogenic population causing the disease. Here, a population of BSB-

causing P. syringae PG2 and P. viridiflava PG7 isolates were phenotypically and 

phylogenetically characterized. BSB-diseased alfalfa samples were obtained from growers 

in California, Utah, Oregon, and Ohio and collected from fields in Minnesota, and the 

causal agents were isolated for further research. A subpopulation of PG2b and PG7a 

genomes were sequenced to compare strains at the genomic level and further explore 

genomic data relevant to virulence. This research aims to determine: (1) the phylogroup 

subclade(s) of the BSB-causing members of the P. syringae complex and whether they 

group by factors such as location, virulence, or INA; (2) phylogenic relationships of the 

population of BSB-causing isolates (including haplotypes based on MLSA); (3) the 

phenotypic characteristics of the population, including levels of pathogenicity and ice 
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nucleation capabilities; and (4) the correlation of virulence genes to phenotypes by 

comparing BSB-causing strains at the genomic level. 

 

Chapter 2: Phenotypic, phylogenetic, and genomic characterization of Pseudomonas 

syringae (Phylogroup 2b) and P. viridiflava (Phylogroup 7a) isolates causing bacterial 

stem blight on alfalfa (Medicago sativa) in the United States 

 

Introduction 

Alfalfa (Medicago sativa) is a crop that is used in modern agriculture as a source 

of high-protein feed for dairy and beef livestock, as well as a rotational crop that contributes 

to soil and water conservation and biological nitrogen fixation to restore soil fertility. This 

crop is grown throughout the United States and is in the top three crops in over 25 states. 

The majority of production occurs in the Western, Midwest, and Northeast regions within 

the United States (U.S. Department of Agriculture National Agricultural Statistics Service, 

2018). In 2019, alfalfa production in the United States in was estimated at 54.9 million tons 

and was rated the third most valuable field crop in the United States valued at $10.8 billion 

(U.S. Department of Agriculture National Agricultural Statistics Service, 2020). Therefore, 

managing diseases that reduce alfalfa yields is critically important in U.S. agriculture. 

Bacterial stem blight (BSB) of alfalfa is an emerging disease in the United States. 

In recent years, alfalfa growers in the Western United States have noted an increase of frost 

damage on their stands in correlation with increased BSB disease symptoms caused by 

strains grouping with the ice nucleation active Pseudomonas syringae phylogroup 2 (PG2) 

(Samac et al., 2014). The characteristic symptoms of BSB of alfalfa include necrotic 
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lesions on stems, chlorosis and necrosis of leaves, and shepherd’s crooking (Gray and 

Hollingsworth, 2015). Recently, strains of P. viridiflava phylogroup 7 (PG7), another 

member of the P. syringae species complex, was isolated from BSB-diseased alfalfa and 

shown to cause symptoms on alfalfa (Lipps et al., 2019). BSB infection can result in 

significant yield loss up to 50% during the first cutting, which often has the highest biomass 

yield and forage quality, so managing this disease is critical for farmers. In order to 

eventually manage and control BSB, it is necessary to characterize the pathogenic 

population causing the disease. Prior to this study, only the draft genome of BSB reference 

strain ALF3 (Harrison et al., 2016) and the cts gene sequences and disease phenotypes of 

seven P. viridiflava strains causing BSB have been characterized. Until now, there has not 

been a comprehensive study in which an ample collection of strains causing BSB have 

been evaluated for phenotypic, phylogenetic, and genomic characteristics. Here, a 

population of 94 BSB-causing P. syringae phylogroup 2b (PG2b) and 29 P. viridiflava 

phylogroup 7a (PG7a) isolates were characterized in terms of disease and ice nucleation 

phenotypes, and phylogenetic placement within the P. syringae complex. BSB-diseased 

alfalfa samples were obtained from growers in California, Utah, Oregon, and Ohio and 

collected from fields in Minnesota, and the causal agents were isolated for further research. 

A subpopulation of PG2b and PG7a genomes were sequenced to compare strains at the 

genomic level and further explore genomic data relevant to virulence. The objectives of 

this study were to: (i) identify the clades of the P. syringae BSB-causing strains, (ii) 

measure the haplotype diversity in the BSB-causing strains, (iii) characterize the 

population for pathogenicity and ice nucleation capabilities and identify any correlations 
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between phenotypes and phylogenetic placement, and (iv) compare strains causing BSB 

with P. syringae/P. viridiflava isolated from other substrates and locations. 

 

Methods 

Bacterial isolation, identification, and storage 

Alfalfa plants showing symptoms of BSB were collected in 2016, 2017, and 2019 

from locations in the Western and Central United States (Figure 3). An ice nucleation 

assay was used to identify stems with populations of PG2 strains. Plant samples 

exhibiting symptoms of BSB in the field were received by mail from the following 

collaborators: Earl Creech, Rob Wilson, Giuliano Carneiro Galdo, Thomas Getts, and 

Mark Sulc. The stem of each plant was processed to remove the lowest internode and all 

leaves. Then, the three lowest remaining internodes were placed into a 10 ml glass test 

tube containing 7 ml sterile 10 mM potassium phosphate buffer, at a pH of 7. Tubes were 

placed in a sonicating water bath at room temperature for 10 minutes, then transferred to 

a recirculating low temperature incubator (Polyscience, Niles, Illinois). The tubes were 

held at -4.5°C for 10 minutes and then the number of tubes with frozen buffer recorded. 

The tubes were stored at -20°C. For pathogen isolation, tubes were thawed at room 

temperature and sonicated for 10 minutes. Serial dilutions made between 1x10-1 and 

1x10-6 were performed, and the dilutions were cultured on King’s B medium. Single 

colonies that fluoresced under UV light were streaked on new agar plates to ensure a pure 

culture and a single isolate of PG2 or PG7 were retained per processed stem.  

Colony PCR was used to identify P. syringae and P. viridiflava isolates in a 

multiplex PCR reaction; P. viridflava PCR primers were used to amplify a 360 base pair 
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fragment from a putative lipoprotein and monooxygenase specific to P. viridflava (Bartoli 

et al., 2014) and primers for the lipodepsinononapeptidetoxin gene of P. syringae pv. 

syringae (Sorensen et al., 1998) producing a 742 base pair fragment were used to rapidly 

distinguish between the two pathogens (Lipps et al., 2019). All confirmed P. syringae and 

P. viridiflava isolates were stored at -80°C in 20% glycerol. In this study, 94 PG2 and 29 

PG7 strains were used for phenotypic and genetic characterization (Table 3). 

 

Figure 3. Map of locations from which BSB-causing strains were isolated. 

 

Pathogenicity testing 

Alfalfa plants from the cultivar CUF101, which is susceptible to BSB, were grown 

to the 3-leaf stage (about three weeks) in a growth chamber at 22 ̊C with a 16-hour light 

cycle. Stems were wounded at the second or third internode with a tuberculin needle and 

then a bacterial suspension (OD600=0.1) was applied with a sponge at the wound site. Six 

plant replicates were inoculated for each isolate. For P. syringae and P. viridiflava 

combined pathogenicity assays, the bacterial suspension of each species was measured to 

OD600=0.05 and then combined to make a final inoculum concentration of OD600=0.1. 
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Symptoms of leaves and stems were rated 7 to 10 days post-inoculation via a 1 to 5 scoring 

system (Figure 4).  

 

Figure 4. Bacterial Stem Blight Disease Scoring Chart. 

 

Ice nucleation activity testing 

Each isolate was tested for its ability to ice nucleate. A bacterial suspension of each 

isolate (OD600=0.1 representing approximately 1x108 CFU) was prepared in 10 mM K2PO4 

buffer and serial dilutions of 1:10, 1:100, 1:1,000, and 1:10,000 of the suspension were 

made. Three technical replicates of each dilution were used. Each dilution for individual 

isolates were kept on ice for one hour to activate the ice nucleating properties of the 

bacteria. Tubes with the suspensions were submerged in a -4.5 ̊C cold bath for 10 minutes, 

and the dilution and number of replicates at which the isolate froze were recorded. Isolates 

that froze on average at the concentration of 1x106 CFU (the 1:1,000 dilution) or lower 

were considered ice nucleation active (Bartoli et al., 2014). 

 

Microscopy 
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Plants were infected with PG2 strain SV921, P. viridiflava PG7 strain Tule157, and 

mock inoculated with water using the inoculation method previously described. At one-

week post-inoculation, a microtome was used to cut cross sections at and above the 

inoculation site. Cross sections were ~100 µm thick and sections were taken up to 0.75 cm 

above the point of inoculation. Cross sections were placed on slides and imaged with a 

Nikon Eclipse NI-U Light Microscope. The DS-Ri1 Digital Color was used to obtain 

images. NIS-Elements (AR version) software was used for image acquisition and analysis. 

 

Phylogenetic delineation using MLSA and MLST 

Three housekeeping genes, cts (citrate synthase), gyrB (DNA gyrase B), and gapA 

(glyceraldehyde-3-phosphate), were sequenced for MLSA to place strains into their 

phylogroups and assess diversity. The cts gene alone is sufficient to place each isolate in 

its respective phylogroup in the P. syringae species complex and was used for this purpose 

(Berge et al., 2014). For deeper resolution of phylogenetic relationships, gyrB and gapA 

were also sequenced and used in concatenation with the cts gene for MLSA. The primers 

used for amplifying DNA and for Sanger sequencing of gyrB as well as PCR conditions 

were based on those of Hwang et al. (2005) and the primers for gapA and cts amplification 

and sequencing were based on that of Morris et al. (2008). PCR product purification and 

Sanger sequencing was performed by Genewiz (South Plainfield, New Jersey).  

Geneious Prime 2021.1.1 software was used to assemble, trim, and align all 

sequences for the MLSA. Forward and reverse sequences from each rection were aligned 

as contigs and trimmed according to Hwang et al. (2005) or Morris et al. (2008). The 

trimmed fragment lengths were 427 bp for cts, 507 bp for gyrB, and 476 bp for gapA. The 
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sequences of each locus were concatenated in the order of cts-gyrB-gapA and created a 

final concatenated sequence length of 1,410 bp. Concatenations were pairwise aligned to 

one another. Reference sequences were obtained from the Plant Associated and 

Environmental Microbes database (PAMDB) or NBCI (Almeida et al., 2010). Model 

testing was conducted on concatenated loci in CLC Main Workbench 7 (Qiagen; Hilden, 

Germany). The general time reversible model was used in tree construction. Geneious 

MrBayes plugin was used to create a Bayesian tree with a general time reversible tree 

(Huelsenbeck and Ronquist, 2001). For MLST analysis, haploytypes were determined with 

DNAsp software using the cts, gyrB, and gapA gene sequences. A minimal spanning tree 

using the cts, gyrB, and gapA genes was created using Phyloviz (Ribeiro-Goncalvez et al., 

2016). 

 

Repetitive element sequence-based PCR (rep-PCR)  

Repetitive element palindromic PCR (rep-PCR) DNA finger-printing was 

performed with the BOXA1R primer (Versalovic et al., 1994) on the population of strains 

isolated from BSB-infected alfalfa. A 1 µL loop of cells from a single colony was used as 

template for the PCR reactions. The PCR amplification and gel electrophoresis was 

performed using methods described by Cao et al. (2018). Gel images were analyzed with 

Bionumerics software version 8.0. The rep-PCR fingerprints were analyzed based on the 

presence or absence of bands normalized to a 1 kb DNA ladder (Promega, Madison, WI). 

Genetic distances were calculated with the Jaccard coefficient of similarity (Clifford and 

Stephenson, 1975). The UPGMA method was used to group strains and construct the 

dendrogram based on the matrix of genetic distances given by banding patterns. 



 

  

53 

 

Genome sequencing, annotation, and analysis 

Twelve P. syringae (PG2b-grouping) strains and eight P. viridiflava (PG7a-

grouping) strains were chosen for whole genome sequencing from a collection of 94 PG2b 

strains and 29 of PG7a strains. These selected strains were chosen based on characteristics 

including geographic location of isolation and pathogenic potential on alfalfa. Isolates were 

grown in LB liquid medium for 48 hours, pelleted, washed in sterile water and submitted 

to the Microbial Genome Sequencing Center for DNA extraction and whole genome 

sequencing and annotation. Samples were run on an Illumina NextSeq 550 and Oxford 

Nanopore Technology (ONT) Minion to obtain short and long read sequences, 

respectively. Hybrid assembly of Illumina and ONT reads was performed with Unicycler 

(v0.4.8). Genome sequences were deposited in the NCBI genome database and annotated 

via the Prokaryotic Genome Annotation Pipeline. 

The genome sequences were analyzed individually and comparatively. For single 

gene analyses, gene sequences were extracted, aligned, and Bayesian trees were created 

using Geneious Prime Software version 2021.1.1. For comparative analyses, the coding 

sequence (CDS) regions were extracted with a Python script written by Dr. Satoshi Ishii. 

The KF529 genome was queried to other genomes in this analysis using NCBI BLAST, as 

KF529 had the highest pathogenicity phenotype. Gene top hits were extracted and the 

number of shared genes in the query were calculated with Python scripts prepared by 

Satoshi Ishii. Blast Ring Image Generator software BRIG was used for multiple concentric 

circular genome representations (Alikhan et al., 2011). The Minnesota Supercomputing 

Institute (MSI) server was used to create NCBI blast databases for whole genome 
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comparison. Geneious Prime software version 2021.1.1 was used to map genes of interest 

to whole genomes for comparison. 

 

Results 

Isolation and identification of strains 

 A total of 260 PG2 strains and 107 PG7 strains were isolated from diseased alfalfa 

stems collected in 2016, 2017, 2019, and 2020 (Table S1). A total of 2,612 out of 3,575 

(73.0%) of the diseased stems that were processed were INA positive. Of these strains, 94 

PG2 and 29 PG7 strains were confirmed by sequencing of the cts gene and were used in 

genetic and phenotypic analyses (Table 3). 

 

Pathogenicity assays 

Isolates were tested for their ability to induce disease on alfalfa. Disease scores 

from 1 to 5 (1=no disease; 5=systemic chlorosis and necrosis) were assigned to each plant 

replicate infected and the average disease scores for both stems and leaves were calculated. 

(Table 3) (Figure 5). The average stem score induced by P. syringae PG2-grouping strains 

was 2.7 and the average leaf score was 3.4. For P. viridiflava PG7-grouping strains, the 

average stem score was 1.97 and the average leaf score was 2.82. A standard t-test was 

used to determine significant difference in the mean stem and leaf scores induced by P. 

syringae PG2-grouping strains versus PG7-grouping strains. The stem (p=4.913e-12) and 

leaf (p=2.221e-06) scores induced by P. syringae PG2-grouping strains were significantly 

greater than those induced by P. viridiflava PG7-grouping strains (Figure 6). Among all 
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isolates tested, there was a moderate positive correlation between leaf score and stem score, 

with a Pearson’s R coefficient of 0.371. 

 

Table 3. Table of strains in this study with phylogroup (PG) designation, year and location 

of isolation, stem and leaf disease score, haplotype, and ice-nucleation activity (INA) 

phenotype. Strains used for whole genome sequencing are denoted with an asterisk. 
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Figure 5. Leaf and stem disease scores by phylogroup. For each strain in this study, six 

alfalfa plants were inoculated after three weeks of growth and leaf and stem disease was 

scored. The average scores of the six replicates were calculated for each strain. The upper 

limit of the boxes represent the third quartile and the lower limit of the boxes represent the 

second quartile. The middle bar in the boxes represents the median. Individual points 

represent the average disease score induced by each strain. The PG2 leaf scores had a 

median of 3.4 and stem score median of 2.67. The PG7 leaf scores had a median of 3.0 and 

stem score median of 1.92. The PG2 leaf scores had a mean of 3.244, and stem score mean 

of 2.78. The PG7 leaf scores had a mean of 2.82 and stem score mean of 1.90. Standard 

deviation of PG2 leaf scores was 0.57 and PG2 stem scores was 0.63. Standard deviation 

of PG7 leaf scores was 0.68 and stem scores was 0.30. 
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Figure 6. Mean disease scores of PG2 and PG7 strains. A t-test was performed to test for 

significant differences between the mean leaf and stem scores of PG2 and PG7 strains in 

this study. Both leaf scores (p=2.221e-06) and stem scores (p=4.913e-12) induced by PG2 

and PG7 strains were significantly different. Different letters above the bars indicate 

significant differences (p<0.05). 

 

Two-way ANOVA tests were performed to explore the impact of species and 

location of isolation on stem score and leaf score. The analyzed data were normally 

distributed and of equal variances. The first two-way ANOVA test of species and location 

impact on leaf score showed that species does impact leaf score, but location does not 

impact mean leaf score. The second two-way ANOVA test of species and location impact 

on stem score showed that species and location impact mean stem score separately, but not 

compounding. Based on a one-way ANOVA of PG2 strain data only, location does not 

impact leaf score but it does impact stem score (Figure 7). A Bonferroni test showed that 

there were significant differences in stem scores between PG2 strains from St. Paul and 
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Susanville (p=0.00011) and Klamath Falls and Susanville (p= 0.00222). Based on a one-

way ANOVA of PG7 data only, location does not impact leaf score or stem score.  

 

Figure 7. Mean leaf and stem scores of PG2 and PG7 strains by location of isolation. (A) 

PG2 leaf scores: There were no significant differences between leaf scores induced by 

PG2 isolates from different locations (p=0.31). (B) PG2 stem scores: There were 

significant differences in stem scores between St. Paul and Susanville (p=0.00011) and 

Klamath Falls and Susanville (p= 0.00222). Letters a and b denote significant differences 

(p<0.05) in mean stem scores of PG2 by location given by a one-way ANOVA test. (C) 

PG7 Leaf scores: There were no significant differences between leaf scores induced by 

PG7 strains from different locations. (D) PG7 stem scores: There were no significant 

differences between stem scores induced by PG7 strains from different locations.  
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Double inoculation assays were conducted in which alfalfa plants were inoculated 

with a bacterial suspension mixture of P. syringae PG2-grouping strains and P. viridiflava 

PG7-grouping strains. Four strains of PG2 (U888, Susan2121, T1434, and T1207) and four 

strains of PG7 (KF485, U625, StP3, and SV1796) characterized as mid-level pathogenicity 

were tested individually and then combined (T1207 + SV1796, StP3 + U888, KF485 + 

T1434, Susan2121 + U625). A one-way ANOVA test indicated no significant difference 

in the average disease scores of stems (p=0.079) or leaves (p=0.26) among plants 

inoculated with both pathogens compared to just one pathogen based on a one-way 

ANOVA test (Figure 8).  

 

Figure 8. One-way ANOVA test of double versus single inoculation stem and leaf scores. 

No significant difference between leaf scores (p=0.079) or stem scores (p=0.26) of plants 

inoculated with single or mixed inoculum given by one-way ANOVA test. 

 

Ice nucleation activity 
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All isolates in the present study were tested for INA. A strain was defined as ice 

nucleation active if the average concentration of three replicates at which the sample 

froze at -4.5 ̊C was 1x106 CFU/mL. Of all isolates tested, 59 out of 94 (62.7%) of P. 

syringae PG2-grouping strains were INA, and 0 out of 30 (0%) of P. viridiflava PG7-

grouping strains were INA at the concentration of 106 CFU/mL (Figure 9). The 

distribution of INA positive or negative strains varied among locations. The highest 

frequency of INA was for strains from Tulelake (100%; 9/9 strains) and the lowest for St 

Paul strains (0%; 0/9 strains). Strains from Shasta Valley (17%;1/6) and Klamath Falls 

(33%; 2/6) also had low frequency of INA. Strains from Susanville (75%; 12/16), Scott 

Valley (73%; 19/26), and Cornish (71%; 15/21) all had relatively high levels of INA. 

ALF3, the reference BSB strain from Wyoming was also INA. 

The highest frequency of INA was for strains from Tulelake (100%; 9/9 strains) 

and the lowest for St. Paul strains (0%; 0/9 strains). Strains from Shasta Valley (17%;1/6) 

and Klamath Falls (33%; 2/6) also had low frequency of INA. Strains from Susanville 

(75%; 12/16), Scott Valley (73%; 19/26), and Cornish (71%; 15/21) all had relatively high 

levels of INA. 

 

Figure 9. Ice nucleation activity (INA) capability by location. INA for PG2 strains 

only is presented because none of PG7 strains had INA in this study.  
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Microscopy 

Plants inoculated with the PG2 strain SV921 showed a host reaction within the 

xylem, pith parenchyma, and chlorenchyma cells up to 0.75 cm from the wound site 

(Figures 10 and 11). PG7 isolate Tule157 also showed discoloration in the xylem, pith 

parenchyma, and chlorenchyma cells above the wound site, although to a lesser extent and 

the reaction was not observed in the chlorenchyma cells at the furthest point from 

inoculation (Figure 10 and 11). Plants mock-inoculated with water did not display a 

reaction within the xylem cells above the wound site.  

 

Figure 10. Discoloration of xylem and chlorenchyma cells due to PG2b and PG7a 

infections at 100x. Brightfield color images of cross sections of alfalfa stems ¾ cm above 

inoculation point with (A) PG2b strain SV921, (B) PG7 strain Tule157, and (C) negative 

mock-inoculated control. 
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Figure 11. Discoloration and damage of xylem, chlorenchyma, and pith parenchyma cells 

due to PG2b and PG7a infections at 40x. Cross sections of inoculated alfalfa at varied 

distances from inoculation site were imaged. Cross sections up to 0.75 cm from the wound 

site were imaged and placed in order of closest to farthest from wound site based. (A) Mock 

inoculation with water. (B) Cross section directly above site of inoculation with PG2b 

strain SV921. (C) Cross section directly above cross section imaged in A. (D) Cross section 

directly above cross section imaged in C. (E) Cross section directly above site of 

inoculation with PG7 strain Tule157. (F) Cross section directly above cross section imaged 

in E. (G) Cross section directly above cross section imaged in F. 

 

Phylogenetic analyses through single gene analysis, MLSA, and MLST 

The citrate synthetase (cts) housekeeping gene was sequenced for each strain in this 

study and the sequences were aligned with reference cts sequences from representative 

strains of each phylogroup in the P. syringae complex. The strains from alfalfa grouped 

exclusively with PG2b and PG7a (Figure 12). For further analysis of diversity of strains 

within each phylogroup, MLSA was conducted using the concatenated sequences of the 

genes cts, gapA, and gyrB of alfalfa strains as well as reference strains of P. syringae 

complex phylogroups used by Berge et al. (2014) (Figure 13). The Bayesian tree created 
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from concatenated sequence alignments shows the same grouping of isolates in PG2b and 

PG7a but shows more fine-tuned relationships and groupings of isolates within their 

respective phylogroups. The MLSA-based Bayesian tree was supplemented with 

phenotypic data including disease scores on leaves and stems of each strain in this study, 

as well as INA capability. The PG2b strains in this study grouped with PG2b reference 

strains P. syringae pv. japonica (barley pathogen) and P. syringae pv. pisi (pea pathogen). 

Seven clusters of PG2b strains and six clusters of PG7a strains in this study were detected 

in the Bayesian cts single gene tree (Figure 12). In the Bayesian cts-gypB-gapA 

concatenated tree, there 42 distinct clusters of PG2b and 19 of PG7a, which is also 

reflective of the haplotype designations. Clustering did not directly correlate with location 

of isolation. Some clusters in the concatenated tree contained strains from many different 

locations; for example, one cluster contained three strains from Tulelake, two from Scott 

Valley, and one from Utah, while another cluster contains one strain from Tulelake, two 

from Scott Valley, two from Susanville, and two from Shasta Valley. The majority (four 

strains) of PG2 St. Paul strains group together in one clade, while two other St. Paul PG2 

group closely with two from Scott Valley. The PG7b strains also do not group by location, 

an example being a strain from St. Paul and a strain from Utah, two distant locations, 

grouping with a bootstrap of 100. There also were not any clades that particularly stood 

out to have high or low virulence on alfalfa compared to other clades. An example of this 

is in the clade with U983, U888, SV1740, Susan2139, and STP24 in which there is a range 

of low-, mid-, and high-virulence phenotypes for stems and leaves. There was only clade 

in which all five strains (STP26, STP23, STP14, STP12, KF533) had an INA negative 
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phenotype. In most cases, however, clades were not strictly defined by their INA 

phenotypes. 

 

 

Figure 12. Bayesian tree of the cts gene of PG2 and PG7 strains causing bacterial stem 

blight (BSB) of alfalfa. A Bayesian tree of PG2 and PG7 strains causing BSB was 

constructed with reference sequences from P. syringae phylogroups defined by Berge et 

al., 2014. Numbers on nodes represent bootstrap values from Bayesian analysis. The PG2b 

clade is highlighted in yellow and PG7a in orange. 
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Figure 13. Bayesian tree of concatenated cts, gyrB, and gapA genes of PG2b and PG7a 

strains causing bacterial stem blight (BSB). A Bayesian tree of PG2b and PG7a strains 

causing BSB was constructed with reference strains from P. syringae phylogroups defined 

by Berge et al. (2014). Disease severity on stems and leaves of alfalfa and ice nucleation 

capability (INA) are presented. Grey boxes indicate no data for reference strains. 

 

Haplotypes were assigned to each strain in this study based on their concatenated 

sequenced of cts, gyrB, and gapA. Each concatenated sequence with at least one base pair 

difference was assigned as a unique haplotype (Table 3). There was a total of 42 sequence 

types of PG2 strains out of 94 PG2 strains (Figure 14). All 19 of the PG7 strains represent 

their own sequence type (10 of the 29 PG7 strains were not subject to sequence typing). 
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Several unique PG2 haplotypes were present in different locations. For example, haplotype 

8 had strains from five locations, followed by haplotypes 1, 7, 34 and 47 with strains from 

three locations. Haplotype 7 was the most frequently identified haplotype. Likewise, 

individual sampled locations harbored various unique haplotypes (Figure 15). Locations 

varied in their number of unique haplotypes; for example, the Scott Valley location 

harbored 30 haplotypes and Utah harbored 24, even though the number of strains from 

each location was comparable. Pathogenicity and INA capability phenotypes of each 

haplotype were analyzed (Figure 16 and 17). It is clear that some sequence types have 

higher pathogenic potential on stems or leaves than others. However, pathogenic potential 

by sequence type cannot be accurately compared because some sequence types only are 

represented by one isolate, while some are represented by up to nine isolates. Trends in 

INA capacity by haplotype were also investigated. While there were some haplotypes that 

with a greater percentage of INA strains (haplotypes 1, 7, 12, 46) and some with lower 

percentages of INA capacity (haplotypes 9, 34), they cannot be statistically compared due 

to low and differing amounts of strains per sequence type.  
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Figure 14. Count of unique haplotypes (based on concatenated sequences cts-gyrB-

gapA) colored by location of strain isolation. 

 

 

 

Figure 15. Count of unique haplotypes (based on concatenated sequences of cts-gyrB-

gapA) per location of strain isolation. 
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Figure 16. Leaf and stem scores by haplotype disaggregated by phylogroup. Single bars 

indicate that only one strain represents that haplotype, while boxes denote that the 

haplotype is comprised of several strains. 

 

 

 

 

Figure 17. Ice nucleation capability by haplotype. 

 

A Phyloviz (Ribeiro-Goncalvez et al., 2016) minimal spanning tree was created for 

PG2b strains to visualize relatedness of haplotypes by sequences using the same alignment 

of the three genes used in MSLA. If there was at least one base pair difference between 

genes, a new sequence type was assigned (Figure 18). The number of lines separating nodes 

denote the number of genes that have at least one base pair difference (out of the three 
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genes that are concatenated) between the node to which it is attached. The nodes represent 

the different sequence types, and they are sized proportionally to the number of sequences 

per sequence type (for example, haplotype 7 node is largest). The nodes are also color 

coded by location of isolation. A minimal spanning tree is not shown for PG7b isolates 

because each isolate was a completely unique haplotype. Haplotypes 22 and 16 (both 

PG2b) appear to be haplotypes from which other haplotype have branched off from; they 

represent two major potential sources of evolutionary for the population of strains studied 

here. This figure reflects the clade groupings in Figure 13, and also allows for visualization 

of the relationship between strains based on their location of isolation. Like in Figure 13, 

there does not appear to be a clear pattern or grouping of strains by their location of origin. 

Rather, strains from varied locations group and have branched off from strains from distant 

locations. For example, the node of haplotype 8 representing strains from Shasta Valley, 

Utah, St. Paul, and Susanville all group together and seem to have branched from Scott 

Valley. Like in figure 13, haplotypes containing most of the St. Paul isolates (9, 35, and 

41) group closely and it appears that 35 and 41 have branched from 9.  
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Figure 18. Minimal Spanning tree depicting base pair differences in genes. Haplotypes 

defined by unique concatenated sequences of cts-gyrB-gapA genes of PG2 haplotypes only. 

Node size correlates to number of isolates within haplotype group. 

 

Repetitive element sequence-based PCR (rep-PCR) 

Fingerprints based on rep-PCR banding patterns were analyzed based on the 

presence of absence of bands and a dendrogram was constructed with the UPGMA method 

based on the matrix of genetic distances of the banding patterns. An example of a rep-PCR 

banding pattern gel is provided (Figure S1) Here, these fingerprints are used to define 

phylogenetic relationships, like MLSA, but at a broader level within the genome as the 

fingerprints cover more than just one or three genes. A set of PG2b and PG7a strains 

defined by cts and MLSA trees were used to create the dendrogram based on fingerprint 

profiles (Figure 19). PG2b and PG7a strains grouped separately in their respective 

phylogroups as expected. Reference strain fingerprints were not analyzed with the strains 
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in this study, and not all strains analyzed in MLSA were included in the rep-PCR analysis. 

Groupings based on rep-PCR are highly similar to those based on MLSA, although there 

are some variations in groupings and interestingly, the rep-PCR dendrogram shows more 

isolates from the same locations grouping together, although strains from different 

locations still group variably throughout the dendrogram. For example Shasta Valley 

strains SHV323 and SHV515 group with SHV1866 and SHV1862 in the rep-PCR 

dendrogram, but in the MLSA tree SHV515 and SHV323 group further away from the 

other two. The differences in groupings are likely due to the wider genomic coverage of 

the rep-PCR analysis than based on three genes.  
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Figure 19. Dendrogram of rep-PCR fingerprints of PG2b and PG7a strains. A 

dendrogram depicting the phylogenetic relatedness of strains in this study based on 

PG2b

PG7a
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genetic distances (Jaccard coefficient) and constructed with the UPGMA clustering 

method shows that strains determined as PG2b and PG7a in cts and MLSA Bayesian 

analysis group in the same phylogroups based on rep-PCR fingerprints. 

Genome analysis  

The genomes of 12 PG2b and eight PG7a strains representative of varied 

virulence capacities and locations were sequenced. A summary of genome sequence 

metrics is provided (Table 4). The sizes of genomes ranged from 5,827,964 to 6,376,701 

bp. The PG7 genomes, compared to the PG2 genomes, were all shorter in length, with the 

exception of PG7 U625 (6,035,755 bp) being longer than PG2 strains SV921(5,997,220 

bp) and T230 (5,994,779 bp). Genomes were comprised of a range from one to nine 

contigs, with eight of the assemblies based on one contig. GC content ranged from 58.9 

to 59.33%. All genomes were assembled with well over 100x coverage. Genome 

sequences were deposited in the NCBI Genbank genome database (accession numbers 

provided in Table 4) and annotated with the NCBI Prokaryotic Genome Annotation 

Pipeline. Concentric circular genome visualizations created with BRIG software are 

presented (Alikhan et al., 2011) for representation of PG2b and PG7a genomes, 

respectively compared to the most virulent strain (Figure 20). The number of dissimilar 

genes between each strain and the most virulent strain were presented as a dendrogram 

(Figure 21). For both PG2b and PG7a strains, there were no clade groupings in the 

dissimilar gene trees that directly corresponded to the gradient of virulence measured by 

pathogenicity assays. For both PG2b and PG7a strain comparisons, strains did not group 

together based on their location of isolation.  
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Table 4. Genome sequencing project metrics. N50 statistic describes the the sequence 

length of the shortest contig at 50% of the total genome length. L50 describes the number 

of smallest number of contigs whose length sum makes up half of genome size. 
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Figure 20. Circular representations of comparisons of PG2b and PG7a strains with BLAST 

Ring Image Generator (BRIG) (Alikhan et al., 2011). The inner scale denotes the 

coordinates of the genome in kilobase pairs. The white spaces denote portions of the 

genome with no identity to the reference genome. (A) The most virulent PG2b strain 

KF529 was used as the reference genome. (B) The most virulent PG7a strain Tule157 was 

used as the reference genome. 
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Figure 21. Cluster dendrograms of PG2b and PG7a isolates based on unshared genes. 

Unshared genes of in comparison of strains to the most virulent strain were used to cluster 

strains together in the dendrogram. The R package pvclust was used to cluster and create 

the dendrogram. Here, “au" means approximately unbiased p-value and "bp" is 

for bootstrap probability value. (A) Cluster dendrogram of PG2b strains based on unshared 

genes with most virulent strain KF529. ALF3 (BSB reference strain) and FF5 (PG2b strain 

characterized as pear pathogen) included as references. (B) Cluster dendrogram of PG7a 

strains based on unshared genes with most virulent strain T157. Strain CFBP1590 (PG7a 

strain characterized as cherry pathogen) included as a reference. 

 

A more robust MLSA was performed using the following seven housekeeping 

genes that make up the core genome of P. syringae extracted from PG2b and PG7a 

genomes in this study: acn1, cts, gapA, pgi, rpoD, gyrB, and pfk (Sarkar and Guttman, 

2008) (Figure 22). Strains grouped nearly identically to their placements in the three gene 

MLSA and seven gene MLSA phylogenetic trees. 
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Figure 22. Seven gene MLSA Bayesian Tree of PG2b and PG7a strains. A Bayesian tree 

was constructed from the alignment of the core genome gene sequences acn1, cts, gapA, 

pgi, rpoD, gyrB, and pfk. Presence or absence of genes are displayed for each strain. 

Reference sequences that were not part of this study are represented with grey boxes. 

 

Single genes relevant to virulence of PG2b and PG7a strains were extracted and 

analyzed from the whole genome sequences in this study. PG2b and PG7a sequence 

analyses were performed separately due to divergence in their genetic compositions. For 
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PG2b strains in this study, separate Bayesian trees were created based on the alignment of 

PG2b sequences of the virulence factors genes: inaZ (ice nucleation), gacA/gacS 

(syringolin A), corA (coronatine), sypA (syringopeptin), syrB1/B2 (syringomycin), and 

avrE, hopaa1, and hopaj2 (avirulence effectors). The presence of hrpZ, hrpA, and hrpW 

were confirmed in all sequences, as expected in canonical PAI of PG2b. All twelve PG2b 

strains in this study contained the selected genes, except in the case of sypA, T230, T1434, 

SV1599, and Susan2139 did not contain this gene. Likewise, Susan2139 did not contain 

the syrB1B2 gene. This is intriguing, as Susan 2139 was classified as a high pathogenic 

isolate on alfalfa in this study. The four INA negative strains grouped within the other INA 

positive strains, not in a separate clade, and there were not any SNPs or gaps indicated that 

may be correlated to the INA negative phenotype (Figure S2), although it is possible that 

the INA phenotype in the field is different than in laboratory conditions due to the 

environment. Strains within single gene trees of sypA, syrB1B2, and gacA/gacS did not 

group directly in correspondence to the gradient of virulence phenotypes (Figure S2). For 

example, KF529 (most virulent) grouped closely with SHV323 (lowest virulence) in these 

three gene trees. In the corA tree, KF529 and Susan2139 (top two virulent strains) grouped 

most distantly from other strains, yet other groupings within this tree still did not directly 

correspond to the virulence gradient, as moderate and low virulence strains grouped 

together. Single gene trees of effector genes avre1, hopaa1, and hopaj2 showed a similar 

trend to toxin gene groupings in that strains did not group directly in correspondence to the 

gradient of virulence phenotypes (Figure S3). For example, in the avre1 tree, KF529 (most 

virulent) and U888 (least virulent) grouped together in the same clade. 
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For PG7a strains in this study, separate Bayesian trees were created based on the 

alignment of PG7a sequences of the virulence factors: avrE and avrF (avirulence effector 

and chaperone), hrpA (T3SS pilus), hrpZ (effector harpin), and hrpW (effector harpin), 

hopPsyA (T-PAI-specific avirulence), shcA (putative hopPsyA chaperone), and pel (pectate 

lyase). The hrcC gene of strains in this study, a conserved portion of the T3SS required for 

virulence, was analyzed and used to build a Bayesian tree with reference strains containing 

S-PAI or T-PAI to determine the PAI type of isolates in this study (Bartoli et al., 2014). 

The hopPsyA and shcA genes from reference strain P. viridiflava PNA.3a (T-PAI) were 

used to map to strains in this study. 

 

S-PAI-associated virulence genes include avrE (avirulence gene); avrF (putative 

avrE chaperone; and hrpA, hrpZ, and hrpW (type III outer proteins), while T-PAI 

associated genes include those of S-PAI as well as hopPsyA (avirulence gene) and shcA 

(putative hopPsyA chaperone) (Araki et al., 2007). Genes for avrE, avrF, hrpA (pilus), 

hrpZ (effector harpin), and hrpW (effector harpin) from S-PAI-containing strain SP1.1a 

(from Araki et al., 2006) mapped to all eight PG7a genomes in this study. These same 

genes from the T-PAI-containing strain PNA3.3a (from Araki et al., 2006) did not map to 

the PG7a genomes in this study, nor did the T-PAI-specific genes shcA or hoppsyA. This 

indicates that the PG7a strains in this study contain this S-PAI polymorphism. Furthermore, 

based on hrcC gene sequences, all eight PG7a isolates in this study group with the S-PAI 

strains, and not the T-PAI strains.  
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Similar to the PG2b single gene analyses, the PG7a strains did not group in direct 

correspondence to the virulence phenotype gradients. For example, in the pel gene tree, 

KF485 (low virulence), T157 (high virulence), StP3 (high virulence), and StP4 (moderate 

virulence) grouped within the same clade at a bootstrap score of 100 (Figure S4). The gene 

trees for avrE and avrF were identical to one another with the four strains, KF485, T157, 

StP3, and StP, grouping together with a bootstrap level of 100. Finally, in hrp gene trees 

(hrpA, hrpZ, and hrpW) there were no indicative groupings by virulence phenotypes, as 

high and low virulence strains grouped together in all three trees (StP3 and KF485, T157 

and KF485, and T157 and StP4, respectively) (Figure S5). 

In addition to virulence genes, all genome sequences were aligned with the 

conserved major replication gene of P. syringae plasmids, repA, for the detection of 

plasmids within strains in this study (Gutierrez-Barranquero et al., 2017). Out of all isolates 

in this study, the repA gene mapped only to the PG2b isolate Susan2139, signifying that its 

genome contains a plasmid in addition to a circular chromosome (plasmid accession 

number CP074579). A type II toxin-antitoxin system of the RelE/ParE family toxin was 

detected in the plasmid of Susan2139, a well-studied class of toxin-antitoxin system that 

can be found on plasmids in bacteria, and prokaryotes generally. 

 

Discussion 

Pathogenicity of PG2b is greater than PG7a strains 

This is the first comprehensive characterization of pathogenic potential of a 

population of PG2b and PG7a strains causing BSB on alfalfa, an important disease 

emerging in various locations within the United States. Overall, P. syringae PG2-grouping 
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strains induced higher stem and leaf scores than P. viridiflava PG7-grouping strains on 

alfalfa. This corroborates literature reports that P. viridiflava is generally a less virulent, 

opportunistic pathogen (Bartoli et al., 2014). While P. viridiflava PG7-grouping strains 

were able to induce leaf and stem symptoms in most cases, there were some strains that 

caused only mild disease symptoms (disease scores between 1 and 2) while others caused 

severe symptoms (disease scores up to 4). Likewise, although P. syringae PG2-grouping 

strains on average induced higher disease scores on both stems and leaves, there was 

variability in the average level of disease caused by different strains. This corroborates the 

findings by Morris et al. (2019) that even among strains in the same PG of P. syringae (or 

even sub-phylogroup), there can still be variability within the disease-inducing potential. 

Differences in pathogenicity among strains within the same PG may be attributed to 

environmental factors or, in the case of these controlled environment growth chamber 

experiments even micro-environmental factors, such as temperature and humidity 

fluctuations. Differences in pathogenicity may also be due to genetic and physiological 

differences among strains such as, different gene content, differential gene expression, 

secretion of effectors, or differences in bacterial enzymatic activity. 

The double inoculation assays with PG2b and PG7a strains were conducted to 

determine if inoculation with both pathogens would have an impact on the disease scores 

of stems and leaves. There was no significant difference in the average disease scores of 

stems (p=0.079) or leaves (p=0.26) between plants inoculated with both pathogens 

compared to either PG2b or PG7a strains alone based on a one-way ANOVA test. Thus, 

although PG2b and PG7a strains use different mechanisms of pathogenicity, there appears 

to be no synergism with co-inoculation. It is possible that in these experimental conditions, 
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the two strains occupied the same niche within the plant upon infection and had equal 

opportunity to colonize the same plant material, resulting in similar symptom development 

as a single inoculation. However, there may be different fitness determinants in different 

environments between PG2b and PG7a strains that contribute to higher percentage of either 

PG2 or PG7 strains at a particular location. For example, the proportion of PG7 to PG2 

strains detected in Tulelake, CA and Scott Valley, CA are higher than the proportion of 

PG7 strains found in any other location (Table S1). To further understand the interaction 

of PG2b and PG7a strains during a double infection, competition assays must be conducted 

in the future. CFU of both strains post-infection must be measured to determine if there is 

a difference in populations of either strain in the colonization process. The number of CFUs 

of either strain would provide further information on the success of either strain during a 

double infection. This could be accomplished by transforming strains with different 

antibiotic resistance genes, so that plant material could be plated on selective media post-

infection and CFU of each strain could be counted. There have been several reports of P. 

viridiflava causing disease in synergy with other microbes. For example, P. viridiflava 

causes tomato pith necrosis either by itself or in association with seven other Pseudomonas 

species (Lamichhane and Venturi, 2015). Also, bacterial strains across different species 

including Pectobacterium carotovorum, P. marginalis, P. fluorescens, and P. viridiflava 

have been reported to cause broccoli head rot, of which symptoms are ultimately attributed 

to this bacterial complex (Canaday et al., 1991). Another example is P. viridiflava and P. 

syringae pv. syringae being associated with P. syringae pv. actidinae in causing bacterial 

canker of kiwi (Purahong et al., 2018). Overall, the synergistic potential of P. viridiflava 

with other microbes may be a factor in its ability to cause disease in certain situations, 



 

  

85 

 

evade host defenses, and/or tolerate antibacterial activities of PG2b strains. While the 

synergistic relationship between P. viridiflava and P. syringae in causing disease has not 

been explored in many other examples outside of this experiment, it is possible that the 

generalist strategy of P. viridiflava employed by the use of pectate lyase and the more host-

specific use of host-targeted effectors and toxins in P. syringae PG2 can contribute to 

disease symptoms. Further exploration of the synergy in this pathosystem, among others, 

is needed. 

It is clear that some sequence haplotypes have higher pathogenic potential on stems 

or leaves than others. However, some sequence types only were represented by one isolate, 

while some were represented by up to nine isolates. Thus, more sampling of the 

undersampled haplotypes (those with only one representative isolate) may be necessary to 

statistically compare the impacts of haplotype on disease scores across all haplotypes.  

Frost tolerance has been recognized as a needed trait in alfalfa. However, it is likely 

that at least some of the damage attributed to frost is also due to BSB, which has not been 

recognized as a major alfalfa disease in the past. Developing BSB resistant alfalfa would 

potentially improve the crop for frost tolerance. A focus of future research on the bacterial 

population causing bacterial stem blight disease on alfalfa should include robust testing of 

alfalfa cultivars with representative strains in this study to determine the levels of resistance 

in modern cultivars. Here, the susceptible variety CUF101 was used to test pathogenicity 

of each isolate. However, different cultivars, and even plants within cultivars of alfalfa 

have varied levels of resistance and/or susceptibility to PG2b strains. In a study by 

Nemchinov et al. (2017), resistant and susceptible plants in the cultivars Maverick and 

ZG9830 were selected and a differential gene expression study was performed after 
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inoculation with reference strain ALF3 in PG2b. The number of differentially expressed 

genes was higher in resistant ZG9820 plants compared to resistant Maverick plants even 

though the pathogen elicited a hypersensitive response in both cultivars at 24 hours post 

inoculation, which suggests that ZG9820 may have a more rapid effector triggered immune 

response (Neminchov et al., 2017). Pathogenicity testing on cultivars that growers 

currently use or plan to use in the coming years will be important to predicting potential 

BSB-disease outbreaks.  

In addition to pathogenicity testing on a variety of alfalfa cultivars, pathogenic 

potential of PG2b and PG7 strains in this study needs to be tested on a wider range of 

relevant hosts. It is important to know other hosts in which these pathogens can cause 

disease symptoms in order to understand how the pathogen may spread and how other hosts 

may serve as sources of inoculum. In a preliminary study, BSB-causing PG2b strain ALF3 

caused mild disease symptoms on bean leaves, beet leaves, and pear leaves. Significant 

water soaking on bean pods occurred just 2 days post-inoculation (Samac et al., 2014). 

Since it is well known that PG2 strains of P. syringae cause disease on a wide range of 

hosts, these strains isolated from alfalfa need to be tested on crops that are commonly 

rotated with alfalfa, or grown in close proximity to alfalfa, including corn and soybean. 

PG7 strains in this study also need to be tested on a wide range of hosts, including those 

relevant to cropping systems of alfalfa. 

 

Ice Nucleation frequency is high in PG2b strains but absent in PG7 strains 

Of all strains tested, 62.7% of the P. syringae PG2b-grouping strains were INA and 

none of the P. viridiflava PG7a-grouping strains were INA using a standard assay. The 
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majority of PG2-strains (85%) are reported to be INA, while a much lower percentage of 

PG7 strains (around 30%) are typically INA (Bartoli et al., 2014; Berge et al., 2014). More 

alfalfa isolates were INA at 107 CFU/mL at -4°C. Ice nucleation requires the expression of 

the ice protein in the outer bacterial membrane. Expression of this protein is induced by 

cold temperatures and is regulated by quorum sensing. Because inaZ was found in the 

genome of all PG2a strains sequenced, even those that tested INA negative, it is possible 

that the cold induction period was too short or that the ice protein expression is lower in 

alfalfa isolates than other PG2a strains. Because the majority of strains in the PG2b 

population causing BSB are INA, it is reasonable that INA capability provides an 

advantage to this pathogen in causing BSB in alfalfa in the field, promoting frost injury 

and thus providing itself an entry point into the plant. Research to test INA and 

pathogenicity under low temperature conditions that would mimic field conditions of BSB 

is needed to understand the role of INA in BSB disease.  

Although PG7-grouping isolates generally have less INA potential than PG2-

grouping isolates, it was surprising that in this study none of the 29 PG7-grouping strains 

met the criteria for INA and none of the sequenced strains had the inaZ gene. However, 

several strains were INA at higher concentrations of 1x107 or 1x108 CFU/mL indicating 

the presence of inaZ in some alfalfa strains.  

 

Host responses to infection 

The BSB disease of alfalfa in unique in that blight symptoms on stems and leaves 

are paired with overall wilt and collapse of the stem. The development of BSB in the field 

begins with lesions on the stem near the axils likely accelerated by frost damage, and 
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therefore a bacterial entry point. The stems appear watery, yellow to olive green along the 

side of infection, and the leaves attached to the diseased portion of the stem exhibit 

yellowing along the midrib of the leaflets (Sackett, 1910). Leaves also sometimes exhibit 

infection independent of stem lesions which in this case, the leaves become water soaked, 

yellow, and wilted. Investigation of the disease symptoms with microscopy in this study 

shed light on the route of symptom development once that bacteria is within the plant. 

Plants inoculated with the PG2 strain SV921 showed a host reaction within the xylem, pith 

parenchyma, and chlorenchyma cells up to 0.75 cm away from the wound site. PG7 isolate 

Tule157 also showed discoloration in the xylem, pith parenchyma, and chlorenchyma cells 

above the wound site, although to a lesser extent and the reaction was not observed in the 

chlorenchyma cells at the furthest point from inoculation. This indicates that the pathogen 

may enter the xylem during infection, damaging the xylem cells and/or causing a plant 

reaction, and moving in the xylem as the infection progresses. Degradation of pith 

parenchyma is likely the cause of stem collapse and stem breakage observed in severe BSB 

infections. 

The ability of P. syringae PG2 to colonize xylem vessels post-inoculation has been 

demonstrated in the model plant Nicotiana benthamiana (Misas-Villamel et al., 2013). In 

this study, plants were inoculated with P. syringae pv. syringae (PG2d) strains, including  

a wildtype GFP-containing strain and a mutant deficient in the syringolin gene, sylC. 

Within five days, the wildtype GFP-containing strain was detected within the vasculature 

above the point of inoculation. However, at that same time point the sylC deficient strain 

had a lower rate of wound entry. The sylC deficient strains migrated to adjacent tissues in 

only 20% of the wound inoculations, while the wildtype colonized wound sites in over 
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80% of the inoculations (Misas-Villamel et al., 2013). Given this data and the importance 

of toxins in the infection process of P. syringae, it is likely that toxins, perhaps syringolin, 

were responsible for the successful colonization of the alfalfa xylem. Additionally, specific 

fluorescent antibodies have been used to successfully detect syringomycin on the periphery 

of pith parenchyma cells in peach after inoculation with the purified toxin (Paynter and 

Alconero, 1979). It is likely in the case of the SV921 infection, syringomcyin may have 

been responsible for the deterioration of the pith parenchyma cells. It has been recognized 

for a long time that P. syringae has the ability to induce systemic necrosis within plants 

with the phytotoxin syringomycin; an example of this is the induction of systemic necrosis 

in peach and cowpea (Gross and Devay, 1977). It is likely that phytotoxins, particularly 

syringomycin, are responsible for the systemic chlorosis and necrosis seen in leaves in 

BSB-diseased alfalfa. Future studies in which phytotoxin genes are knocked out could test 

this hypothesis. Infection with PG7 Tule157 also resulted in discoloration of xylem vessels 

but to a lesser extent than inoculation with SV921, and degradation of pith parenchyma 

cells up to 0.75 cm above the inoculation site. One of the most notable virulence strategies 

of P. viridiflava is expression of pectate lyase to degrade primary cell walls. At maturity, 

xylem vessels form tough, lignified secondary cell walls. However, pith parenchyma cells 

do not form secondary cell walls and thus become a target for pectate lyase resulting in cell 

maceration and lysis. It is likely that in the case of the PG7 Tule157 inoculation, the strain 

utilized pectate lyase enzyme (pel gene) to macerate the pith parenchyma. The decreased 

ability of the PG7 strain to colonize xylem compared to PG2 strains, may explain why P. 

viridiflava strains generally showed less severe symptoms on alfalfa. Xylem colonization 

may be important for the moderate to severe development of BSB symptoms. 



 

  

90 

 

 

Bacterial stem blight strains cluster with PG2b and PG7a strains by single gene (cts) and 

multi-locus sequence analysis and typing (MLSA/MLST) 

One of the main purposes of this study was to place the strains causing BSB into a 

phylogenetic context of the entire P. syringae complex. BSB has been considered to be a 

sporadic disease of alfalfa that occurred in limited locations. However, it has emerged in 

the past several years causing severe disease symptoms in widely separated locations. The 

phylogenetic study would help address whether the pathogen was a recent introduction or 

an established pathogen. The cts housekeeping gene alone is sufficient to place a strain of 

P. syringae into its proper phylogroup and clade within the species complex (Berge et al., 

2014). First, the cts gene sequences alone for each strain were aligned with reference strains 

from each phylogroups defined by Berge et al. (2014) and a Bayesian phylogenetic tree 

was constructed. All putative P. syringae PG2 strains grouped within PG2 subclade b 

(PG2b). The PG2b strains in this study displayed fluorescence under UV light, presence of 

characteristic toxin genes, and the majority were ice nucleation active; these are traits that 

are typical of PG2b isolates (Berge et al., 2014). All putative P. viridiflava strains grouped 

within PG7 subclade a (PG7a). PG7a strains are known for their ability to cause soft rot on 

potato and display phase variation (Berge et al., 2014), two traits that have been observed 

on several of the PG7a strains used in this study (Lipps et al., 2019). PG7a is also known 

to harbor a non-canonical T3SS; the eight PG7a strains that were subject to whole genome 

sequence contained the non-canonical S-PAI pathogenicity island. The phenotypic and 

phylogenetic definition of these strains lend to their classification within the P. syringae 

species complex.  
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In addition to placing BSB-causing strains in the P. syringae phylogeny, additional 

housekeeping genes gyrB and gapA were sequenced and concatenated with cts sequences 

for a multi-locus sequence analysis to explore the diversity of these strains even deeper. As 

expected, all strains in this study that grouped with PG2b and all the strains that grouped 

with PG7b in the cts only Bayesian tree also grouped within these clades in the 

concatenated cts-gyrB-gapA MLSA tree. More diversity was seen in the MLSA tree, given 

by additional clades with support values greater than 70 that were not present in the cts 

only tree for both PG2b and PG7a strains. In the MLSA tree, it is clear that strains from 

different locations group closely within the same clade. Haplotypes were assigned to each 

three-gene concatenated sequenced on the basis of a completely unique sequence. There 

were a total of 42 sequence types of PG2b strains out of 100 PG2 strains. All 19 of the 

PG7a strains represent their own sequence type. The presence of many unique haplotypes 

signifies a high level of genetic diversity within the population of BSB-causing P. syringae 

and P. viridiflava. However, it is important to note that a unique haplotype was assigned 

even if there was just one base pair difference in any of the three genes, so the requirements 

for a haplotype were rather strict. Each PG7a strain comprising its own unique haplotype 

in this study aligns with the literature consensus that P. viridiflava is a genetically diverse 

species (Bartoli et al., 2014). These results indicate that both the PG2b and PG7a strains 

causing BSB disease are not a recent introduction to the U.S. Changes in crop germplasm, 

crop management, or environmental shifts may have played a role in increasing incidence 

of BSB.  

Several unique haplotypes were present in different locations. Likewise, individual 

sampled locations harbored various unique haplotypes. There has been little research into 
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the epidemiology of BSB although there is extensive knowledge of movement of P. 

syringae in the environment. It is known that at the landscape scale, P. syringae is carried 

by rain and snowfall and survives in snowpack on the ground, and that it can move into 

river networks, irrigation waters, and exist in epilithic biofilms in aquatic environments 

(Morris et al., 2013). Cells of P. syringae that are moved by these processes can then 

colonize the alfalfa phyllosphere. If P. syringae contamination is present in alfalfa 

irrigation systems, it is possible that contaminated water sources may be impacted by the 

global water cycle, and that bacteria are being moved by the water cycle to new locations. 

P. syringae is known to be a ubiquitous bacterium, so it is likely that it is moving naturally 

through the environment. The MLST minimal spanning tree was constructed to help 

visualize patterns of relatedness of haplotypes while taking into account location. In this 

visual, the node(s) that has many other nodes branching off from it may be viewed as a 

“founder” isolate(s) from which other isolates may have evolved. In this case, haplotypes 

22, 16, 17 (from locations Utah and Scott Valley, CA) seem to be the three main nodes that 

other haplotypes branch from. It is possible that populations with greater fitness on alfalfa 

arose in several locations and have spread locally and longer distances.  

 

Repetitive element sequence-based PCR (rep-PCR) phylogeny supports MLSA phylogeny 

Repetitive element sequence-based PCR (rep-PCR) fingerprints can be used to 

define phylogenetic relationships, just like MLSA/MLST; however, rep-PCR provides a 

broader, genome-level scope of genetic information for the basis of the phylogeny. The 

rep-PCR fingerprints were analyzed, and the genetic distances were calculated with the 

Jaccard coefficient of similarity (Clifford and Stephenson, 1975). The UPGMA method 
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was used to group strains and construct the dendrogram based on the matrix of genetic 

distances given by banding patterns. As expected, the PG2b and PG7a strains predicted by 

both cts-only and cts-gyrB-gapA concatenated sequences formed their own respective 

clades from one another in the rep-PCR tree. It is important to note that not every single 

strain from the single gene and MLSA analyses was fingerprinted and included in the 

analysis of the rep-PCR tree. However, the strains in the rep-PCR tree group similarly as 

they do in the MLSA and cts trees, and most (but not all) strains from the same haplotype 

group together in the rep-PCR tree (for example, haplotype 12 strains SV180, SV181, and 

SV182 group together). Differences in the trees constructed by rep-PCR fingerprints versus 

MLSA data may be explained by (1) the fact that rep-PCR takes into account more genetic 

information, (2) potential ambiguity of bands in the rep-PCR gel photos, and (3) a minor 

contribution of grouping differences by slightly different strains used in either analysis. 

Overall, rep-PCR fingerprint analysis may be useful in looking at strain relatedness at a 

broader scale; however, whole genome analysis may be more powerful to determining 

relationships between strains within the complex and within phylogroups. 

 

Genome analysis identified phylogroup- and strain-specific genes 

Although PG2b is highly diverse, strains within the PG show some host 

specialization. To further examine the relationship of alfalfa strains causing BSB to other 

PG2b and PG7a strains, 12 genomes of PG2b-grouping strains and eight genomes of 

PG7a-grouping strains were sequenced. A more robust MLSA was performed using the 

seven housekeeping genes that make up the core genome of P. syringae extracted from 

strains in this study (Sarkar and Guttman, 2008). Strains grouped nearly identically in the 
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three gene MLSA and seven gene MLSA phylogenetic trees, confirming that the three 

genes, cts, gyrB, and gapA, are sufficient to capture the diversity of the clades within the 

population of BSB-causing strains in this study. While MLSA using three to 10 genes is 

useful and somewhat easy and cost effective, it is still likely that sequencing whole 

genomes for a broader analysis and extraction of many data points will be useful in future 

studies. 

PG2b-grouping genomes were analyzed based on their virulence genes including 

the genes encoding the toxins coronatine, syringolin A, syringopeptin, and syringomycin, 

avirulence genes avre1, hopaj2, and hopaa1, and the ice nucleation gene inaZ. Individual 

gene sequences were aligned, and Bayesian trees were constructed for analysis of grouping 

patterns based on virulence phenotypes. In the inaZ analysis, the four INA negative strains 

grouped within the other INA positive strains, not in a separate clade. There were not any 

SNPs, inserts, or gaps common within the inaZ sequences of INA negative strains; 

however, INA negative strain SHV323 contained a 289 base pair insert in the inaZ gene 

unique from all eleven other PG2b strains, regardless of INA phenotype. This could 

potentially explain the INA inactivity of this strain but does not provide explanation for the 

INA inactivity of the other three INA inactive strains. It may be useful to repeat the INA 

assays with more replicates, as INA assays of this kind can sometimes provide false 

negatives due to improperly mixed dilution of the pathogen or differences in temperatures 

within the cooling bath. It is also possible that epigenetic factors affect expression of the 

inaZ gene in PG2b strains. Seemingly, INA phenotypes can be associated with clades. For 

example, in the seven gene concatenated tree, the four INA negative strains of PG2b 
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grouped within the same clade, among one INA positive strain. Nonetheless, this grouping 

points to a broader genome/multi-gene level association of INA phenotypes.  

 

Not all strains contained sequences coding for sypA and syrB1/B2 genes. Sequences for the 

sypA genes were not detected in strains T230, T1434, SV1599, and Susan2139, strains that 

all caused moderate to high disease in alfalfa. Likewise, sequences for syrB1/B2 was not 

detected in Susan2139. This is likely an artifact of the sequencing, as the B1/B2 gene was 

used in part for the screening process to identify strains. In a previous robust MLSA study 

of P. syringae strains and their phenotypes relating to virulence, the majority (but not all) 

PG2b strains had the ability to produce syringomycin, and few strains within PG2b had the 

ability to produce coronatine based on phenotypic tests (Hwang et al., 2005). While most 

(but not all) PG2b strains with sequenced genomes in this study contained the syrB1B2 

gene, all twelve PG2b strains in this study contained the coding gene for coronatine, corA. 

It is possible that coronatine is a uniquely important phytotoxin for PG2b strains causing 

BSB on alfalfa. Future studies on these strains should include toxin production assays to 

confirm the utilization of the corA and other toxin genes for all strains in this study, beyond 

those with sequenced genomes. If coronatine is an important toxin for inducing BSB 

symptoms, this could serve as insight to developing alfalfa lines resistant to coronatine. It 

is known that for example, the core effector genes avrE, hopaj1, and hopaj1, are expressed 

during pathogen infection in P. syringae generally (Dillon et al., 2019a). However, to fully 

understand what makes this group of strains a successful pathogen on alfalfa, and not other 

hosts, gene expression studies during BSB infection may be required. It will also be 

important to test reference strains within the same group for their pathogenicity on alfalfa 
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and expression of toxin and other effector genes, to determine if there is a host-specific 

action in these strains in particular on alfalfa. 

A plasmid sequence was detected within the Susan2139 (PG2b) genome using the 

repA plasmid replication gene of P. syringae pv. syringae pB86-17A (reference accession 

no. AY768804). A type II toxin-antitoxin system of the RelE/ParE family toxin was 

detected in the plasmid of Susan2139, a well-studied class of toxin-antitoxin system that 

can be found in on plasmids in bacteria, and prokaryotes generally. Typically, the presence 

of toxin-antitoxin system on plasmids ensures that only cells that inherit the plasmid will 

survive, promoting the vertical movement of the plasmid in the lineage. It was found that 

RelE specifically, which is a global inhibitor of translation, is induced under nutrient-

stressed conditions and that in situations where nutrients are minimally available to the 

bacteria, RelE has a role in stopping translation within the cell, which could be helpful in 

lowering the amount of energy/nutrients required by the cell (Christensen et al., 2001). 

Thus, the strain Susan2139 and other currently undetected strains that contain the same 

plasmid may have a survival advantage in the field. Other genes annotated as “hypothetical 

protein” were detected on the Susan2139 plasmid and may be targets for functional 

investigation in future research. Because the presence of a plasmid may provide an 

advantage to strains as pathogens, a plasmid screening method for BSB-causing PG2 

strains should be developed, perhaps following suit of the universal repA primers 

developed for the detection of plasmid-positive strains in Burkholderia (Drevinek et al., 

2008). 

For the analysis of the eight PG7a strains, the pectate lyase gene (pel) and T3SS 

genes avrE, hrpA,and hrpZ gene sequences were aligned and Bayesian trees were 
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constructed. As seen in the PG2b strains, there were no specific grouping patterns or SNPs 

detected that aligned with virulence phenotype differences. To determine PAI-type, the 

genes avrE, avrF, hrpA (pilus), hrpZ (effector harpin), and hrpW (effector harpin) from S-

PAI-containing strain SP1.1a (from Araki et al., 2006) map to all eight of the PG7a 

genomes in this study. These same genes from the T-PAI-containing strain PNA3.3a (from 

Araki et al., 2006) did not map to the PG7a genomes in this study, nor did the T-PAI-

specific genes shcA or hoppsyA. This indicates that the PG7a strains in this study contain 

this S-PAI polymorphism. Furthermore, all eight PG7a isolates in this study group with the 

S-PAI strains, and not the T-PAI based on hrcC gene sequences (Bartoli et al., 2014). The 

hrcC gene sequence tree was used to uncover evolutionary histories of these two types of 

PAIs. The PG7a strains in this study grouping with the S-PAIs based on hrcC further 

corroborates the separate evolutionary histories of the two PAI types (Figure S6). Findings 

by Bartoli et al. (2014) indicate that for P. viridiflava (PG7 and PG8), the PAI type does 

not impact pathogenicity; however, the presence or absence of the avrE gene does. All 

eight PG7a strains in this study contain an avrE gene and when the genes were aligned and 

a Bayesian tree was constructed with this gene, the strains did not group in any particular 

order relevant to their virulence phenotypes. It is important to recognize that even though 

the strains have a range of virulence phenotypes from low to high, even the low-level 

virulent strains cause some level of disease on alfalfa. Thus, the presence of the avrE gene 

in the genome of the low virulence strain aligns with the findings in Bartoli et al. (2014). 

For all of the genes analyzed from the whole genomes of PG2b and PG7a strains, there 

were no defining SNPs or clade groupings based on the single virulence genes that seem 

to correspond directly to the gradient of virulence of the strains. Commonly, strains 
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grouped similarly to their placements in the MLSA phylogeny, however this was not 

always the case either. It seems that there is a natural variation in pathogenic ability of 

these strains on alfalfa that could be explained more by external factors, rather than just 

genetic factors. This idea aligns with the current paradigm described in Morris et al. (2019), 

that “disease symptoms are the result of multiple molecular interactions between P. 

syringae and its plant host that are modulated by abiotic and biotic conditions.” It is likely 

that the entire population of strains in this study and beyond that cause BSB of alfalfa have 

varied pathogenic potential that is highly influence by both biotic and abiotic factors. It is 

possible that even slight differences in microenvironments, both within the growth 

chamber experiments in this study and in the field, could impact the virulence levels of the 

strains being tested. For example, slight fluctuations in humidity in the chamber due to 

external climate factors could impact the favorability for disease. Thus, analyzing 

individual virulence genes within the genome may not necessarily be sufficient to fully 

explain the virulence of individual strains. The broader context of environmental 

conditions and other abiotic factors that are not completely understood must be explored. 

Ice nucleation is likely an important part of the infection process in the field for BSB. So, 

it is possible that even higher virulent strains in this study may not be as successful in 

causing disease as other strains of which have a more robust ice nucleation capacity. 

Finally, it is possible that some individual plants may have had natural resistance to the 

BSB pathogens in the pathogenicity assays, even though CUF101 is generally accepted as 

a susceptible line of alfalfa. If there was any naturally occurring resistance within the plants 

tested, this could have impacted the perceived virulence of the pathogen being tested. This 

also points to the importance of testing virulence of strains on additional alfalfa varieties 
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in the future, particularly those commonly deployed by growers in the western United 

States where BSB is particularly prominent. It is important to note that of the strains 

analyzed here for virulence, the lower virulent strains (with disease scores of 2) still do 

cause symptoms, just to a lesser extent, in alfalfa. It is possible that in order to detect 

genetic/genomic differences that may contribute to virulence, it is necessary to test a 

completely avirulent strain on alfalfa. Ultimately, his research yielded complete genome 

sequences of twelve PG2b and eight PG7a strains that are publicly available and can be 

used in the future for comparison of other strains within the P. syringae complex causing 

BSB or even strains causing other diseases on different hosts. These genome sequences 

contribute to the working knowledge of the phylogeny and genomic variability of 

phytopathogenic strains within the P. syringae complex as a whole and are particularly 

valuable as the research community shifts towards to use of whole genome sequences for 

identification, classification, and characterization of important strains within the species 

complex.  

 

Conclusion 

In summary, this was the first comprehensive study in which a robust collection of 

strains causing BSB has been evaluated for phenotypic, phylogenetic, and genomic 

characteristics. One of the main findings of the phenotypic studies were that PG2b and 

PG7a strains both contribute to BSB symptoms, although PG2b strains are generally more 

virulent. This was shown by average disease scores on stems and leaves, as well as 

phenotypes on xylem shown by microscopy. Also, PG2b strains causing BSB are 

characterized by INA activity, while PG7a strains causing BSB were not. The implication 
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is that PG7a strains use other strategies to infect alfalfa in the field in BSB, like pectate 

lyase. Different virulence mechanisms may support the synergy of these species in causing 

this disease. Co-inoculation with PG2b and PG7a strains did not impact disease severity 

on stems or leaves. Even though double inoculation did not show significantly more disease 

induction, it is possible that populations of the pathogen could be higher within the plant, 

and this needs to be explored in future work with competition assays. Finally, it was shown 

by microscopy that these strains likely invade the xylem, given by the plant reaction in 

xylem cells, which has not been shown before for this disease.  

One of the main takeaways from the phylogenetic studies was that BSB-causing strains 

consistently group within the subclades of PG2b and PG7a of the P. syringae complex. 

This was demonstrated with the single gene phylogeny, MLSA/MLST phylogeny, and also 

with rep-PCR fingerprint data. Also, strains did not group in direct correlation with disease 

phenotypes, location of isolation, or INA capability. The population causing BSB as a 

whole had high diversity, which was demonstrated by isolates grouping within two separate 

species/genomospecies, and a high number of haplotypes within each species (PG2b had 

42 unique haplotypes and PV had 19). Finally based on the MLST, haplotypes 22 and 16 

represented by individual strains from Cornish UT and Scott Valley CA were central nodes 

that other haplotypes seemed to branch from. This could indicate that other haplotypes 

evolved from these haplotypes, which may provide insight to how the pathogen has spread 

over time. 

 Finally, a main takeaway from the genomic studies was that most PG2b strains 

contained all of the syringo-toxin genes including syringomycin, syringolin, syringopeptin 

A,  as well as coronatine. Also, all PG2b strains contained the inaZ gene, while none of the 
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PG7a strains contained the gene. All of the PG7b strains contained the typical pel gene for 

pectate lyase. It seems that ice nucleation capacity and phytotoxins such as syrB1B2 and 

corA are important for causing BSB on alfalfa for PG2b strains, while the pectate lyase 

enzyme may be the important contributing factor for BSB for PG7a strains. Also, all PG2b 

strains contained the three common effector genes avrE, hopaj1, and hopaa1, and the PG7b 

strains consistently only contained the avrE effector gene. This supports the idea that PG7b 

strains rely more on other mechanisms of virulence, like pectate lyase (and taking 

advantage of PG2 strains causing frost damage wounds in the field). Finally, it is likely 

that BSB virulence is determined by factors beyond just presence absence, or even base 

pair level differences, of individual virulence related genes; environmental or abiotic 

factors are likely important. The findings from this study can be used in future research to 

explore big picture questions about BSB regarding how the pathogen spreads and why this 

disease has been recently emerging. 
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Appendix 

Table S1. Frequency and INA of PG2 and PG7 strains. 
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Figure S1. Exemplary photo of rep-PCR fingerprint banding patterns of strains in this  

study. 
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Figure S2 A Bayesian tree of the inaZ gene sequences of PG2b strains in this  study. 

Numbers on nodes denote bootstrap values from Bayesian analysis. 
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Figure S3 A Bayesian tree of the phytotoxin genes (A) syrB1B1 (B) sypA (C) corA and (D)  

gacA/gacS of PG2b strains in this study. Numbers on nodes denote bootstrap values from  

Bayesian analysis. 
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Figure S4 A Bayesian tree of the avirulence genes (A) avrE1 (B) hopaj2 and (C) hopaa1  

of PG2b strains in this study. Numbers on nodes denote bootstrap values from Bayesian  

analysis. 
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Figure S5 A Bayesian tree of the pel gene sequences of PG7a strains in this study. Numbers  

on nodes denote bootstrap values from Bayesian analysis. 

 

 

 

 

Figure S6 A Bayesian tree of the genes (A) hrpZ (B) hrpW and (C) hrpA of PG2b strains  

in this study. Numbers on nodes denote bootstrap values from Bayesian analysis. 
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Figure S7 A Bayesian tree of the hrcC gene sequences of PG7a strains in this study.  

Numbers on nodes denote bootstrap values from Bayesian analysis. 
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