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ABSTRACT
Center rot of onion is a bacterial disease caused by diverse plant-pathogenic Pantoea
species that leads to substantial losses in both field and in storage. Pantoea stewartii subspecies
indologenes (Psi), known to cause disease in millets, was recently identified as a causal agent of
center rot in onion. The Psi isolates have not been well-characterized and their transmission risk
to onions in cropping systems where millets precede onion planting is less understood. In this
study, we characterized 17 Psi strains isolated from various hosts and classified them into two
distinct pathovars based on their distinctive pathogenicity profiles. We also evaluated the
survival of onion-pathogenic Psi in corn and millet residues and assessed its potential
transmission risk to onions. Although the pathogen was present in soil at the time of onion
transplanting, the risk of transmission to the crop was low. We further investigated the role of
exopolysaccharide production, flagellar motility, quorum sensing and pathogenicity-related
genes in the survival of onion-pathogenic Psi. Exopolysaccharide production seemed to play a
minor role in survival in pearl millet residue, while the other targeted genetic factors showed no

contribution to survival in millet residue nor in bare soil. Additionally, we explored strategies to



incorporate biocontrol agents (BCAs) into bactericide spray programs for center rot
management. Our aim to enhance the efficacy of BCAs by favoring early colonization of onion
foliage had limited effect. Onion plots pre-treated with peroxygen before BCA application
exhibited similar disease levels in both foliage and bulbs as compared to those treated with
BCAs alone. Findings from our study to integrate Bacillus species with copper to manage center
rot indicated that, under low disease pressure, rotation interval between Bacillus species and
copper could be extended to 10-14 days without compromising disease control efficacy.
However, tank-mix applications of Bacillus with copper offered no additional benefits, hence,
rotation would be preferrable than tank-mixing these products. Overall, our findings elucidated
taxonomic standing of Psi, its survival on crop residues and emphasized the importance of
integrated-management program with BCAs and copper-based bactericides for effective center

rot management.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Onion (A/lium cepa L.) belongs to the family Amaryllidaceae of the order Asparagales (Hanelt
1990). It is the most important crop in the genus A//ium (Shigyo et al., 2018) that comprises at
least 26 other economically important species, including bunching onion (4. fistulosum), chive
(A. schoenoprasum), leek (A. ampeloprasum var. porrum) and garlic (4. sativum) (Schwartz and
Mohan, 2007). Onion has been a part of the human diet for over 4000 years and is considered
one of the oldest cultivated vegetables (Rabinowitch and Currah, 2002). It was likely
domesticated in southwest or central Asia (Brewster 2008; Rubatzky and Yamaguchi 1997;
Rabinowitch and Brewster, 1990). Onion is widely cultivated throughout the world for its food
and medicinal value (Labate et al., 2007; Sellappan and Akoh, 2002).

Onion is a biennial crop producing bulbs in the first growing season and flowers in the
second season (Rabinowitch and Brewster, 1990). They are cool-season vegetables cultivated in
a wide range of climates and soil types (Rubatzky and Yamaguchi, 1997). Means of onion
propagation include seeds, transplants and sets (small bulbs) (Rabinowitch and Brewster, 1990).

The United States is one of the major producers of onions in the world. The U.S. planted
an estimated 136,500 hectares of onion in 2024, worth approximately $1.76 billion (USDA,
2024). In the same year in Georgia, USA, the value of utilized production for the sweet onion

crop was $159.9 million from 11,800 ha (USDA, 2024). The Vidalia onion is the official state



crop of Georgia. They are produced in only 20 legally specified counties in southeastern Georgia
(Boyhan and Torrance, 2002). Vidalia onions are short-day Granex-type onions producing
yellow bulbs and are widely recognized for their low-pungency and sweet flavor (Howard 2002).
Onions in Georgia are a winter crop transplanted in main fields in mid-November to late
December or early January and harvested in the following spring (Howard 2002). Efforts to
expand the Vidalia sweet onion market include conventional growers adopting organic
production practices (Johnson et al., 2017; Boyhan et al., 2006).

Onions are susceptible to a wide range of bacterial and fungal diseases (Dutta and
Gitaitis, 2020; Belo et al., 2023). Center rot of onion accounts for huge yield losses in the field
and postharvest onions in the Vidalia region (Gitaitis et al., 2003; Walcott et al., 2003). The first
outbreak of center rot in the U.S. was reported in Georgia in 1997, when losses of up to 100%
were recorded in some fields (Walcott et al., 2002). It has since become a persistent threat for the

Vidalia onion growers (Dutta et al., 2014).

Brief history of the center rot

Bacterial blight of onion, eventually referred to as the center rot, was first observed in an
onion seed production field of Little Karoo, South Africa, in 1977-1978 (Hattingh and Walters,
1981). A bacterial pathogen was isolated from the diseased stalks of onion and identified as
Pantoea agglomerans (formerly Erwinia herbicola). Another causal agent, P. ananatis (formerly
Erwinia ananas), was reported from diseased onion tissues during the 1997 center rot epidemic
on Vidalia onions (Gitaitis and Gay, 1997). Since its first outbreak, P. ananatis has consistently
threatened the onion production industry in Georgia (Dutta et al., 2014). In the U.S., P.

agglomerans was first reported from diseased samples isolated from the foliage of Vidalia sweet



onions in 2006 (Edens et al., 2006). Similarly, in 2011, a novel species of Pantoea causing center
rot was isolated from infected plants and seeds of onions and was designated as P. allii (Brady et
al., 2011). More recently, Stumpf et al. (2018) added P. stewartii subsp. indologenes as the

fourth member of the Pantoea species that can cause center rot of onion.

Biology and Symptomatology

The genus Pantoea belongs to the Erwinaceae family of the order Enterobacteriales
(Adeolu et al., 2016). They are Gram-negative, rod-shaped, motile bacteria with peritrichous
flagella (Breed et al., 1957), which do not form spores (Adeolu et al., 2016). The members of the
Pantoea species share similar colony morphology, such as smooth and translucent colonies with
entire margins. The colonies are moist, yellow-pigmented, circular, dense, and convex in
appearance (Mergaert et al., 1993).

Foliar symptoms of center rot appear first on the few infected leaf blades at the center of
the onion plant. It is characterized by white streaking with water-soaked margins (Gitaitis et al.,
2002). Severely infected leaves become blighted, and eventually, bleaching and wilting may be
observed (Schwartz and Otto, 2000; Dutta et al., 2014). Similarly, seed stalks may be bleached
and rotted in the fields (Gitaitis and Gay, 1997). The disease can progress from the infected
leaves to the corresponding interior scales of the bulb (Carr et al. 2013). The infected scales are
firm and intact; thus, no disease symptoms may be visible externally; however, colonization by
secondary microbes may lead to maceration and liquefaction of the diseased tissues, producing a

foul odor (Carr et al. 2013; Gitaitis et al. 2002; Gitaitis et al. 2003).



Host range and geographical distribution

P. ananatis causes disease on several economically important crops worldwide. Brown-
rot of pineapple fruitlets (4nanas comosus) caused by P. ananatis was reported to be fairly
widely distributed in the Philippines in 1928 (Serrano 1928). The same study reported that
punctured sugarcane (Saccharum officinarum) inoculated with this pathogen can show symptoms
of red streaking. P. ananatis was later reported from Mexican pineapples in 1950 (Smith and
Ramsey, 1950). Strains of P. ananatis were isolated from infected honeydew melons (Cucumis
melo L.) showing firm, brown lesions that originated in California, Ecuador, Guatemala, and
Venezuela (Wells et al., 1987).

Reports of center rot caused by P. ananatis and P. agglomerans have been recorded in
several onion-growing states of the U.S., including Georgia, Colorado, New York, Michigan,
and Arizona (Gitaitis and Gay 1997; Schwartz and Otto, 2000; Carr et al., 2010; Tho et al., 2015;
Hu 2019). Center rot has also been reported from Morrocco, Korea, and Taiwan (Achbani et al.,
2016; Kim et al., 2012; Wang et al., 2018).

P. ananatis was isolated from water-soaked lesions of cantaloupe (Cucumis melo var,
cantalupensis) in Texas (Bruton et al., 1991), leaf blotches of sudangrass (Sorghum bicolor ssp.
drummondii) in California (Azad et al., 2000), leaf blights and dieback symptoms of Eucalyptus
in South Africa (Coutinho et al., 2002), palea browning symptoms of rice (Oryza sativa) in Italy
(Cortesi and Pizzatti, 2007), and grain discolorations and leaf blights of rice in China, India, and
Russia (Yan et al., 2010; Mondal et al., 2011; Egorova et al., 2015). In maize (Zea mays), P.
ananatis was reported to cause brown stalk rot in South Africa (Goszczynska et al., 2007) and
leaf spots in Brazil, Argentina, Mexico, Poland (Paccola-Meirelles et al., 2001; Alippi and

Lopez, 2010; Pérez-y-Terron et al., 2009, Krawczyk et al., 2010). P. ananatis causes disease in
4



sorghum, strawberry (Fragaria * ananassa) and mango (Magnifera indica) as reported from
Brazil, Canada and Spain, respectively (Cota et al., 2010; Bajpai et al., 2020; Gutierrez-
Barranquero et al., 2019). In Japan and Poland, it was reported from diseased netted melon and
wheat (Triticum), respectively (Kido et al., 2008; Krawczyk et al., 2020).

On the other hand, P. stewartii subsp. indologenes (Psi) causes leafspot of foxtail millet
(Setaria italica) and pearl millet (Pennisetum glaucum), rot of pineapple and an individual strain
has been associated with cluster bean (Cyamopsis tetragonoloba) (Mergaert et al., 1993). Psi was
also reported to cause leaf blight in several members of the Poaceae family, such as rice in
Malaysia (Azizi et al., 2019), leaf blight of lucky bamboo (Dracaena sandriana) and millet
(Pennisetum glaucum) in China and India, respectively (Zhang et al., 2020, Mushineni et al.,

2021).

Epidemiology

Over the past few decades, several aspects of P. ananatis survival and mode of
transmission in onion have been elucidated. The bacterium is seed-borne and seed-transmitted
and has been detected on naturally infested onion seeds using immunomagnetic separation and
polymerase chain reaction (IMS-PCR) (Walcott et al., 2002). The authors suggested that infested
seeds alone may not cause a center rot epidemic in the Vidalia region, as onion seed production
is not a common practice in Georgia.

P. ananatis can survive epiphytically on weeds such as carpetweed, common cocklebar,
crabgrass, Florida beggarweed, Florida pusley, sicklepod, verbena and yellow nutsedge that are
widespread in the Vidalia onion region (Gitaitis et al., 2002). Several monocot and dicot plants,

such as cowpea, soybean and millet, can also harbor the pathogen epiphytically (Gitaitis et al.



2002). In Florida pusley, low levels of the pathogen inoculum can survive under a 12 h:12 h (wet
and dry) moisture regime or a continuous wet regime. Prolonged leaf wetness can contribute to
the epiphytic survival of the pathogen and a temperature of 21.1 °C compared to 15.5 °C could
be optimum for the pathogen survival (Dutta et al., 2017). Weeds commonly found in the fields
during and after the onion-growing season could serve as a local source of inoculum for the
subsequent growing seasons. Consequently, onion seedlings in the seedbed could be exposed to
the bacteria from the weeds. The pathogen could remain dormant on transplants during colder
months and the disease re-emerges under favorable conditions (Gitaitis et al., 2002).

Alternately, insect hosts could vector the bacteria from weeds to healthy onions,
promoting disease spread in onion fields. Thrips can harbor P. ananatis and P. agglomerans in
their guts and vector transmission can play a critical role in the disease spread in Vidalia onions.
P. ananatis 1solated from the gut of tobacco thrips were pathogenic on healthy onion plants in a
greenhouse trial (Gitaitis et al., 2003). Moreover, in the same study, the infected tobacco thrips
transmitted the disease to 52% of the onion plants challenged. Similarly, Dutta et al. (2014)
showed that P. ananatis and P. agglomerans reside in the gut of onion thrips and likely transmit
the disease through feces. In their experiment, fecal rinsates from the infested thrips were
contaminated with the pathogen. Moreover, onion plants mechanically inoculated with fecal
rinsates from the thrips developed center rot symptoms, whereas inoculation with salivary
secretions failed to produce any disease symptoms in onions. The same group of researchers later
established that onion thrips can transmit P. ananatis through feces in a persistent, non-
circulative manner without affecting thrips fecundity (Dutta et al., 2016). Thrips are considered
the most damaging insect to Vidalia onions (Riley et al., 2014), and the wounds from thrips

feeding are likely to facilitate pathogen invasion and disease development in onion leaves (Riley

6



et al., 2014; Grode et al., 2017). Moreover, Stumpf et al. (2021) reported that thrips activity can
reduce the efficacy of copper-based protective chemicals such as Kocide against center rot.
Bacterial progression from the foliage to the subsequent scale on the bulb has been
demonstrated experimentally (Carr et al., 2013). Interestingly, the authors also implied that the
age of the infected leaf might influence the symptom development in the bulb, as disease
progression towards the bulb from the older leaves is quicker than from the younger ones.
Susceptibility of the bulb to center rot also depends upon the growth stage at which the onion is
exposed to the pathogen. Onions infected at the first leaf senescence stage are more vulnerable to
bulb infection as compared to the onions exposed to the pathogen during bulb initiation and bulb
swelling (Stumpf et al., 2017). Similarly, Stumpf et al. (2017) reported that the susceptibility to
center rot could vary among the sweet onion cultivars. The use of highly susceptible onion
cultivars and the introduction of highly virulent strains in the onion production site could also

contribute to center rot epidemics (Gitaitis et al., 2002).

Management

Onion varieties with complete resistance to center rot are not commercially available
(Dutta and Gitaitis, 2020). Currently, a multifaceted approach to center rot management in the
field is recommended that involves the use of healthy disease-free seeds, management of weeds
and insect vectors in the field, improved cultural practices and chemical control (Dutta and
Gitaitis, 2020). As the disease is seed-borne as well as seed-transmitted, planting certified
pathogen-free onion seeds might help to reduce the amount of initial inoculum (Walcott et al.
2003). As thrips can spread the pathogen, a proper thrips management strategy may reduce

pathogen spread (Stumpf et al. 2021). Similarly, good field sanitation, including weed removal,



may help reduce the buildup of pathogen inoculum (Gitaitis et al. 2002). The Vidalia region of
Georgia experiences hot and humid weather in the late spring that can favor disease development
in the field. Therefore, growing early maturing varieties could be an option to avoid climatic
conditions that are optimum for pathogen and vector prevalence in the fields (Agarwal et al.
2019).

Similarly, preparing clean seedbeds and removing weeds from the main onion fields and
their periphery before transplanting could reduce the inocula from weeds (Gitaitis et al. 2002).
Dry conditions are shown to be unfavorable for pathogen survival in weeds (Dutta et al., 2017),
therefore, the use of sub-surface or drip irrigation instead of overhead irrigation might reduce
epiphytic populations of the pathogen. Similarly, straw mulching could be another option to
lower weed population and delay center rot, as straw mulching causes a setback of center rot
incidence by a week or two as opposed to black plastic mulch (Gitaitis et al., 2004).

Onion growers primarily rely on foliar protectants to control bacterial diseases in the
field. Copper-containing bactericides and an ethylene-bis-dithiocarbamate fungicide (EBDC), for
example, mancozeb, maneb, and dithane, are mixed and applied preventatively at 7-10-day
intervals during the onion growing season (Gent and Schwartz, 2005; Harrison et al., 2008;
Pfeufer and Gugino, 2018; Dutta and Gitaitis, 2020). Another copper-based chemical, Kocide,
was found to reduce center rot in the absence of thrips, however, the presence of thrips reduced
the efficacy of Kocide (Stumpf et al., 2021). Heavy reliance on copper-based bactericides is not a
sustainable management option as copper can accumulate in the environment, and Pantoea
species strains with copper tolerance have been reported from onion fields (Nischwitz et al.,

2007; Wang et al., 2018; Tho et al., 2019).



Insect vectors are an additional component of the traditional disease triangle (susceptible
host, environment, and pathogen) (Stevens 1960; Francl 2001). Tobacco thrips and onion thrips,
in the case of the onion-center rot pathosystem, further complicate the disease management
strategy as they facilitate movement of pathogens within and from outside the field (Gitaitis et
al., 2003; Dutta et al., 2014, 2016). Reduced levels of thrips incidence in onions have been
associated with lower disease incidence caused by Pantoea spp. (Grode et al., 2019). Chemical
treatments like malathion, cypermethrin, lambda cyhalothrin, and methomyl are recommended
for thrips control in onion (Harrison et al., 2008). Effective thrips control is a challenge for onion
growers as thrips can reside between the fissures of younger leaves in the neck region of onion
plants and evade pesticides (Brewster 2008). Brewster (2008) suggested that a certain level of
resistance to thrips could be offered by onion cultivars with innermost leaves bred to have a

wider angle of divergence.

Challenges to center rot management in organic Vidalia onions

Multiple sources of inocula, including infested seeds, weeds and thrips, have been
reported for center rot in onion. Weeds of at least 25 different species found in the Vidalia onion
production site can support epiphytic populations of P. ananatis (Gitaitis et al., 2003). One of
these weeds, Florida pusley, is widely distributed in the Vidalia onion production zone. A study
using mean temperatures prevailing in March and May in the Vidalia region showed that even
low inoculum levels of P. ananatis can survive in Florida pusley (Dutta et al., 2017). Similarly,
poor weed management in the field is likely to increase disease incidence in stored bulbs
(Johnson et al., 2012). Therefore, the management of weeds is one of the crucial aspects of

controlling the center rot of onion. However, weed control is the greatest challenge facing



organic growers (Boyhan 2010; Johnson et al., 2012). Hand weeding is a primary method of
weed control in organic Vidalia onions, however, cost and labor management are difficult issues
faced by the growers (Johnson et al., 2012). Tine weeders have provided some weed control, but
only a few alternative remedial options are available if this method fails (Johnson et al., 2012).

Solarization and clove oil herbicidal treatments are shown to play a marginal role in weed
control and do not play any role in center rot incidence on stored bulbs (Johnson et al., 2012). In
general, herbicides made from essential oils do not provide any residual weed control and do not
consistently control weeds (Johnson and Davis, 2014a). Additionally, pelargonic acid, a fatty
acid with herbicidal properties, and clove oil adjuvants had similar efficacy as clove oil and were
inconsistent in controlling weeds (Johnson et al., 2014a; Johnson et al., 2014b). Similarly,
natural mulches are reported to be much less effective for weed control in organic onion (Boyhan
et al., 2006). While straw mulches could delay center rot incidence by a week or two, they can
negatively impact yield and delay harvest (Gitaitis et al., 2004).

Onion thrips and tobacco thrips are known to transmit center rot through feces and their
feeding can promote P. ananatis invasion in onions (Gitaitis et al., 2003; Dutta et al., 2014;
Grode et al., 2017). In the Vidalia region, populations of thrips increase with higher temperatures
during the late onion production season and pose a higher risk of pathogen transmission (Sparks
et al., 2011). Therefore, effective thrips control is an important aspect of center rot management
in organic Vidalia onions. Thrips management in organic onions primarily relies on the use of
insecticides. Organic growers are only allowed to use insecticides approved by the Organic
Materials Review Institute (OMRI) and have limited choices of insecticides as opposed to

conventional growers (Iglesias et al., 2021).
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Only a few bio-insecticides have been assessed for thrips control in organic Vidalia
onions. Use of neem oil was found to be ineffective in controlling thrips (Gitaitis et al., 2000).
On the other hand, spinosad and pyrethrums derived from natural sources are considered
effective thrips control options (Boyhan 2010). However, the use of Spinosad should be
optimized as onion thrips with a high level of resistance to Spinosad have already been reported
(Lebedev et al., 2013).

Similarly, seeds as a source of inoculum can impact center rot incidence in organic
onions. The clear impact of infected seeds in center rot epidemics has not been studied in detail,
nevertheless, it could contribute to the center rot epidemiology (Walcott et al., 2003). The use of
disease-free seeds could ensure a reduced source of initial inoculum, however, there are
challenges to producing disease-free onion seeds as the infected mother plant may not show

obvious symptoms of center rot (Walcott et al., 2003).

Summer crops and pathogen survival in the Vidalia onion production system

Double cropping, which refers to the production of two different crops in the same year,
is widely practiced by onion growers in the Vidalia region of GA (Watson 2016). Besides
onions, growers have cover crops and high-value crops in the field during summer. This practice
is driven mainly by its potential benefits to soil, weed control and other financial benefits.
Onions are typically transplanted in December in Georgia, USA, and harvested in the late spring
from April — May (Boyhan and Torrance, 2002; Harrison et al., 2008). After onion harvest, some
growers plant cover crops such as Sunn hemp (Crotalaria juncea), cowpea (Vigna unguiculate),
sorghum (Sorghum bicolor) and pearl millet, and cash crops such as corn (Zea mays), peanut

(Arachis hypogaea), cotton (Gossypium spp.) and soybean (Glycine max) (Pollock-Moore 2014;
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Cover crops, n.d., Chrys Tyson; personal communication). Cover crops are vital in an organic
production system as they enrich the soil with organic matter, decrease evapotranspiration,
inhibit weeds, improve soil quality and fertility, reduce soil erosion, and promote the growth of
subsequent crops (Hendrickson and Stute, 2012; Schwartz 2013).

Field experiments studying the effect of double-cropping on the incidence of sour skin
caused by Burkholderia cepacia suggested that the incidence of sour skin is lower in onions
planted after pearl millet than those planted after corn (Gitaitis et al., 2005; Nischwitz et al.,
2007; Watson, 2016). Watson (2016), using a bacterial growth assay, suggested that root
exudates of pearl millet reduce the growth of B. cepacia as compared to that of corn. However,
the authors found a decline in the effectiveness of pearl millet in reducing the B. cepacia
population over time.

Besides pathogenic strains, epiphytic and symbiotic strains of P. ananatis have been
described in several hosts, including corn (Coutinho and Venter, 2009). Moreover, P. ananatis
can survive in corn debris (Sauer et al., 2015). On the other hand, Psi is pathogenic on pearl
millet and foxtail millet, which are grown in the summer in the Vidalia region. The susceptibility
or tolerance of the crops to pathogens is not the selection criterion for the choice of summer
crops by onion growers in Georgia (Watson 2016). Organic producers in Georgia have limited
knowledge of the role of high-residue systems in insect and disease occurrence (Reberg-Horton
et al., 2012). Studies elucidating the survival ability of Pantoea spp. on the foliage and debris of
different hosts and the factors affecting the survival and transmission of center rot are of crucial

importance for Vidalia onion growers.
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Factors affecting pathogenicity, virulence and survival of Pantoea species

Several studies on genetic determinants of pathogenicity and virulence in P. ananatis
have elucidated the mechanisms and factors involved in onion pathogenicity. Type II, III and IV
secretion systems are associated with many phytopathogenic bacteria (De Maayer et al., 2014),
which play a major role in pathogenicity on hosts. The Type II secretion system is used by
several pathogens of Enterobacteriaceae, causing soft rot symptoms, to deliver cell wall-
degrading enzymes (Charkowski et al., 2012). Similarly, most gram-negative plant pathogens
use type III and type IV secretion systems to translocate proteins that can suppress host
immunity and facilitate nutrient acquisition from the hosts (Holeva et al., 2004; Zechner et al.,
2012; Chang et al., 2014). Interestingly, P. ananatis does not possess any of these three secretion
systems (De Maayer et al., 2014). However, the Type-III secretion system (T3SS) is present in
Psi and acts as a primary virulence factor for pathogenicity on the foliage of pearl millet (Zhao et
al., 2023).

Based on the whole genome comparison of onion-pathogenic and onion non-pathogenic
strains of P. ananatis, a 16.5 to 20 kb region of DNA (termed HiVir) has been identified that is
necessary to cause center rot symptom in onion leaves and bulbs (Asselin et al., 2018). The
authors reported that the gene cluster is located on a chromosome and was likely acquired during
a horizontal gene transfer event. Deletion of phosphoenolpyruvate mutase (pepM), the first gene
of the HiVir cluster, renders P. ananatis non-pathogenic and reduces its population in onion
leaves. Asselin et al. (2018) presumed that the HiVir locus produces phosphonate toxin based on
the presence of the pepM gene involved in phosphonate biosynthesis. Later, it was confirmed
that at least three different phosphonates were produced by the HiVir locus and ‘pantaphos’ was

designated for the phosphonate that had a clear role in causing center rot symptoms in onion
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bulbs (Polidore et al., 2021). Pantaphos is a phosphonate natural product similar in structure to
citrate, isocitrate, aconitate, isopropylmaleate and maleate. It has a phytotoxic effect similar to
that of glyphosate (a commercial herbicide) and phosphinothricin and is also cytotoxic to human
cells (Polidore et al., 2021). Recent studies have associated HiVir pantaphos biosynthetic clusters
with onion pathogenicity in P. agglomerans strains and P. allii strains (Shin et al., 2025a; Shin et
al., 2025b).

Similarly, an OVRA (onion virulence region-A) gene cluster (later designated as ‘alt’)
has been identified in the plasmid of P. ananatis that promotes onion tissue-colonizing ability of
pathogenic strains by conferring tolerance to allicin (a thiosulfinate with antimicrobial property
released by damaged allium tissues) (Stice et al., 2018; Stice et al., 2020). Moreover, screening
of 252 strains of different Pantoea spp. showed that the ‘al/t’ cluster is highly prevalent in strains
isolated from onions (Stice et al., 2021).

Interestingly, strains without HiVir and/or alf cluster can be pathogenic on onion, which
suggests the involvement of other pathogenicity factors in P. ananatis. Numerous novel genes
associated with onion pathogenicity were identified in P. ananatis during a pan-genome-wide
study and horizontal gene transfer events were implicated to play a significant role in the
distribution of genes that enabled strain diversification, niche adaptation, and acquisition of
onion pathogenic and virulence genes (Agarwal et al., 2021).

Moreover, the study of P. stewartii subsp. indologenes genomes revealed a gene cluster
with eleven genes that are linked with onion pathogenicity (Agarwal et al., 2021). The pepM
gene of only one Psi strain (PNA 03-3) shared similarity with the pepM gene of the ‘HiVir’
cluster reported in P. ananatis. The other three onion-pathogenic Psi strains, including PNA 14-

12, have a pepM homolog in the novel gene cluster, different from that of ‘HiVir’. Zhao et al.
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(2023) later characterized the distinct phosphonate biosynthetic cluster as “halophos” and
showed its importance in causing necrotic lesions in leaves and red onion scale.

In P. stewartii subsp. stewartii (Pss) the exopolysaccharide (EPS) stewartan, is essential
for Stewart’s wilt symptom development in corn (Dolph et al., 1998; Beck von and Farrand,
1995; Herrera et al., 2008), and the formation of multicellular community structure (Herrera
2008) that aids bacterial survival in nature. Similarly, flagellar motility helps bacteria seek out
favorable surroundings and helps in bacterial aggregation, which is required during biofilm
formation and colonization of the hosts (Herrera et al., 2008; Ramsey and Whiteley, 2004; Roper
2011). On the other hand, the T3SS in Psi, a pathogenicity determinant of millet, could be
essential for extended survival in crop residue. The pathogenic strain of Psi was shown to reach a
significantly higher population as compared to the non-pathogenic strain lacking the hrcC gene,
a key component of the T3SS (Zhao et al., 2023). Moreover, quorum sensing (QS), a cell-
density-dependent communication system in bacteria, may contribute to pathogen survivability
under adverse conditions. QS can regulate several genes, including EPS production and motility,
that ultimately contribute to bacterial adhesion on surfaces, biofilm development, motility and
host colonization (Koutsoudis et al., 2006; Herrera et al., 2008; Doblas-Ibanez et al., 2019; von
Bodman et al., 1998). A similar role of QS in EPS biosynthesis, biofilm formation has been

described in P. ananatis (Morohoshi et al., 2007).
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Justification

Several species within the genus Pantoea, namely, P. ananatis, P. agglomerans and P.
allii can cause center rot of onion. A few isolates of P. stewartii subsp. indologenes were
recently identified to cause center rot symptoms in onion leaves and bulbs. Psi has previously
been associated with bacterial blight and leafspot of millets. These observations indicate that
different isolates within Psi may exhibit host specificity, potentially representing different
pathovars. However, comprehensive host-range assays involving diverse Allium species and the
Poaceae family are lacking to make such claims. Additionally, genotypic and phenotypic
characterization of these strains is essential to better understand the role of Psi in center rot-
onion pathosystem.

Cover crops and cash crops such as millets and corn are commonly cultivated during the
summer following onion harvest in Vidalia, Georgia, USA. Considering the host range of Psi,
which includes millets, its potential to survive in crop residue during the summer raises concerns
for onion growers. The risk of Psi transmission to onions in the cropping systems where summer
crops precede onion planting is largely unknown. Therefore, it is also important to investigate the
role of summer crop residue in Psi survival and spread in onion fields and evaluate the risk of its
transmission to winter-grown onions. Studies aimed at identifying various sources of pathogen
inoculum in the field are critical to developing effective cultural intervention strategies,
including crop rotation practices and residue management techniques.

In addition to identifying pathogen inoculum sources, understanding the biological
mechanisms that support Psi survival is equally important. While various studies have identified
factors that aid Pantoea stewartii colonization of the hosts and its persistence in nature, the

specific role of these factors in Psi survivability on summer crops and in bare soil remains poorly
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understood. Understanding the genetic factors affecting pathogen survival could provide
valuable insights for devising targeted management strategies and limiting inoculum buildup in
onion fields.

Onion growers face consistent threats from center rot, largely due to the limited
availability of effective management options. Currently, no onion cultivar resistant to center rot
is commercially available. Gowers primarily rely on protective applications of copper-based
bactericides before disease onset to manage center rot. The same necessity that drives the heavy
use of copper is inadvertently leading to the development of copper tolerance in bacteria. In
response, growers’ testimonials, alongside various reports, indicate a surging interest in
incorporating beneficial microbes into spray programs. Despite this interest, the efficacy of
BCAs to manage center rot remains poorly understood. Specifically, studies to enhance their
efficacy against center rot are lacking.

Moreover, BCAs could potentially be applied in combination with copper to reduce the
overall copper usage in disease management. However, the optimum intervals for alternating
copper and BCAs have not been established yet. Similarly, the efficacy of tank-mix applications
of copper and BCAs over their standalone applications remains largely understudied. Optimizing
the timing and method of BCAs and copper application and effectively incorporating them into
spray programs may equip growers with improved and durable center rot management

techniques.
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Objectives

Four major objectives have been proposed to test the hypotheses mentioned above;

1. Characterization of P. stewartii subsp. indologenes (Psi) and re-evaluation of its

taxonomical standing.

2. Evaluating options to increase the efficacy of biocontrol agents for the management of
Pantoea spp. under field conditions.

3. Integrating biocontrol agents with copper for center rot management in onion.

4. Survivability of Pantoea stewartii subspecies indologenes in crop residue and its

transmission risk to onions in Poaceae-Allium cropping systems.
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Abstract

Pantoea stewartii subsp. indologenes is a causative agent of leafspot of foxtail millet and pearl
millet; however, novel strains were recently identified that are pathogenic on onion. We
phenotypically and genotypically characterized seventeen Pantoea stewartii subsp. indologenes
strains from onion and other sources (pearl millet, foxtail millet, guar pulse, verbena and corn).
Based on the host range evaluation, we propose two pathovars P. stewartii subsp. indologenes
pv. cepacicola pv. nov. and P. stewartii subsp. indologenes pv. setariae pv. nov. Pantoea
stewartii subsp. indologenes pv. cepacicola pv. nov. causes symptoms on A/lium species (leek,
onion, chive and Japanese bunching onion) and also on foxtail millet, pearl millet and oat.
However, P. stewartii subsp. indologenes pv. setariae pv. nov can only infect the members of
Poaceae (foxtail millet, pearl millet and oat). We also propose that the type strain of P. stewartii
subsp. indologenes (LMG 2632") should be designated as a pathotype strain of P. stewartii
subsp. indologenes pv. setariae and recommend that the strain ‘PNA 14-12 be designated as the
pathotype strain of P. stewartii subsp. indologenes pv. cepacicola. The digital DNA-DNA
hybridization, average nucleotide identity and multi-locus sequence analysis study showed that
the two pathovars are genotypically closely related. Our study also showed that P. stewartii
subsp. indologenes pathovars and P. stewartii subsp. stewartii share high genotypic relatedness
and cannot be differentiated by dDDH and ANI values. Although, the newly proposed pathovars
are not clearly distinguishable by their fatty acid and methyl esterase profiles, and substrate
utilization patterns, a fatty acid (unknown with retention time: 10.9525) and few metabolites
(3-methyl glucose, Na butyrate and fusidic acid) can be potentially used to distinguish them. We

also report the distribution of previously known pathogenicity (HiVir, 4rcC) and virulence (alt)
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factors of Pantoea sp. in the new pathovars. The impact of these new pathovars in the center rot

pathosystem of onion is yet to be determined.

Introduction

Mergaert et al. (1993) reclassified Eriwinia stewartii as Pantoea stewartii and proposed two
subspecies P. stewartii subsp. stewartii and P. stewartii subsp. indologenes. The two subspecies
considerably differed in their electrophoretic protein profiles, fatty acid composition, and
biochemical properties. The DNA-DNA hybridization value for the type strain of P. stewartii
subsp. stewartii (LMG 27157) and that of P. stewartii subsp. indologenes (LMG 26327) was
79%. However, unlike P. stewartii subsp. stewartii, P. stewartii subsp. indologenes can produce
indole, hydrolyze esculin, grow on cis-aconitate and form acid from cellobiose, maltose, lactose,
arbutin, salicin and D-arabitol (Mergaert et al. 1993). Moreover, P. stewartii subsp. stewartii
lacks the fatty acids 2-hydroxytetradecanoic acid (14:0 20H) and cyclo-heptadecanoic acid (17:0
cyclo) that are present in P. stewartii subsp. indologenes (Mergaert et al. 1993). Pantoea
Stewartii subsp. stewartii causes Stewart’s bacterial wilt of corn (Zea mays L.) and is transmitted
by the corn flea beetle (Chaetocnema pulicaria) (Wensing et al. 2010). Although, the pathogen
can be seed borne in corn, it is not a major contributor to disease epidemics in the field (Block et
al. 1998). Interestingly, P. stewartii subsp. indologenes is non-pathogenic on corn (De Maayer
et al. 2017) but has been associated with leafspot of foxtail (Setaria italica) and pearl millet
(Pennisetum glaucum), pineapple (Ananas comosus) rot (Mergaert et al. 1993), and recently with
leaf blight of rice (Oryza sativa), and leaf blight and wilt of Dracaena sanderiana (Azizi et al.

2019; Zhang et al. 2020).
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Gehring et al. (2014) developed single-nucleotide polymorphism (SNP)-based primer
pairs from galE and recA genes that are specific to P. stewartii subsp. indologenes. Using these
primers along with a host range test, Stumpf et al. (2018) identified two novel strains of P.
stewartii subsp. indologenes (PNA 03-3 and PNA 14-12) that could cause foliar and bulb
symptoms similar to that observed in center rot of onion (Gitaitis et al. 1997). The authors later
proposed the addition of this subspecies as a member of the center rot complex in addition to
other known Pantoea sp., namely, P. ananatis, P. agglomerans, and P. allii (Gitaitis et al. 2002;
Edens et al. 2006; Brady et al. 2011). These novel strains (PNA 03-3 and PNA 14-12) were also
pathogenic on pearl millet; however, the type strain of P. stewartii subsp. indologenes (LMG
2632") was not pathogenic on onion foliage or bulbs but was able to cause foliar symptoms on
pearl millet. These observations indicate that these two strains may belong to a new pathovar of
P. stewartii subsp. indologenes, which can infect both onion and pearl millet. Thus, the type
strain of P. stewartii subsp. indologenes (LMG 2632") requires a new pathovar designation.
However, at that time, a detailed host-range assay with plants of different A//lium and Poaceae
species was lacking to make such claims.

The International Society for Plant Pathology (ISPP) defines a pathovar as “a strain or set
of strains with the same or similar characteristics, differentiated at infra-subspecific level from
other strains of the same species or subspecies on the basis of distinctive pathogenicity to one or
more plant hosts” (Dye et al., 1980; Young et al., 2001). In this manuscript, we provide evidence
for the two newly proposed novel pathovars, P. stewartii subsp. indologenes pv. cepacicola pv.
nov. and P. stewartii subsp. indologenes pv. setariae pv. nov. The proposal was based on
detailed host range tests on cultivated Allium sp. in the family Amaryllidaceae, and cultivated

members in the Poaceae, molecular and biochemical characterization that included whole
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genome based average nucleotide identity (ANI), digital DNA-DNA hybridization analysis
(dDDH), fatty acid composition, and carbon substrate utilization and chemical sensitivity assay.
We also report the distribution of previously known loci (HiVir and alf) in Pantoea sp.
responsible for pathogenicity and virulence in onion (Asselin et al. 2018; Stice et al. 2020), and a
hrcC gene, a component of a Type III secretion system present in P. stewartii subsp. stewartii
(Merighi et al. 2006), in P. stewartii subsp. indologenes pv. cepacicola and P. stewartii subsp.

indologenes pv. setariae.

Materials and Methods

Screening of UGA CPES culture collection for Pantoea stewartii subsp. indologenes

The University of Georgia Coastal Plain Experiment Station (UGA CPES) has a repository of P.
ananatis strains (n =217) that were identified previously based on the primer set by Gitaitis et al.
(2002). This primer set cannot differentiate between P. ananatis and P. stewartii subsp.
indologenes and hence, a thorough screen of the culture collection was performed to identify P.
stewartii subsp. indologenes strains that were misidentified and curated as P. ananatis. The P.
ananatis strains screened for P. stewartii subsp. indologenes is listed in the Supplementary Table
2.1. These strains were screened with the primer pair 3614galE/3614galEc (Table 2.1), which
was reported as specific for P. stewartii subsp. indologenes based on the single nucleotide
polymorphism of galE gene (Gehring et al. 2014). Briefly, the bacterial strains stored in 15%
aqueous glycerol solution at -80°C were streaked on nutrient agar (NA) plates. For DNA
amplification, a 25 pl reaction mixture was used that consisted of 0.25 pul of 5 units/pl HotStar
Taq DNA Polymerase (Qiagen, Valencia, CA), 1 ul each of 10 uM 3614galE and 3614galEc

primers, 0.4 pl of 10 mM dNTP, 2 ul of 10X PCR Buffer (Qiagen), and 18.35 pl nuclease-free

42



water. For DNA template, a single bacterial colony grown on 48 h NA was suspended in 60 pl of
nuclease-free water, heated for 4.5 min at 95°C, cooled for 1 min, and then 2 ul of the bacterial
suspension was used for amplification. PCR amplification was carried out as described
previously (Gehring et al. 2014; Stumpf et al. 2018). Nuclease-free water was used as a negative
control. PCR products were separated by electrophoresis on 1% agarose gels stained with
GelGreen nucleic acid stain in 1X Tris-Borate-EDTA buffer for 1 h at 90 V. The amplicons were
observed on a BIO-RAD Gel Doc XR+ imaging system (Bio-rad, CA, USA).

DNA extraction, purification, and sequencing

A single colony of each strain from a 48 h-old culture on NA was transferred to 3 ml of nutrient
broth and was grown overnight in a rotary shaker (MaxQ 4450, Thermo Scientific, Waltham,
MA) at 200 rpm at 28°C. A total of 16 strains were sequenced with 11 P. stewartii subsp.
indologenes strains from GA (5 strains from onion and 6 strains from sources other than onion),
and five P. stewartii subsp. indologenes strains from the National Collection of Plant Pathogenic
Bacteria (NCPPB, UK); NCPPB 2275, NCPPB 1877, NCPPB 2282, NCPPB 1562, NCPPB
2281. Total genomic DNA of P. stewartii subsp. indologenes strains (Table 2.2) was extracted
from overnight cultures using the E.Z.N.A® Bacterial DNA kit (Omega Biotek, Norcross, GA)
according to the manufacturer’s instructions. DNA was quantified using a NanoDrop Lite
spectrophotometer (ThermoFisher Scientific, Madison, WI) and 100 pl of >60 ng/ul genomic
DNA was sent to Novogene (Novogene corporations Inc, Sacramento, CA) for whole-genome
sequencing using an Illumina platform. The bacterial DNA was fragmented and end repairing
and A-tailing were performed that resulted in end-repaired 5’-phophorylated and 3’-dA-tailed
DNA fragments. Adapters of DNA fragments with a 3°-dTMP overhang wereligated to

3’-dA-tailed molecules followed by post-ligation cleanup to remove unligated adapters and/or
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adapter-dimer molecules. Library amplification was performed using a high-fidelity, low-bias
PCR assay to ensure the amplification of library fragments with appropriate adapters on the ends.
Library preparation and PCR amplification involved dual indexing (introducing indexes into
both library adapters) to avert mixed clusters on the flow which are the primary source of error
during multiplex sequencing. DNA libraries of the strains were pooled and sequenced on
[Mllumina Nextseq500 using a high output run. Sequences with 150 bp paired end reads were
obtained for all the strains.
Read data filtering and genome assembly
The raw fastq files obtained from Illumina sequencing platform were run on a FastQC to assess
the data quality. Low quality bases were filtered out and the read data were trimmed using
Trimmomatic (v 0.36) in paired end mode (Bolger et al. 2014) for read containing primer/adaptor
sequences. Moreover, all 5” and 3’ stretches of ambiguous ‘N’ nucleotides were clipped.
Trimming was repeated once to ensure high quality reads. The trimmed data were re-assessed
using FastQC and used for genome assembly.

Processed reads were assembled using SPAdes (V3.11.1) (flags--isolate--cov-cutoff auto)
(Nurk et al. 2013) and filtered to a minium contig size of 500 bp. The quality of the assembly
was verified using Quast (Gurevich et al. 2013). The contigs of each assembly were reordered
according to the complete genome of P. stewartii strain ZJ-FGZX1 (chromosome,
NZ _CP049115.1; plasmid unamed1, NZ CP049116.1; plasmid unnamed 2, NZ CP049117.1)
using Mauve Contig Mover (Rissman et al. 2009). Assembly files were submitted to NCBI
database under the bio-project PRINA676043 with accession numbers SAMN16866615 to

SAMNI16866629.
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Pairwise digital DNA-DNA hybridization (IDDH) values and average nucleotide identity
(ANID)

The pairwise digital DNA-DNA hybridization (dDDH) values were estimated using the
recommended settings of the genome-to-genome distance calculator (GGDC) 2.1 (Meier-
Kolthoff et al., 2013). The genome sequence data were uploaded to the Type (Strain) Genome
Server (https://tygs.dsmz.de) and values calculated using formula d4 were recorded. ANI values
based on MUMmer (ANIm) were calculated using Pyani v0.2.10 (Pritchard et al. 2016). The
whole-genome sequence of other type strains [P. stewartii subsp. indologenes LMG 26327
(NZ_JPKO00000000.1); P. stewartii subsp. stewartii LMG 2715T; GCA_008801695.1 P.
ananatis LMG 2665T (NZ_JMJJ00000000); P. allii LMG 24248 (NZ_NTMH00000000)] were
utilized for the analysis.

Multi-locus sequence analysis

An in silico multi locus sequence analysis (MLSA) was performed using partial nucleotide (nt)
sequences of atpD (657 nt), gyrB (578 nt), infB (612 nt), and rpoB (409 nt) genes previously
used by Brady et al. (2008). For in silico MLSA, 16 P. stewartii subsp. indologenes strains
(sequenced in this project) were used along with the strains whose draft genomes were publicly
available; P. stewartii subsp. indologenes strains (ZJ-FGZX1: NZ_CP049115, LMG 2632™:
NZ_JPK000000000.1), P. ananatis LMG 2665" (NZ_JMJJ00000000), P. allii LMG 24248"
(NZ_NTMHO00000000), P. stewartii subsp. stewartii strains (LMG 2715T: GCA_008801695.1
DC283: NZ CP017581) and P. agglomerans LMG 1286 (NZ _FYAZ00000000). The gene
fragments were extracted from draft genomes using BLASTn with the partial sequences reported
by Stumpf et al. 2018 for P. ananatis (PNA 97-1) as the query sequences, then imported,

concatenated, and analyzed in Geneious Prime® (v2019.2.3). The concatenated sequences (2,256
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nt) were aligned using MAFFT (v 7.294b) (Katoh and Standley, 2013). The alignment was used
to construct a phylogenetic tree using maximum-likelihood (ML) method by PHYML using the
estimated best model with 1,000 bootstrap replicates.

Pathogenicity and host-range test on Allium species (onion, leek, chive, and Japanese
bunching onion) and Poaceae species (oat, pearl millet, foxtail millet and corn)

Inoculum preparation

For inoculum preparation, single colony of each strain was transferred from a 48 h-old NA
culture to 3 ml of nutrient broth. The broth was shaken for 12 h at 200 rpm in a rotary shaker
(MaxQ 4450) at 28°C. A 1.6 ml of bacterial culture was centrifuged at 8000 rpm for 2 min
(Centrifuge 5430, Eppendorf, Boston, MA). The supernatant was discarded and the bacterial
pellet was re-suspended in 0.01 M phosphate buffer saline (PBS). The inoculum was adjusted
using a spectrophotometer (Bio Photometer, Eppendorf, Boston, MA) to an optical density of 0.3
at ODeoonm (~1x10% CFU/ml). For the phenotypic and genotypic characterization of P. stewartii
subsp. indologenes, 11 strains isolated from onion and non-onion sources, five NCPPB strains
and the type strain of P. stewartii subsp. indologenes LMG 26327 (Table 2.2) were used.

(i) Pathogenicity on Allium species

A host range study with P. stewartii subsp. indologenes strains from onion (n = 5) and other
sources (n = 12) (Table 2.2) was conducted on four A/lium species, onion (A/lium cepa; cv.
Sweet harvest), chive (4/lium schoenoprasum; cv. Dolores), leek (Allium porrum; cv. King
Richard), and Japanese bunching onion (A//ium fistulosum cv. Guardsman). Pantoea ananatis
strains [(PNA 97-1 (onion), PANS 02-7 (chive), PANS 99-11 (leek), and PNA 99-14 (Japanese
bunching onion)] that are known to cause foliar symptoms based on a preliminary study were

used as respective positive controls for each Allium species. Seedlings were established in plastic
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pots (T.O. plastics, Clearwater, MN) with dimension of 9 x 9 x 9 cm (length x breadth x height)
containing a commercial potting mix (Sta-green, Rome, GA). The seedlings were maintained
under a greenhouse condition at 25-28°C and 70-90% relative humidity with a light:dark cycle of
12:12 h. Osmocote smart-release plant food (The Scotts Company, Marysville, Ohio) was used
for periodic fertilization. For all the Allium sp. two-months old plants were inoculated after
cutting the central leaf 2 cm from the apex with a sterile pair of scissors. Using a micropipette, a
10 pl drop of a 1x10® CFU/ml bacterial suspension (1x10° CFU/leaf) was deposited at the cut
end of the leaf. Seedlings inoculated with PBS as described above were used as negative
controls. Three replications per strain per host were used for one experiment and the experiment
was repeated once. The seedlings were observed daily for symptom development until 7 days
post-inoculation (DPI) and were compared with the foliar symptoms displayed by the positive
controls for each A/lium species. At 7 DPI, lesion length of each inoculated leaf was measured
and recorded. Strain aggressiveness was determined based on the mean foliar lesion length.
Strains causing a mean lesion length <1.5 cm were considered less aggressive, 1.51-2.5 cm
moderately aggressive, and >2.5 cm highly aggressive on onion, Japanese bunching onion, and
chive. For leek, strains causing a lesion length <0.6 cm were considered less aggressive, 0.61-1.2
cm moderately aggressive, and >1.2 cm highly aggressive. In the absence of lesion development,
strains were considered as non-pathogenic. To confirm if the symptoms were caused by P.
stewartii subsp. indologenes, bacteria were isolated from the region adjoining the symptomatic
and healthy tissue on NA medium and incubated for 48 h at 28°C. Yellow-pigmented colonies
were observed on plates and the identities were confirmed using the subspecies-specific primer

set mentioned above (Gehring et al. 2014).
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(ii) Pathogenicity on the species of Poaceae members

Pantoea stewartii subsp. indologenes strains from onion (n = 5) and non-onion sources (n = 12)
were used in this study. Seedlings of oat (Avena sativa cv. Coaker 227), foxtail millet (Setaria
italica cv. Golden German), pearl millet (Pennisetum glaucum cv. TifGrain 102) and corn (Zea
mays cv. Seneca) were grown under similar conditions in the greenhouse as the Allium species
described above. Inocula were prepared as described above. As a control for foliar symptoms, a
known foliar pathogenic strain for foxtail millet and pearl millet [P. stewartii subsp. indologenes
type strain (LMG 26327)], oat [Pseudomonas coronafaciens (PCF 93-2)] and corn [P. stewartii
subsp. stewartii LMG 27157] was used. Seedlings were inoculated using a syringe, after pricking
the leaf with the sterile needle, with 0.3 ml of 1x107 CFU/ml (approx. 1x10® CFU/leaf) inoculum
on the abaxial surface. Eight weeks old healthy-appearing leaves of oat, pearl millet, foxtail
millet and corn were used for the inoculation. Plants inoculated with PBS were used as negative
controls. Inoculated leaves were observed daily for symptom development. Three replications
were performed per strain per host for one experiment and two independent experiments were
conducted. Final disease ratings (incidence and severity) were taken at 21 DPI for oat, and 14
DPI for pearl millet, foxtail millet and corn. The disease severity scale was based on the mean
lesion length on the inoculated leaves. Strains causing a mean lesion length 0.51-1 cm was
considered less aggressive, 1.1-1.5 cm as moderately aggressive, and lesions >1.5 cm as highly
aggressive on pearl millet, foxtail millet, oat and corn. Strains that did not cause necrotic lesions
or displayed dry lesion with length less than 0.5 cm were considered as non-pathogenic as these
inoculation lesions (<0.5 cm) were also observed in the PBS-inoculated leaves. For further
confirmation, isolations on NA medium were attempted from hosts that did not display

symptoms or displayed small dried lesions (<0.5 cm). In addition, confirmation of leaves
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displaying symptoms from each host was made by bacterial isolation on NA medium followed
by identification using P. stewartii subsp. indologenes-specific PCR assay (Gehring et al., 2014).
To achieve this, symptomatic leaves (A//ium sp. and Poacea hosts) were randomly selected and
bacterial isolations were made on NA medium. After 48 h of incubation, yellow colored colonies
were isolated, which were later confirmed using P. stewartii subsp. indologenes-specific PCR
assay (Gehring et al., 2014).

(iii) Red onion scale necrosis (RSN) assay

Red onions (cv. Red Barrett) were surface sterilized with 70% ethanol and the outer scale was
sliced into rectangles approximately 3 cm x 4 cm. Each scale was placed in a sterile petri dish
containing two layers of sterile paper towels (5 cm x 5 cm) pre-moistened with sterile water.
Onion scales were wounded at the center of the scale with a sterile needle and inoculated with a
bacterial suspension (10 pl) at 1x10° CFU/ml. Inocula of P. stewartii subsp. indologenes strains
[7 =17; onion (n = 5) and other sources (n = 12), Table 2.2] were prepared as described above. A
red-scale necrotic strain of P. ananatis (PNA 97-1) was used as a positive control. The petri
dishes were kept on an aluminium tray (46 x 25 x 10 cm) and covered with a plastic lid. The
onion scales were incubated at room temperature for 7 days in the dark and the area of pigment
clearing with necrotic lesions was measured at 7 DPI. Strains unable to clear the red anthocyanin
pigment or cause scale pitting were considered as non-pathogenic. Strains causing pitting with

2 of red scale

<1 ¢cm? scale clearing were considered as less aggressive, strains clearing 1-2 cm
were considered moderately aggressive and those causing >2 cm? scale clearing were considered

highly aggressive. Three replications were performed for each strain and in total two experiments

were conducted. Scales inoculated with PBS were used as negative control.
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(iv) Whole onion-bulb inoculation assay

Onion bulbs (cv. Century) were surface sterilized with 70% ethanol after removal of tunic layers.
Each bulb was placed on an individual plate containing two layers of paper towel pre-moistened
with sterile water. Onion bulbs were inoculated longitudinally at the shoulder with a syringe and
a sterile needle containing a volume of 400 pl (1x10® CFU/ml) (Schroeder et al. 2010). Special
attention was given to the uniformity of depth of inoculation into each bulb, which was
ascertained by placing a thin rubber stopper in the needle. Following inoculation, bulbs were
incubated at 25°C in an aluminium tray. After 12 days of incubation, bulbs were sliced vertically
alongside the inoculation site and the weight of the whole bulb and symptomatic scales with
necrotic lesions (and visual rot) was measured and recorded. Relative weight of rotten tissue was
determined as follows; (weight of rotten tissue/weight of the entire bulb) % 100. Strains that
caused relative rotten tissue weight of <4% were considered as less aggressive, 4-8% as
moderately aggressive and strains that resulted in >8% of relative rotten tissue weight were
considered as highly aggressive. Strains unable to cause any disease symptom on the scales were
considered as non-pathogenic. Bulbs inoculated with P. ananatis strain (PNA 97-1) was used as
a positive control and bulbs inoculated with PBS served as a negative control. Three replications
were performed for each strain and total two independent experiments were performed.
Screening of P. stewartii subsp. indologenes pv. cepacicola and P. stewartii subsp.
indologenes pv. setariae strains for HiVir and alt gene clusters

Primer pairs HiVir2 pF/HiVir2 pR and AltF/AltR (Table 2.1) were used to amplify HiVir
(Asselin et al. 2018) and alt (Stice et al., 2020) gene clusters, respectively. PCR reaction mixture
contained 25 pl total volume and consisted of 2 pl DNA template, 0.4 ul of 10 mM dNTP, 2 pl

of 10X PCR Buffer (Qiagen), 0.25 pul of 5 units/ul HotStar Taqg DNA Polymerase (Qiagen), 1 pl
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each of 10 uM primers, and 18.35 ul nuclease-free water. The PCR cycling conditions for both
gene clusters include initial denaturation at 95°C for 5 min, 35 cycles at 98°C for 10 s, 47°C for
30 s, and 72°C for 30 s, followed by final elongation at 72°C for 8 min. Pantoea ananatis strain
(PNA 97-1) was used as a positive control and nuclease-free water as a negative control. The
strains of P. stewartii subsp. indologenes pv. cepacicola (PNA 03-3, PNA 14-12, PNA 14-11,
PNA 14-9) and P. stewartii subsp. indologenes pv. setariae (LMG 26327, PNA 15-2, PANS 07-
4, PANS 07-6, PANS 07-10, PANS 07-12, PANS 07-14, PANS 99-15, NCPPB 1562, NCPPB
1877, NCPPB 2275, NCPPB 2281, NCPPB 2282) were used in this study.

Screening for hrcC gene in P. stewartii subsp. indologenes pv. cepacicola and P. stewartii
subsp. indologenes pv. setariae strains

The primer set PsiHrcCF/PsiHrcCR (Table 2.1) was designed using Primer3web (version 4.1.0,

http://bioinfo.ut.ee/primer3/) to amplify 553-nt of hrcC gene (locus tag C7433 10520) of P.
stewartii subsp. indologenes PNA 03-3 (Accession number GCA_003201175.1). PCR was
carried out in a total reaction volume of 25 pl using 2 ul DNA template, 0.4 pl of 10 mM dNTP,
2 pl of 10X PCR Buffer (Qiagen), 0.25 pl of 5 units/ul HotStar Taq DNA Polymerase (Qiagen),
1 pl each of 10 uM primers, and 18.35 pl nuclease-free water. PCR was performed under the
conditions described by Naum et al. (2009). Pantoea ananatis (PNA 97-1) was used as a
negative control. The strains of P. stewartii subsp. indologenes pv. cepacicola (PNA 03-3, PNA
14-12, PNA 14-11, PNA 14-9) and P. stewartii subsp. indologenes pv. setariae (LMG 26327,
PNA 15-2, PANS 07-4, PANS 07-6, PANS 07-10, PANS 07-12, PANS 07-14, PANS 99-15,
NCPPB 1562, NCPPB 1877, NCPPB 2275, NCPPB 2281, NCPPB 2282) were used in this

study.
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Fatty acid composition analysis in P. stewartii subsp. indologenes pv. cepacicola and P.
stewartii subsp. indologenes pv. setariae strains

Fatty acid methyl esterase (FAME) analysis was conducted and differences in fatty acid
composition were evaluated for the P. stewartii subsp. indologenes strains (PNA 03-3, PNA 14-
12, PNA 14-11, PNA 14-9, PNA 15-2, PANS 07-4, PANS 07-6, PANS 07-10, PANS 07-12,
PANS 07-14, PANS 99-15, NCPPB 1562, NCPPB 1877, NCPPB 2275, NCPPB 2281, NCPPB
2282) along with the type strain LMG 26327 and P. stewartii subsp. stewartii (LMG 27157).
Strains were cultured on tryptic soy broth agar for 24 h at 28°C, and whole-cell fatty acids were
saponified, methylated, and extracted as described previously by Miller and Berger (1985).
FAME analysis was conducted using the Microbial Identification System, Sherlock version 3.10
(MIDI).

Substrate utilization by P. stewartii subsp. indologenes pv. cepacicola and P. stewartii subsp.
indologenes pv. setariae strains

Substrate utilization and chemical sensitivity patterns were tested for all the strains of P.
stewartii subsp. indologenes (PNA 03-3, PNA 14-12, PNA 14-11, PNA 14-9, PNA 15-2, PANS
07-4, PANS 07-6, PANS 07-10, PANS 07-12, PANS 07-14, PANS 99-15, NCPPB 1562,
NCPPB 1877, NCPPB 2275, NCPPB 2281, NCPPB 2282) along with the type strain LMG
26321 and P. stewartii subsp. stewartii (LMG 27157) using BiOLOG GENIII microplates
(BiIOLOG, Hayward, CA). The inoculum was prepared by selecting a single bacterial colony
with an inoculation loop from 24 h-old NA plate and gently rubbing the loop against the bottom
of the tube containing inoculation fluid (IF). The transmittance of the bacterial suspension was
adjusted to 95% (~0.0223 A at 600 nm) and the resulting suspension was poured into a

multichannel pipette reservoir. Using an eight-channel, repeating pipette (BIOLOG, Hayward,
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CA) fitted with 1,500 pl-capacity sterile tips, 100 ul of the suspension were dispensed into each
well of a microplate which was then covered with a lid. The microplates were incubated at 30°C
for 24 h and color changes in the wells were recorded according to the manufacturer’s
instructions. Later, the qualitative data for utilization of each substrate for each of the strains

were recorded and compared.

Results

Identification of P. stewartii subsp. indologenes from UGA CPES culture collection

Out of 217 P. ananatis strains screened, 11 strains were amplified with primer-pair
(3614galE/3614galEc) specific for P. stewartii subsp. indologenes (Supplementary Table 2.1).
Among the 11 strains, five strains were isolated from either onion bulb or foliage, five strains
were isolated from the members of Poaceae family [i.e, pearl millet (Pennisetum americanum),
foxtail millet (Setaria italica), corn (Zea mays), and crabgrass (Digitaria sanguinalis)] and one
strain was isolated from verbena (Verbena officinalis). The six strains from the members of
Poaceae and verbena were isolated from the foliar surface of aymptomatic plants. All 11 strains
were isolated in Georgia, USA between 1999-2015.

Pairwise digital DNA-DNA hybridization (dDDH) values and average nucleotide identity
(ANID)

The pairwise digital DDH and ANI values were calculated for all 16 P. stewartii subsp.
indologenes test strains and compared with the type strains of other Pantoea sp. (Table 2.3). The
type strains of both P. stewartii subsp. indologenes (LMG 26327 and P. stewartii subsp.
stewartii (LMG 27157) shared dDDH value greater than 91% and ANI values greater than 99%

with all 16 test strains. However, the dDDH and ANI values shared by the 16 test strains with
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both P. ananatis LMG 2665" and P. allii LMG 24248" were <28 % and <86 %, respectively,
which were below the species cut-off values of 70% for dDDH and 95~96 % for ANI
(Konstantinidis & Tiedje. 2005, Chun et al. 2018).
Multi-locus sequence analysis
A maximum likelihood tree of P. stewartii subsp. indologenes strains along with other Pantoea
strains was constructed using concatenated nucleotide sequences of four housekeeping genes
(atpD (657), gyrB (578), infB (612), and rpoB (409). All 16 test strains clustered with the strains
of P. stewartii subsp. indologenes (LMG 2632" and ZJ-FGZX1) and P. stewartii subsp. stewartii
(LMG 2715T and DC283), and formed a distinct clade separate from P. ananatis LMG 2665T, P.
allii LMG 24248", and P. agglomerans LMG 1286" with a bootstrap value of 100 (Figure 2.1).
Pathogenicity and host-range test on Allium species (onion, leek, chive, and Japanese
bunching onion) and Poaceae species (pearl millet, foxtail millet, and oat)
(i) Pathogenicity on Allium species
Out of the total seventeen P. stewartii subsp. indologenes strains, four strains (PNA 03-3,
PNA 14-12, PNA 14-11, and PNA 14-9) were able to cause foliar lesions on onion with varying
levels of aggressiveness at 7 DPI. The strain PNA 14-12 was highly aggressive on onion with an
average lesion length of 3.07 cm. The other three pathogenic strains were moderately aggressive
on onion with average lesion lengths of <2.5 cm but >1.5 cm (Table 2.4). None of the other
strains including the type strain (LMG 2632") produced any necrosis on onion seedlings
(Supplementary Figure 2.1). Plants inoculated with PBS buffer displayed no symptom at 7 DPIL.
On leek, the four onion-pathogenic P. stewartii subsp. indologenes strains (PNA 03-3,
PNA 14-12, PNA 14-11, and PNA 14-9) produced typical foliar necrotic symptoms at 7 DPIL.

The level of aggressiveness varied among the strains: PNA 03-3 was highly aggressive, PNA
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14-12 moderately aggressive, and PNA 14-9 and PNA 14-11 less aggressive. Other test strains
produced no symptoms on leek. Similarly, Japanese bunching onion and chive seedlings
inoculated with the four onion-pathogenic strains showed characteristic foliage-necrosis
symptoms at 7 DPI (Supplementary Figure 2.1). These strains were graded as less-to-moderately
aggressive on both Japanese bunching onion and chive. PCR amplification of randomly selected
symptomatic samples using the subspecies-specific primer set confirmed the isolates recovered
were P. stewartii subsp. indologenes.

(ii) Pathogenicity on the species of Poaceae members

The type strain of P. stewartii subsp. indologenes (LMG 26327) used as the positive control (for
pearl millet and foxtail millet) caused brown necrotic lesions around the syringe-inoculated area
in pearl millet and foxtail millet at 14 DPI (Supplementary Figure 2.1). The type strain of P.
stewartii subsp. stewartii (LMG 27157) caused a necrotic lesion on corn but did not display any
symptoms on pearl millet, foxtail millet and oat. All P. stewartii subsp. indologenes strains were
able to cause necrotic symptoms on both pearl millet and foxtail millet at 14 DPI (Supplementary
Figure 2.1; Table 2.4). The strains were moderate to highly aggressive except for NCPPB 2282
which was less aggressive on pearl millet (Table 2.4). Plants inoculated with PBS buffer showed
no symptoms or lesions (<0.5 cm) at 14 DPI. Similarly, all P. stewartii subsp. indologenes
strains except for NCPPB 2282 were pathogenic on oat. None of the P. stewartii subsp.
indologenes caused symptoms on pearl millet, foxtail millet and oat. Positive control
(Pseudomonas coronafaciens PCF 93-2) produced symptomatic lesions whereas PBS buffer
caused no visible symptoms or lesions (<0.5 cm) on oat leaves at 21 DPI. Pantoea stewartii
subsp. indologenes strains were re-isolated from infected leaves and identities confirmed using

the subspecies-specific primer set. Bacterial colonies were not isolated from the PBS-inoculated
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plants or from plants with <0.5 cm of lesion length. Hence, the plants that displayed <0.5 cm of
lesion length were deemed non-pathogenic. These small lesions could result from the inoculation
injury by the sterile needle.

(iii) Red onion scale necrosis assay

A red-scale necrotic strain of P. ananatis (PNA 97-1) used as a positive control was able to cause
scale necrosis and red-pigment clearing at 7 DPI (Table 2.4). Four P. stewartii subsp.
indologenes strains (PNA 03-3, PNA 14-12, PNA 14-11, and PNA 14-9) pathogenic on Allium
seedlings caused scale pitting and clearing of red anthocyanin pigment on onion scales (Figure
2.2). The strain PNA 03-3 was highly aggressive among the four strains as it caused scale
necrosis and red-pigment clearing with area >2 cm?. The other three strains were less aggressive
on red scale as they showed scale pitting with areas of red-pigment clearing <1 cm?. None of the
other strains caused scale pitting or red-pigment clearing at 7 DPI. Negative control seedlings did
not cause any symptom on the red onion scales.

(iv) Whole bulb inoculation assay

All four P. stewartii subsp. indologenes strains pathogenic to A/lium (Table 2.4) caused a rot in
onion bulbs at 12 DPI as did the positive control (PNA 97-1). The strain PNA 03-3 showed 9.7%
relative rotten tissue weight and was considered highly aggressive. The strain PNA 14-12
displayed moderate aggressiveness with a relative rotten tissue weight of 4.2% and the strains
PNA 14-11 and PNA 14-9 were less aggressive as they caused bulb rot with a relative rotten
tissue weight of <4%. All other strains of P. stewartii subsp. indologenes were non-pathogenic as
they did not cause any symptoms on the bulb. Bulbs inoculated with PBS buffer developed no

symptoms.
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Screening of P. stewartii subsp. indologenes pv. cepacicola and P. stewartii subsp.
indologenes pv. setariae strains for HiVir and alt gene clusters

HiVir gene cluster was amplified in the positive control (P. ananatis PNA 97-1) with primer set
HiVir2 pF/HiVir2 pR. Among the four P. stewartii subsp. indologenes pv. cepacicola strains,
only PNA 03-3 was amplified and none of the P. stewartii subsp. indologenes pv. setariae strains
showed amplification with this primer-pair (Table 2.4). Similarly, alt gene cluster of positive
control (P. ananatis PNA 97-1) was amplified with the primer pair AltF/AltR. Among all the P.
stewartii subsp. indologenes pv. cepacicola strains, only PNA 03-3 showed amplification while
no amplification was observed in any of the P. stewartii subsp. indologenes pv. setariae strains.
Nuclease-free water used as a negative control did not show any amplification with any of the
primer sets.

Screening for hrcC gene in P. stewartii subsp. indologenes pv. cepacicola and P. stewartii
subsp. indologenes pv. setariae strains

The primer set PsiHrcCF/PsiHrcCR amplified a 553-nt sequence of the 4rcC gene of the positive
control (PNA 03-3). The 4rcC gene was amplified in all the strains of P. stewartii subsp.
indologenes pv. cepacicola (PNA 03-3, PNA 14-12, PNA 14-11, PNA 14-9) and P. stewartii
subsp. indologenes pv. setariae (LMG 26327, PNA 15-2, PANS 07-4, PANS 07-6, PANS 07-10,
PANS 07-12, PANS 07-14, PANS 99-15, NCPPB 1562, NCPPB 1877, NCPPB 2275, NCPPB
2281, NCPPB 2282) (Table 2.4). No amplification was observed in the negative control P.

ananatis (PNA 97-1).
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Fatty acid composition analysis in P. stewartii subsp. indologenes pv. cepacicola and P.
stewartii subsp. indologenes pv. setariae strains

The FAME profiles of four P. stewartii subsp. indologenes pv. cepacicola strains were similar to
that of 12 P. stewartii subsp. indologenes pv. setariae. The profile for the 16 P. stewartii subsp.
indologenes strains (including both pathovars) were similar to the type strain of P. stewartii
subsp. indologenes LMG 26327 (Table 2.5; Supplementary Table 2.2). The fatty acid designated
as “unknown 10.9525 (retention time)” was observed in only 50% of the P. stewartii subsp.
indologenes pv. setariae strains (NCPPB 2275, NCPPB 1877, NCPPB 2282, NCPPB 1562,
NCPPB 2281and PANS 99-15) but were absent in all P. stewartii subsp. indologenes pv.
cepacicola as well as in the type strain (LMG 2632"). The fatty acids; 14:0 20H, 17:0 cyclo, and
18:2 m6,9¢c were absent in P. stewartii subsp. stewartii LMG 27157, but were present in all P.
stewartii subsp. indologenes strains from both pathovars including LMG 26327,

Substrate utilization by P. stewartii subsp. indologenes pv. cepacicola and P. stewartii subsp.
indologenes pv. setariae strains

The results for the carbon substrate utilization and chemical sensitivity assay for P. stewartii
subsp. indologenes pv. cepacicola, P. stewartii subsp. indologenes pv. setariae and P. stewartii
subsp. stewartii (LMG 2715") are shown (Table 2.6 and Supplementary Table 2.3). Strains of P.
stewartii subsp. indologenes pv. setariae utilized carbon substrates 3-methyl glucose (10/12), D-
serine (5/12), L-arginine (5/12), L-pyroglutamic acid (2/12), D-lactic acid methyl ester (8/12), a-
keto glutaric acid (3/12), y-amino butyric acid (1/12), a-hydroxy butyric acid (6/12), Na butyrate
(9/12), and grew in media containing 8% NaCl (5/12) and fusidic acid (8/12). In contrast, the P.
stewartii subsp. indologenes pv. cepacicola strains were unable to utilize any of those substrates

and were sensitive to 8% NaCl and fusidic acid. Some of the P. stewartii subsp. indologenes pv.
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setariae strains utilized L-fucose (7/12) and acetoacetic acid (11/12) that was utilized by all four
strains of P. stewartii subsp. indologenes pv. cepacicola. Similarly, some strains of P. stewartii
subsp. indologenes pv. setariae were tolerant to pH 5 (9/12), 4% NaCl (11/12), guanidine HCL
(11/12), and lithium chloride (2/12). On the other hand, all four strains of P. stewartii subsp.
indologenes pv. cepacicola were tolerant to pH 5 and 4% NacCl and three out of four strains were
tolerant to guanidine HCL and lithium chloride. All P. stewartii subsp. indologenes strains
including LMG 26327 were able to utilize 48 other carbon substrates and were tolerant to were

tolerant to 12 different chemicals from the GENIII microplate (Supplementary Table 2.3).

Discussion

Pantoea stewartii subsp. indologenes causes a leafspot of foxtail millet and pearl millet, a rot of
pineapple and one strain has also been isolated from cluster bean (Cyamopsis tetragonolobus)
(Mergaert et al. 1993). Recently, P. stewartii subsp. indologenes strains were identified that
caused symptoms similar to center rot of onion (Stumpf et al. 2018). These novel strains caused
white streaking and tissue necrosis of onion foliage and also caused necrosis and rotting of onion
bulbs, which is a characteristic of center rot of onion described by Gitaitis et al. (2002). These
strains were also pathogenic on pearl millet. These host range distinctions warrant separate
pathovar designations. The evidence in this manuscript supports the premise that the two novel
pathovars of P. stewartii subsp. indologenes can be differentiated based on their ability to induce
symptoms on different host species of different plant families (4dmaryllidaceae and Poaceae).
We also characterized these pathovars on the presence and absence of virulence genes (HiVir, alt

and hrcC), fatty acid composition differences and substrate utilization patterns.
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Prior to establishing pathovar designation, we evaluated the possibility of elevating
subspecies ‘indologenes’ to a ‘species’ level. Apart from Mergaert et al. (1993) and De Maayer
et al. (2017), no detailed investigations were conducted regarding this proposition. We utilized P.
stewartii subsp. indologenes strains from different culture collections (UGA-CPES and NCPPB)
along with the type strain P. stewartii subsp. indologenes LMG 26327, P. stewartii subsp.
stewartii LMG 27157, P. ananatis LMG 26657, P. allii LMG 24248" and re-evaluated if
subspecies “indologenes” could be elevated to a “species” level using dDDH, ANI and MLSA.
Our results showed that the type strain of P. stewartii subsp. indologenes (LMG 26327) shared
92.7% dDDH value and 99.12% ANI value with P. stewartii subsp. stewartii (LMG 27157). The
two type strains shared dDDH value greater than 91% and ANI values greater than 99% with all
the test strains of P. stewartii subsp. indologenes (n=16). These observations indicate that the P.
stewartii subsp. indologenes strains do belong to the species “stewartii” and a further argument
on elevating “indologenes” to the species level is not valid according to the stated norm of
species designation (70% for dDDH and 95~96 % for ANI) (Goris et al. 2007; Chun et al. 2018).
Moreover, MLSA also supported this claim as all P. stewartii subsp. indologenes strains
clustered with the type strains P. stewartii subsp. indologenes (LMG 2632") and P. stewartii
subsp. stewartii (LMG 27157), and were distinct from the type strains of P. ananatis (LMG
2665%), P. allii (LMG 24248"), and P. agglomerans (LMG 1286"). Collectively, the MLSA,
dDDH and ANI indicated that the test strains were more genotypically related to P. stewartii
subsp. indologenes and P. stewartii subsp. stewartii than to any other Pantoea sp. The test P.
stewartii subsp. indologenes strains; however, could not be differentiated from P. stewartii
subsp. stewartii based on the MLSA, dDDH and ANI assessments. Similar to our study, De

Maayer et al. (2017) reported that the subspecies of P. stewartii (subsp. stewartii and subsp.
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indologenes) could not be differentiated by dDDH and ANI values due to their close genomic
relatedness but could be differentiated on their ability to utilize different substrates (Margaert et
al., 1993; De Maayer et al. 2017).

According to ISPP, a pathovar is ‘a strain or set of strains with the same or similar
characteristics, differentiated at infra-subspecific level from other strains of the same species or
subspecies on the basis of distinctive pathogenicity to one or more plant hosts’ (Dye et al. 1980;
Young et al. 2001). Our foliar pathogenicity assay on Allium species (onion, leek, chive,
Japanese bunching onion) and on the members of Poaceae (oat, foxtail millet, pearl millet and
corn) demonstrated a distinct host range among P. stewartii subsp. indologenes strains. Four
strains of subspecies indologenes were pathogenic on the members of both Allium and Poaceae,
whereas, other strains (n=13) were pathogenic on only the members of Poaceae (except corn).
The Allium-pathogenic strains were designated as a newly proposed pathovar “cepacicola”. In
contrast, a sub-set of P. stewartii subsp. indologenes strains (n=13; including LMG 2632") that
were pathogenic on oat, foxtail millet and pearl millet but not on A//ium species (onion, leek
chive, Japanese bunching onion) were designated as the newly proposed pathovar “setariae”.
Also, none of the strains of “pv. cepacicola” or “pv. setariae” were pathogenic on corn and
hence, corn cannot be used as differential host to distinguish both pathovars. Interestingly, the
type strain of P. stewartii subsp. indologenes (LMG 2632") also displayed host-range
characteristics similar to the newly proposed pathovar “sefariae” and hence, we propose that the
type strain (LMG 2632") should be designated as a pathotype strain of P. stewartii subsp.
indologenes pv. setariae. Likewise, “PNA 14-12” is proposed as the pathotype strain of P.
stewartii subsp. indologenes pv. cepacicola. Except for corn, none of the Allium or Poacea hosts

displayed any symptoms when inoculated with P. stewartii subsp. stewartii (LMG 27157).
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Further detailed characterization of P. stewartii subsp. indologenes pv. cepacicola strains
displayed differences in aggressiveness on foliar tissue of plant species of Allium and Poaceae
(except corn). The strain PNA 03-3 was highly aggressive on leek, foxtail millet and pearl millet
whereas moderately aggressive on onion, chive, Japanese bunching onion and oat. Other P.
stewartii subsp. indologenes pv. cepacicola strains (PNA 14-9, PNA 14-11, PNA 14-12) were
moderately-to-highly aggressive on onion, foxtail millet and pearl millet but were moderate-to-
less aggressive on leek, chive, Japanese bunching onion and oat. The four P. stewartii subsp.
indologenes pv. cepacicola strains (PNA 03-3, PNA 14-9, PNA 14-11, PNA 14-12) also caused
onion bulb rot; however, the level of aggressive differed considerably among strains. PNA 03-3
was highly aggressive on onion bulbs whereas other P. stewartii subsp. indologenes pv.
cepacicola strains were moderate-to-less aggressive. A similar trend of variability in
aggressiveness among P. stewartii subsp. indologenes pv. cepacicola strains was observed in the
RSN assay. The P. stewartii subsp. indologenes pv. cepacicola strain (PNA 03-3) was highly
aggressive and produced a necrotic lesion area of >1 cm? whereas the other three strains (PNA
14-9, PNA 14-11, PNA 14-12) were less aggressive and produced a necrotic lesion area of <1
cm? on the red scale.

Detailed pathogenicity assay of P. stewartii subsp. indologenes pv. setariae strains
revealed that the strains were able to cause symptoms neither on foliage of onion, leek, chive and
Japanese bunching onion nor on the onion bulb and red scale. We observed that one of the P.
stewartii subsp. indologenes pv. setariae strains (NCPPB 2282) despite being moderately
aggressive on foxtail millet and less aggressive on pearl millet, was non-pathogenic on oat. We
also observed that the P. stewartii subsp. indologenes pv. setariae strain (PNA 15-2), originally

isolated from symptomatic onion foliage, was non-pathogenic on onion (foliage, bulb, scale) and
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the foliage of leek, chive and Japanese bunching onion. It is possible that this strain was present
as a secondary colonizer along with the primary causal agent in the same necrotic lesion. As a
result, it was accidently isolated from onion tissue. Further detailed genomic studies may shed
some light on the matter. Interestingly, this strain was highly aggressive on foxtail millet, and
moderately aggressive on oat and pearl millet.

The presence of the onion pathogenicity (HiVir) and virulence (alt) factors of P. ananatis
that is responsible for center rot symptoms were examined in the strains of both pathovars of P.
stewartii subsp. indologenes. Except for one P. stewartii subsp. indologenes pv. cepacicola
strain (PNA 03-3), none of the strains from either of the pathovars were positive for HiVir and
alt in the PCR assays. These observations indicate that the strain P. stewartii subsp. indologenes
pv. cepacicola (PNA 03-3) shares onion pathogenicity and virulence factors with P. ananatis.
Other strains from P. stewartii subsp. indologenes pv. cepacicola that are pathogenic on onion
lacked these factors and potentially use an alternative mechanism(s) to cause disease on onion.
Future comparative genomic studies with P. stewartii subsp. indologenes pv. cepacicola and P.
stewartii subsp. indologenes pv. setariae strains may shed light on the matter. The ‘hrcC’ gene
was amplified in all the strains of both pathovars of P. stewartii subsp. indologenes; hrcC is one
of the known pathogenic factors in the 4rp-mediated Type III secretion system in the P. stewartii
subsp. stewartii-corn pathosystem. This observation may explain why strains from both
pathovars were pathogenic on foxtail millet and pearl millet. However, mutational studies need
to be conducted to further strengthen this claim.

Comparative evaluation of fatty acid (FAME) profiles of P. stewartii subsp. indologenes
pv. cepacicola and P. stewartii subsp. indologenes pv. setariae strains was conducted. FAME

profiles of P. stewartii subsp. indologenes pv. cepacicola were similar to that of P. stewartii
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subsp. indologenes pv. setariae and all the test strains (#=16) had similar FAME composition as
P. stewartii subsp. indologenes LMG 2632". However, the fatty acid (unknown 10.9525) was
present in 50% of the P. stewartii subsp. indologenes pv. setariae strains but was absent in P.
stewartii subsp. indologenes LMG 2632" and in P. stewartii subsp. indologenes pv. cepacicola
strains (100% of the strains). Further investigation with more strains from both pathovars is
warranted to see if FAME (unknown 10.9525) is associated with P. stewartii subsp. indologenes
pv. setariae.

Differences in substrate utilization patterns and chemical sensitivity were observed
between the two pathovars. Strains of P. stewartii subsp. indologenes pv. setariae including
LMG 2632T were able to utilize 3-methyl glucose (10/12), Na butyrate (9/12) and fusidic acid
(8/12) but none of the P. stewartii subsp. indologenes pv. cepacicola strains utilized these
substrates. Future studies with a larger number of strains from both pathovars should be
conducted and perhaps a semi-selctive medium using these substrates could be developed for
isolating Pantoea stewartii subsp. indologenes pv. setariae strains.

Overall, we provided substantial evidence for creating two novel pathovars of P. stewartii
subsp. indologenes; Pantoea stewartii subsp. indologenes pv. cepacicola (pathogenic on onion,
leek, chive, Japanese bunching onion, oat, pearl millet and foxtail millet) and P. stewartii subsp.
indologenes pv. setariae (pathogenic on oat, pearl millet and foxtail millet). The two pathovars
can be differentiated on their ability to induce symptoms on hosts in the A//ium species and
members of Poaceae. We also propose that the type strain of P. stewartii subsp. indologenes
(LMG 26327) should be designated as the pathotype strain of P. stewartii subsp. indologenes pv.
setariae. Further, we demonstrated that these pathovars differ in the presence or absence of

pathogenicity and virulence factors (HiVir, alt and hrcC), fatty acid composition and substrate
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utilization profiles. The impact of these new pathovars in the center rot pathosystem of onion is
yet to be determined.

Description of P. stewartii subsp. indologenes pv. cepacicola pv. nov.

Bacterial strains are gram negative, rod-shaped and produce yellow-pigmented colony on NA
medium. All the strains can utilize L-fucose and acetoacetic acid and can grow at pH 5, 4%
NaCl. Some strains can grow in guanidine HCI and lithium chloride but none of the strains can
grow at 8% NaCl and fusidic acid. The fatty acid composition of the strains is listed in Table 2.5
and Supplementary Table 2.2. The four most abundant fatty acids are hexadecenoic acid (Cie:0),
cis-7-octadecanoic acid (Cis:1 ¢is 7), 3-hydroxy-tetradecanoic acid (C14.0 30OH) and cis-7-
hexadecanoic acid (Cis:1 cis 7). The strains lack the fatty acid with unknown identity (retention
time: 10.9525) that is present in some of the P. stewartii subsp. indologenes pv. setariae strains.
The strains of this pathovar can cause necrotic lesions on the foliage of A//ium species: onion,
leek, chive, and Japanese bunching onion and members of Poaceae family: oat, pearl millet and,
foxtail millet. Moreover, the strains are pathogenic on onion bulbs and can clear red anthocyanin
pigment on onion scale. The proposed pathotype strain is “PNA 14-12”.

Description of P. stewartii subsp. indologenes pv. setariae pv. nov.

Bacterial strains are gram negative, rod-shaped and can produce yellow-pigmented colony on
NA medium. The pathovar is described based on the study of 13 strains used in the study. The
strains of pv. setariae can utilize L-fucose and acetoacetic acid, 3-methyl glucose, D-serine,
L-arginine, L-pyroglutamic acid, D-lactic acid methyl ester, a-keto-glutaric acid, y-amino butyric
acid, a-hydroxy-butyric acid and Na butyrate. Most of the strains can grow at pH 5, 4% NaCl,
guanidine HCI and fusidic acid whereas some of the strains can grow in 8% NaCl and lithium

chloride. The fatty acid composition of the strains is similar to that of pv. cepacicola (Table 2.5).
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The four most abundant fatty acids are hexadecenoic acid (Cie.0), cis-7-octadecanoic acid
(C18:1¢is 7), 3-hydroxy-tetradecanoic acid (Ci4.0 30H) and cis-7-hexadecanoic acid (Cise:1 cis 7).
Some strains also constitute an unknown fatty acid (retention time: 10.9525) that is absent in pv.
cepacicola. The strains can cause necrotic lesions on the members of Poaceae family: oat, pearl
millet and foxtail millet but cannot cause any symptoms on the foliage of Allium species: onion,
leek, chive, and Japanese bunching onion. Moreover, the strains are non-pathogenic on onion
bulb and cannot clear red anthocyanin pigment on onion scale. The proposed pathotype strain is

“LMG 2632”.
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