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ABSTRACT

UNDERSTANDING THE DISEASE ECOLOGY OF THE CORN BACTERIAL LEAF

STREAK PATHOGEN XANTHOMONAS VASICOLA PV. VASCULORUM

Bacterial leaf streak, caused by Xanthomonas vasicola pv. vasculorum (Xvv), is an emerging
disease of corn in North and South America. Based on the combined $52.4 billion value of the
corn industry, early reports of Xvv disease severity, and lack of management methods, this
emerging pathogen represents an economic threat to corn production in the United States. The
primary goal of this research is to provide a basic understanding of the infection ecology and
survival of the corn bacterial leaf streak pathogen. Through genetic transformations of the
bacteria with fluorescent proteins and confocal microscopy, we were able to show the
localization of the bacteria within plant leaves. In addition, we found that there is a significant
interaction between Xvv isolates and two corn varieties. By evaluating the bacterial fitness across
representative isolates of Xvv, we showed that 22°C is the optimal temperature for bacterial
growth in culture. We also evaluated the interaction of Xvv with the endophyte Pantoea ananatis
and found that the presence of the endophyte significantly decreases Xvv’s disease response.
Finally, through litter studies at multiple locations, we demonstrated that infected residue left on
the surface of the soil harbored significantly greater quantities of Xvv than infected residue
buried 10 cm below the surface. These findings will be useful to understand the bacterial leaf
streak disease cycle and aid in the development of management strategies that may limit the

distribution of Xvv within corn fields and prevent its spread to other corn producing regions.
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CHAPTER 1

INTRODUCTION

1.1 Emerging plant diseases

One important issue in plant health is the emergence and re-emergence of pathogens. Since
plant populations are unable to quickly adapt to pathogens, emerging plant diseases represent a
risk to food security and the health and integrity of natural ecosystems (Garrett et al., 2010). An
often complicating factor of new plant pathogens is that scientists do not possess information on
the basic biology of the organism. Hence, this lack of knowledge results in an inability to
anticipate, respond, and manage the emerging diseases.

How and why do new pathogens emerge? This may occur by 1) natural or accidental
introduction of species into new geographic regions with naive hosts, 2) evolution of a novel race
within the same pathogen species, and 3) evolution of a pathogen to infect a wider range of
hosts. In any case, a plant pathogen that is introduced to different susceptible plants with a
suitable environment can quickly generate an emerging disease event. Examples of emerging
diseases of crops include: Asian soybean rust (Fletcher et al., 2010), bakanae of rice (Singh &
Sunder, 2012; Gupta et al., 2015), bacterial leaf streak of corn (Korus et al., 2017), zebra chip of
potato (Lin & Gudmestad, 2012) and wheat stem rust (Singh et al., 2015). The Asian soybean
rust pathogen was naturally introduced through wind currents from Asia to South America and
then to North America (Fletcher et al., 2010). Bakanae of rice and bacterial leaf streak of corn

pathogens were likely accidentally introduced through infected plant tissues and seeds (Gupta et



al., 2015; Broders, 2017; Korus et al., 2017). Wheat stem rust and zebra chip of potato
pathogens, on the other hand, evolved multiple races and infect a wider host range, respectively
(Lin & Gudmestad, 2012; Singh et al., 2015).

Governmental agencies have established pre-and post-introduction actions when a new plant
disease is identified in a certain region. Pre-introduction strategies are based on inspecting plant
material at the port of entry and ensuring plants are accompanied with a phytosanitary certificate
from the exporting country. Post-introduction actions include early detection, surveillance, and
priorization of the emergent pathogen (Fletcher et al., 2010).

One critical post-introduction task is the priorization of new plant pathogens. Priority ranking
is given to diseases afflicting a high value commodity. For example, corn (Zea mays L.) is the
most widely produced grain crop in the United States with an approximate 81,740,000 acres
harvested in 2018 at an estimated value of $52.4 billion (USDA-NASS, 2018a). Due to its high
revenue, diseases of corn would have a higher ranking and urgency for research than diseases of
less valued crops. One emerging disease of corn present in the United States in recent years is
bacterial leaf streak (Korus et al., 2017; Lang et al., 2017).

Bacterial leaf streak of corn (BLS) is caused by the pathogen Xanthomonas vasicola pv.
vasculorum (Xvv) (Lang et al., 2017) . In the United States, BLS was first observed in Nebraska
in 2014, but became widespread by 2016 (Korus et al., 2017). Since then, the disease has been
reported in at least nine other states including the major corn producing states (Damicone et al.,
2018; Jamann et al., 2019; Korus et al., 2017; Lang et al., 2017; Smith et al., 2018). Given that
the bacterial pathogen has spread rapidly in the last three years and that there are a large number
of acres of corn production, the understanding of its ecology and epidemiology is crucial to

prevent future losses.



1.2 Symptoms, impact and current distribution of bacterial leaf streak of corn

Symptoms of BLS include: dark, water-soaked, linear lesions with wavy-edged margins that
range from brown to yellow streaks and occur between the leaf veins anywhere on the leaf blade
or close to the midrib. Lesions range from less than an inch to several inches in length and
appear translucent when backlit (Korus et al., 2017; Lang et al., 2017) (Figure 1.1). Early in the
growing season, symptoms are mostly observed in the lower canopy of the plant, but in mid to
late season, symptoms are observed in the upper canopy of the plant (above ear leaf). In 2016,
farmers reported disease incidence levels above 90% and disease severity greater than 50% of
leaf area infected. These levels denote that the disease has reached epidemic proportions

(Broders, 2017; Korus et al., 2017).

Figure 1.1: Symptoms of bacterial leaf streak of corn. Bacterial leaf streak symptoms were
observed both (A) early and (B) later in the growing season. Photo credit: Dr. Kirk Broders

Although no formal studies on the yield impact due to BLS have been completed, it is

predicted this disease will have a negative effect on corn yield if the bacterium reaches the upper



canopy. At this point, the pathogen can colonize leaves of important photosynthetic activity
directly related to yield potential. Another foliar disease with similar intervenial streak symptoms
to BLS is gray leaf spot. Symptoms of this fungal disease, caused by Cercospora zeae-maydis
(Hyre, 1943), also begin to appear on the lower leaves and travel up the plant (de Nazareno et al.,
1992). When not controlled with fungicides during the growing season, gray leaf spot has the
potential to reduce yields up to 65% in susceptible hybrids (Ward et al., 1999). Because of the
similarity of the symptoms and behavior, and considering there are currently no bactericides
available for BLS, these two diseases may have a similar effect on corn yield.

Examples of yield impact caused by other species of pathogenic Xanthomonas can range
from 20-50% in the crop they infect (Hirano & Upper, 1983). Foliar pathogens like X.
axonopodis pv. allii infecting onion and X. translucens pv. undulosa infecting wheat and barley
have both been found to affect yield. Reports of the yield loss caused by X. axonopodis pv. alli
can be 20% or greater depending on infection time, weather conditions, and cultivar
susceptibility (Schwartz & Gent, 2011). Yield losses caused by X. translucens pv. undulosa can
be anticipated to be about 20% if 50% of the flag leaf of wheat is infected (Adhikari et al., 2011).
Other reports have also described yield losses as high as 40% in Idaho winter wheat for bacterial
leaf streak of wheat (Sapkota et al., 2018).

Moreover, closely related species to Xvv such as X. vasicola pv. musacearum (Xvm) (causal
agent of bacterial wilt of banana and plantain) and X. oryzae pv. oryzae (Xoo) (causal agent of
bacterial blight of rice) can result in either total economic loss or up to 70% loss, respectively
(Mew et al., 1993; Mwebaze et al., 2006; Reddy et al., 1979; Studholme et al., 2019). Based on
this information, it is likely that Xvv causes a yield reduction on corn production; however

evidence of this decrease is still pending.



Bacterial leaf streak was first described in corn in 1949 in South Africa (Dyer, 1949a), and
prior to 2016 it had not been documented in the United States (Korus et al., 2017). Currently, the
disease has been reported in Nebraska, Colorado, Kansas, Iowa, Illinois, Minnesota, South
Dakota, Texas, Oklahoma, and Wisconsin (Damicone et al., 2018; Jamann et al., 2019; Korus et
al., 2017; Lang et al., 2017; Smith et al., 2018) (Figure 1.2). Recently, the disease has also been
reported in Argentina (Plazas et al., 2018) and Brazil (Leite Jr. et al., 2018) (Figure 1.2),
however, symptoms of BLS in Argentina have been present since at least 2010 in the Cérdoba
province (personal communication, Maria Cristina Plazas).

The first symptoms of BLS in the United States were reported in Nebraska, Colorado, and
Kansas. Interestingly, these three states, and the regions of South Africa and Argentina where
BLS is most prevalent, share the same type of cold semi-arid climate (BSk classification) (Earth-
Data, 2018) (Figure 1.2). Therefore, it is possible this type of climate favored the initial
settlement of the pathogen and since then, it has spread to other regions with higher humidity
conditions like those in the Corn Belt states (humid, continental climate with hot summers, Dfa
classification) (Earth-Data, 2018) (Figure 1.2). It is not known yet if the other three corn
producing countries sharing this same semi-arid climate, Mexico, China, and Australia, have this
disease, but it will not be surprising if the disease appears in these regions in the future. The
potential arrival of Xvv in these countries will depend on the stringency of plant material

transport measures and restrictions in each of those countries.



I Cold, Semi-Arid Climate (BSk)
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Figure 1.2: Current distribution of bacterial leaf streak of corn. Global map shows countries and states where Xvv is confirmed
(vellow), countries at risk for Xvv (green), cold, semi-arid regions (purple) and humid continental climate with hot summers (blue).
Purple and blue regions correspond to the Koppen Climate Classification BSk and Dfa, respectively (Earth-Data, 2018).



It is unclear how Xvv was introduced into the United States. There are several hypotheses for
the arrival of Xvv. First, it is possible Xvv was introduced from either South Africa or Argentina.
The latter is more plausible as many American agri-businesses have winter corn nurseries in
South America with year-round transportation of plant materials. Thus, a movement of infected
plants or contaminated seed could have brought the disease to the United States. A second
possibility is that there was an ancestor of the pathogen present in North America and it evolved
to cause disease on corn. However, there is limited evidence to support this possibility. At this
point, any of the above hypotheses may have introduced the pathogen and it is crucial to conduct
research to identify the entry route or change in virulence and host conditions of this bacterial

pathogen, so that farmers can take the appropriate measures to stop its spread.

1.3 Disease ecology of Xanthomonas species

All strategies of plant disease management and their efficacy are founded on the
understanding of the ecology of plant pathogens (Morris et al., 2017). In this context, ecology of
a disease refers to optimal conditions for disease development, mechanism of survival,
dissemination, host range, and mechanism of infection regulated by biotic and abiotic factors.

The ecology of Xanthomonas species is very diverse including a collective host range of at
least 124 monocotyledonous and 268 dicotyledonous plant species (Jacques et al., 2016; Leyns et
al., 1984). Hosts of Xanthomonas spp. include: citrus (lime, orange, lemon, and pomelo), rice,
crucifers (cabbage, broccoli, cauliflower, and radish), cassava, sugarcane, and banana among
others (Hayward, 1974; Leyns et al., 1984). Since this bacterial genus has a wide variety of

hosts, and can colonize stems, twigs, leaves, flowers, buds, fruits, and seeds (Bart et al., 2012),



the ecology and evolution of host specificity of Xanthomonas species has long been an active
topic of research among many plant pathology laboratories.

Xanthomonas species are gamma proteobacteria, gram-negative, aerobic, and rod-shaped
with a polar flagellum (Jacques et al., 2016). Colonies of Xanthomonas species usually are
mucoid, convex, and yellow when grown on yeast dextrose calcium carbonate (YDC). All
members of this genus are catalase positive and oxidase negative (Adhikari et al., 2011).
Optimum temperature for growth and symptom development is 25-30°C (Esgalhado et al., 1995).
There is no quantitative data on optimum temperatures for the growth of Xvv but it is likely
similar to the reported temperatures as this range often occurs during the corn growing season
(NCEI, 2018).

Xanthomonas species have several mechanisms of survival. For example, X. campestris pv.
campestris (Randhawa & Schaad, 1894) and X. malvacearum (Rothrock et al., 2015; Wang et al.,
2019) can survive in diseased crucifers and cotton seeds, respectively. X. citri pv. citri, on the
other hand, may overwinter in holdover cankers or blight twigs of perennial woody plants
(Shiotani et al., 2009). Several Xanthomonas species including X. phaseoli pv. fuscans
(Darsonval et al., 2008b), X. euvesicatoria (Jones et al., 1985), X. campestris pv. phaseoli
(Gilbertson et al., 1990), and Xanthomonas translucens pv. undulosa (Adhikari et al., 2011)
survive associated with their respective hosts residue. Finally, Xanthomonas may also survive in
the soil; X. vasicola pv. musacearum, for example, persists longer in soil than in banana debris
(Mwebaze et al., 2006). Other bacteria such as X. axonopodis pv. allii may survive in between
susceptible crops, in association with contaminated seed, infested crop debris, and epiphytically
or pathogenically on volunteer onion, weeds and leguminous plants (Gent et al., 2005). To date,

it is unknown how Xvv survives from one corn production season to the next.
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Dispersion of pathogen propagules is another aspect related to the ecology of disease. The
direction of disease spread is sporadic, due to variability in wind speed and duration, rainfall
incidence and duration, temperature variability, just to name a few. This results in an uneven
distribution of the pathogen across a geographic region. For example, X. axonopodis pv. allii
(Schwartz et al., 2003) and X. translucens pv. undulosa are dispersed by wind-driven rain events
(Curland et al., 2018). Leaf abrasion by wind and windblown sand may favor infection as well. It
is likely Xvv uses similar mechanisms of transmission; however, no study has been conducted to
formally investigate the extent to which wind-driven rain affects bacterial leaf streak
development.

After bacteria have successfully dispersed and landed on a susceptible host and if
environmental conditions are conducive, bacteria will multiply to form large populations and
attempt to gain entry into the tissues through natural openings (stomata, hydathodes, lenticels,
and nectaries) or wounds (Figure 1.3). The ability of a particular Xanthomonas species to infect
and colonize a host is dependent on the possession and use of virulence factors. Some of these
factors include microbe-associated molecular patterns, type III effectors, lipopolysaccharides,
transcriptional regulators, and chemotactic sensors (Jacques et al., 2016; Wasukira et al., 2014).
Once the bacteria have entered, the virulence sensors will perceive the environment as favorable
or not, and eventually start colonizing the intercellular or vascular tissue depending on the type
of bacteria species (Karamura et al., 2015; McFarlane & Coutinho, 2010; Ricaud & Autrey,
1989).

The type III effectors, which are injected directly into the host cell through the type III
secretion system, constitute the major factors involved in the pathogenicity of the Xanthomonas

genus. This has been demonstrated as numerous type III effectors suppress immunity or trigger a



hypersensitive response that will eventually result in the total suppression of the effector-
triggered immunity response of the plant cell. As a consequence, the pathogen has the perfect
condition for proliferation. Based on genotypic information available for Xvv, there is evidence
for the sequences of the type III secretion system (Lang et al., 2017; Wasukira et al., 2014);
however no effectors of Xvv have been studied yet and nothing is known about the specific
infection mechanism of Xvv on corn.
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Figure 1.3: Colonization of leaf surface by pathogenic bacteria. Bacteria may enter leaf tissue
via hydathodes, stomata, and wounds (Figure adapted from Jacques et al. (2016))

One last aspect pertaining to ecology of plant pathogens is the role of agronomic practices on
disease development. Recent studies by Hartman (2018) investigated agronomic factors
contributing to incidence of bacterial leaf streak of corn. Using Classification and Regression
Tree (CART) (Breiman et al., 1984) and Random Forest (Breiman, 2001) analyses (Kim et al.,
2002; Paul & Munkvold, 2004; Langemeier et al., 2017), they found that irrigation, crop rotation,

growth stage, tillage, and planting date were the most important predictors of a sample testing
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positive for the presence of Xvv (Hartman, 2018). Out of these factors, irrigation appears to be
the most relevant factor in creating a conducive environment for disease development. This is
because corn fields in Colorado and Nebraska, where bacterial leaf streak has a high incidence,
frequently use center pivot irrigation (Kranz et al., 2008; Lichtenber, 1989; Turkington et al.,

2004) leading to high humidity conditions which would favor the spread and colonization of Xvv.

1.4 Host range of Xanthomonas vasicola species

Host range and host range expansion often drives the emergence of a new disease. A host
jump occurs when there is a colonization of a new host species that is phylogenetically distinct to
species of the contemporary host range (Schulze-Lefert & Panstruga, 2011). There are two
examples of Xanthomonas vasicola species having made a host shift resulting in a novel host-
pathogen interaction. The first of these cases was reported in 2004 with the appearance of
Xanthomonas wilt on banana and plantain in East Africa (Tushemereirwe et al., 2004). It is
believed there was a host jump from sugarcane to banana (Karamura et al., 2015; Studholme et
al., 2019). The second reported example is the emergence of blight and dieback of Eucalyptus
spp. (Coutinho et al., 2015). Coutinho et al. (2015) proposed this host jump from a
monocotyledonous plant such as sugarcane to a dicotyledonous plant like eucalyptus in South
Africa.

X. vasicola species have an extensive host range, which includes several monocots grown in
the United States (Hartman, 2018). Previous reports have shown that X. vasicola can infect
sugarcane (Saccharum spp.), corn (Zea mays L.), banana (Musa spp.), hurricane palm

(Dictyosperma album), tiger grass (Thysanolaeana maxima), Cuban royal palm (Roystonea
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regia), betel palm (Areca catechu), and broom bamboo (Thysanolaena maxima) (Karamura et
al., 2015; McFarlane & Coutinho, 2010; Ricaud & Autrey, 1989).

Of particular interest to this research is the group of X. vasicola pv. vasculorum that causes
gumming disease in sugarcane (North, 1935). This strain of Xvv causes both leaf blight and
vascular wilting symptoms that affect sugarcane production regions around the world, however
there are no reports of this disease on sugarcane in the United States or Mexico. One genetic
distinction between Xvv strains from corn and sugarcane is the lack of the XopAF effector in Xvv
from corn (Lang et al., 2017; Wasukira et al., 2014). Although there has not been an
experimental characterization of this effector on sugarcane, it is reasonable to suppose that the
Xvv protein is likely to be a type III effector and a potential avirulence factor, given the 86%
identity between this protein and the experimentally characterized X. euvesicatoria XopAF
(Wasukira et al., 2014; Astua-Monge et al., 2000).

Lang et al. (2017) demonstrated that Xvv from corn can infect sorghum (Sorghum bicolor) as
well, although this has not been observed in the field. Recently, Hartman (2018) evaluated the
ability of Xvv to infect potential alternate hosts found in or near corn fields. By measuring the
percentage of leaf tissue infected under greenhouse conditions, researchers found that Xvv can
colonize sixteen hosts, 13 of them were symptomatic and three were asymptomatic.
Symptomatic hosts included crops such as oat (Avena sativa) and rice (Oryza sativa), as well as
the prairie grasses orchard grass (Dactylis glomerata), indiangrass (Sorghastrum nutans), big
bluestem (Andropogon gerardii), little bluestem (Schizachyrium scoparium), timothy (Phleum
pratense), sand bluestem (Andropogon hallii), green foxtail (Setaria viridis), and bristly foxtail
(Setaria verticillata). This study also confirmed infection of the weeds johnsongrass (Sorghum

halepense), shattercane (Sorghum bicolor), and yellow nutsedge (Cyperus esculentus). From all
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tested species, symptoms were least severe on yellow nutsedge with 4% leaf area infected, and
most severe on johnsongrass at 27% of leaf area infected. Asymptomatic hosts encompassed
downy brome (Bromus tectorum), tall fescue (Festuca arundinacea), and western wheatgrass
(Pascopyum smithii).

Field studies with these hosts found that infection in big bluestem and bristly foxtail was
possible but with low incidence levels. The study by Hartman (2018) is the first estimation of
Xvv host range, and has multiple implications for the management of bacterial leaf streak of corn.
If Xvv persist in grass weeds from one season to the next one, management should be focused not

only on corn but also on these potential hosts.

1.5 Taxonomic classification of Xanthomonas vasicola species

A recent overview of the different evolutionary lineages of X. vasicola species has divided
them into five groups: 1) X. vasicola pv. vasculorum infecting corn and sugarcane, 2) X. vasicola
pv. holcicola (Xvh) infecting sorghum, 3) X. vasicola pv. musacearum (Xvm) infecting enset and
banana, 4) X. vasicola strains isolated from Tripsacum laxum, and 5) X. vasicola strains isolated
from areca nut (previously X.campestris pv. arecae) (Studholme et al., 2019). The taxonomic
description of the first group, where Xvv belongs, has been in a state of flux for over 30 years.
Several changes have been made to the taxonomic nomenclature from X. campestris pv. zeae to
X. vasicola pv. zeae to its current designation as X.vasicola pv. vasculorum (Bradbury, 1986;
Coutinho & Wallis, 1991; Lang et al., 2017; Qhobela et al., 1990; Sanko et al., 2018). Studholme
et al. (2019) stated that X.campestris pv. zeae fall within a clade of X.campestris pv. vasculorum

(Cobb 1894) that belongs within the species X. vasicola pv. vasculorum (Vauterin et al., 1995).
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One distinction among Xvv is that the sugarcane infecting strains can infect vascular tissue
while corn infecting strains are limited to foliar tissue (Karamura et al., 2015). This difference in
colonization resulted in the sugarcane pathogen being erroneously described as X. axonopodis
pv. vasculorum (Lewis Ivey et al., 2010). Fortunately, more recent phylogenetic comparisons,
through average nucleotide identity calculations and pathogenicity tests, solve this ambiguity
demonstrating that sugarcane and corn Xvv strains are the same pathogen (Karamura et al., 2015;
Lang et al., 2017; Wasukira et al., 2014).

The second group of X. vasicola species comprised X.vasicola pv. holcicola (Xvh). This
xanthomonad infects sorghum (Navi et al., 2002) but is rarely found on corn (Moffett, 1983;
Péros et al., 1994). Lang et al. (2017) showed that Xvh can cause disease on both corn and
sugarcane after infiltration experiments in the greenhouse. In the same study, it was determined
that Xvv strains from Nebraska belonged to Xvv and not Xvh as they only shared 98.6% of
average nucleotide identity (ANI) with Xvh compared to 99.3% ANI with Xvv from South
Africa. Although Xvh can cause symptoms on all tested hosts, symptoms were not as prominent
as when Xvv was inoculated on to corn.

The third, fourth, and fifth groups include strains previously assigned to X. campestris
(Young et al., 1991) pathovars musacearum and arecae and some strains collected from 7. laxum
grass that have not been previously assigned to species nor pathovar. Molecular sequence and
biochemical data for these groups indicate that these strains are much closer to X. vasicola than

to X. campestris (Studholme et al., 2019).
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1.6 Predictions of bacterial leaf streak disease cycle

All infectious-disease causing agents follow a disease cycle that includes the stages of
development of the pathogen and the effects of the disease on the host plants (Coakley et al.,
1999). Even though no formal studies have described the disease cycle of bacterial leaf streak of
corn, the following represents a description of its main points based on observations from the last
three corn growing season and literature comparing BLS behavior to other foliar diseases (Figure
1.4).

Xvv may overwinter in infected residue from the previous growing season, but this has not
yet been experimentally demonstrated. Since corn is often grown continuously in Colorado and
in a corn-soybean-corn rotation in Nebraska (USDA-NASS, 2018b), infected residue likely is the
primary inoculum for disease development. Other xanthomonads are also residue-borne
pathogens. For example, X. axonopodis pv. alli, causal agent of Xanthomonas leaf blight of
onion, is residue-borne (Gent et al., 2005) and has a similar distribution across the plant as
bacterial leaf streak of corn.

Then, in the following growing season, as corn seedlings emerge, bacteria from the residue
are splashed onto new tissue through early season rain and irrigation. After the bacterium has
established its niche, it may enter the plant through natural openings or wounds. Once inside,
bacteria will reproduce and cause characteristic intervenial streaks on corn leaves.

Symptoms are typically first observed on the lower leaves of the plant, and begin to appear in
the mid to upper canopy usually after wind-driven rain events as the season progresses (personal
communication, Tamra Jackson-Ziems & Kirk Broders). These events provide the environmental

conditions for secondary inoculum formation. This is consistent with previous reports that wind-
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driven rain events can disperse inoculum and aggravate diseases such as Xanthomonas leaf
blight of onion (Schwartz et al., 2003). From mid to late season, bacteria may continue to spread
between fields until corn is harvested and residue is left again on the surface of the soil,
providing the principal inoculum for the next growing season (Figure 1.4). Aspects related to
potential alternative hosts, persistence of Xvv on seeds, and irrigation water were not included in
the predicted disease cycle because there is no evidence of these behaviors occurring in the field

yet.
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Figure 1.4: Predicted disease cycle of bacterial leaf streak of corn
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1.7 Thesis objectives

Due to its emergence and lack of effective mitigation methodologies, there is no doubt that
bacterial leaf streak will be a challenging disease to manage in the upcoming crop production
years. Even though there are a lot of questions related to this disease, the elucidation of its
disease cycle is an urgent topic of study. Understanding the major aspects of the disease cycle
will provide information that can be utilized by growers to make management decisions as well
as preventing its further spread to other corn producing regions.

The primary goal of this research is to provide a basic understanding of the ecology of the
corn bacterial leaf streak pathogen (Xanthomonas vasicola pv. vasculorum) in the United States.
To this end, the specific objectives of this research are to: 1) Characterize the infection ecology
of Xvv on corn and determine the optimal conditions for disease development (Chapter 2). 2)

Characterize the survival process of Xvv across different regions in the United States (Chapter 3).
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CHAPTER 2

UNDERSTANDING THE INFECTION ECOLOGY OF THE EMERGING DISEASE

BACTERIAL LEAF STREAK OF CORN

2.1 INTRODUCTION

Bacterial leaf streak of corn, caused by the pathogen Xanthomonas vasicola pv. vasculorum
(Xvv), is an emerging disease in North and South America. This disease was first reported in the
United States in 2014 and became widespread in 2016 affecting grain corn, sweet corn, and
popcorn (Korus et al. 2017). Currently, bacterial leaf streak of corn is present in ten states:
Colorado, Kansas, Minnesota, South Dakota, Texas, Oklahoma, Wisconsin, and the top three
corn-producing states of Illinois, lowa, and Nebraska (Korus et al., 2017; Damicone et al., 2018;
Jamann et al., 2019; Lang et al., 2017; Smith et al., 2018). In 2017, bacterial leaf streak was
reported on corn in Argentina (Plazas et al., 2018) and in 2018 in Brazil (Leite Jr. et al., 2018).
Prior to 2016, the only reports of Xvv infecting corn came from South Africa in 1949 (Dyer,
1949b) and 1987 (Coutinho, 1987). It is unknown how the pathogen was introduced to the
Americas or if it was already present in a latent state. Due to its recent emergence and the
economic importance of corn in the United States, there is a need to understand the ecology and
epidemiology of this bacterial pathogen.

The most prevalent symptoms of bacterial leaf streak on corn have been reported in western
Nebraska, western Kansas, and eastern Colorado (Broders, 2017). These three states and the

regions of South Africa and Argentina, where the disease is also present, share the same type of
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cold semi-arid climate (BsK classification). Hence, it is possible this type of climate favored the
initial settlement of the pathogen in North and South America. Since then, Xvv has spread to
other regions with higher humidity levels, like those in eastern Nebraska, Iowa and Illinois.
Humid conditions that favor disease development are often observed during the summer growing
season with rain and center-pivot irrigation (Lichtenber, 1989; Turkington et al., 2004). Whether
in a dry or humid environment, Xvv has persisted on corn thanks to the microclimate formed
within each field through rain or irrigation and continuous corn production systems.

Splashing water may disperse the bacterial pathogen from leaf to leaf and even to other
plants. After landing on leaves, plant pathogenic bacteria will likely multiply to form aggregates
that will protect them from external stressors such as desiccation, ultraviolet (UV) radiation, and
nutrient limitation (Beattie & Lindow, 1995; Darsonval et al., 2008b; Lindow & Brandl, 2003).
Then, under high moisture, bacteria will gain access inside the plants through natural openings,
most likely through the stoma structure (Hartman, 2018).

The ability of Xvv to infect and colonize its host depends on the possession and use of
virulence factors. Important factors that most Xanthomonas species use to colonize their hosts
are type III effectors. These effectors are directly inserted into the host cell through the type III
secretion system (Darrasse et al., 2013; Darsonval et al., 2008b). To date, the mechanisms of
how Xvv enters and colonizes the corn plants as well as the potential effectors involved in
virulence have not yet been characterized.

Xvv belongs to a group of X. vasicola species that affect different crops worldwide. For
example, X. vasicola pv. holcicola (Xvh), which is the closest phylogenetic relative of Xvv,
causes bacterial leaf streak of sorghum (Navi et al., 2002) and X. vasicola pv. musacearum

(Xvm) is a vascular pathogen of banana and enset (Tushemereirwe et al., 2004). Recently,
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Studholme et al. (2019) provided an overview of the taxonomy of X. vasicola species dividing it
into five groups: 1) Xvv infecting corn and sugarcane, 2) Xvh infecting sorghum, 3) Xvm
infecting enset and banana, 4) strains isolated from Tripsacum laxum, and, 5) strains isolated
from areca nut (previously X. campestris pv. arecae).

Perez-Quintero et al. (2019) complemented this research by demonstrating that Xvv isolates
from the United States tended to group together and seemed to be more closely related to strains
from Argentina than to historic strains from South Africa. Five genomic regions were
overrepresented in Xvv populations and one region specifically, comprising a prophage, was
found to be shared with Xvh and North and South American Xvv isolates while absent in South
African Xvv isolates and Xvv from sugarcane. They hypothesized that this prophage region was
transferred horizontally to an ancestor of the American Xvv populations (Perez-Quintero et al.,
2019).

Horizontal gene transfer refers to the acquisition of foreign genes in different organisms (Jain
et al., 2003). By allowing the transfer of genes between related and unrelated species, horizontal
gene transfer increases genetic diversity of the recipient species (Jain et al., 2003). In this
context, it is possible that the prophage region present in Xvv isolates from the Americas contains
genes that play a role in the phenotypic disease response or provide a potential fitness advantage
allowing the bacterial pathogen to infect and colonize corn. Prophages have diverse effects on
the bacteria harboring them in their genomes, including increased aggressiveness by enhanced
transport of virulence factors, enhancement of fitness, and even decreasing virulence (Ahmad et
al., 2014; Briissow et al., 2004; Figueroa-Bossi et al., 2001; Bossi et al., 2003).

Phenotypic variation is an adaptive mechanism that may lead to increased colonization,

persistence, spread, and survival of organisms (Shrestha et al., 2013). Although Perez-Quintero
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et al. (2019) showed the variability of Xvv at the genome level, it is unknown whether or not the
horizontally transferred region had an effect on the bacterial leaf streak disease response.

Increasing fitness is another potential effect of gene transfer on bacterial pathogens
(Darsonval et al., 2008a). Fitness is described as the ability of bacteria to replicate and survive
under a given environmental condition (Pope et al., 2010). The growth rate of bacteria in culture
medium is a commonly used model for evaluating fitness as a measure of reproductive potential
(Pope et al., 2010; Bennett et al., 1990; Lenski et al., 1994; Nguyen et al., 1989). For example,
HrpG and HrpX proteins increased replication and survival capabilities in X. fuscans subsp.
fuscans, which in turn, enabled higher transmission rates for the pathogen that causes bacterial
blight of bean (Darsonval et al., 2008b).

Moreover, Perez-Quintero et al. (2019) also found another region in Xvv that contains eight
genes found in Pantoea ananatis. This may be of importance as P. ananatis has been found in
corn leaves infected with Xvv (Lang et al., 2017), but its role in disease development has not yet
been explored. It is possible that Xvv and P. ananatis have either established an interaction to act
as a disease complex and infect corn plants at a higher rate, or are antagonistic to each other. It is
also possible that P. ananatis has no effect on bacterial leaf streak disease. Establishment of this
relationship is important because in some cases, P. ananatis has been proven to be beneficial to
the host by having antimicrobial activity (Coutinho & Venter, 2009; limura & Hosono, 1996) or
by inducing systemic resistance (Kang et al., 2007). In other cases, P. ananatis has been
described as an unconventional pathogen infecting eucalyptus in South Africa (Coutinho &
Venter, 2009). Therefore, the interaction between these bacteria may lead to solutions for
reducing the occurrence of this new disease or to further research into whether there is a complex

of two pathogens affecting corn.
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Although genetic analyses proposed important differences between American and South
African Xvv strains as well as the acquisition of genes from Xvh and P. ananatis, there are no
experimental studies focused on the correlation of genetic and phenotypic information related to
bacterial leaf streak of corn. In this research, we aimed to describe several aspects of the
infection ecology of emerging Xvv populations on corn in the United States and Argentina, in
comparison to isolates of Xvv from South Africa, putative genome donor Xvh, and interaction
with P. ananatis. This research was guided by the following objectives: 1) determine how Xvv
enters, colonizes and multiplies in the corn leaf, 2) characterize the phenotypic diversity among
isolates of Xvv and Xvh on corn, sorghum, and sugarcane, 3) evaluate fitness characteristics of
representative Xvv and Xvh isolates, and 4) estimate the effect of P. ananatis on the ability of Xvv

to infect and colonize corn leaves.

2.2 MATERIAL AND METHODS

2.2.1 Isolation and molecular identification of isolates causing bacterial leaf streak of corn
Isolation:

Isolation of Xvv from corn leaves was performed as in Lang et al. (2017) with minor
modifications. Instead of placing the tissue in distilled water, fresh tissues were dissolved in 1
mL of 10 mM MgCl,, macerated with sterile pellet pestle and incubated for at least 1.5 h at room
temperature. For bacterial isolation, one loop-full (10 uL) of solution was spread onto nutrient
agar (NA). Plates were incubated at 28°C for two days. Single characteristic bright yellow
colonies were selected, and re-streaked for further isolation until pure colonies were obtained.

Samples from United States were collected across several fields in Colorado, lowa, Kansas and
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Nebraska. Xvv isolates from Argentina were collected from fields located in San Luis, Cérdoba,
and Santa Fe provinces and were a kind gift from our collaborator Maria Cristina Plazas at the
Universidad Catdlica de Cérdoba, Argentina.

Molecular identification:

For colony PCR, a single colony from NA was suspended in 10 puL of sterile water and
boiled at 95°C for 5 min. Molecular identification of Xvv was performed following one of these
procedures: first, colony PCR of suspected Xvv samples were performed using diagnostic Xvv3
or Xvv5 primers as described by Lang et al. (2017). To further confirm isolates identity, the 16S
rRNA gene and a central metabolism gene, atpD (ATP synthase B chain), were sequenced.

PCR reactions for 16S rRNA (50 pL) contained 2 pL of boiled DNA template, 0.2 uM of
each primer (Table 2.1), 1X GoTaq reaction buffer, 2 mM MgCl,, 0.2 mM dNTPs, and 0.25
unit/uL. GoTaq DNA polymerase enzyme (Promega). The cycling conditions were as follows:
initial denaturation at 94°C for 3 min, following 35 cycles of 94°C for 45 s, 50°C for 1 min and
72°C for 1:30 min, and the final extension period at 72°C for 10 min. PCR fragments were
separated in a 1.5% agarose gel for 45 min at 90 V, and fragments were extracted and purified
using the DNA clean & concentrator kit (ZYMO Research). Sequencing was performed with 5
ng/uL of each PCR product at Quintara Biosciences (Fort Collins, CO) and analyzed using
Geneious software (version 10.0.7). Sequence identities to the genus level were determined using
BlastN from the NCBI database.

Genomic DNA for the Xanthomonas positive samples was extracted using Easy-DNA kit
(Invitrogen) and PCR amplification of the atpD gene was carried out for further confirmation to
the species level. PCR reactions (40 uL) contained 25 ng/uL of DNA template, 0.4 uM of each

primer (Table 2.1), 1X GoTagq reaction buffer, 1.5 mM MgCl,, 0.2 mM dNTPs, and 0.1 unit/uL.
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GoTaq DNA polymerase enzyme (Promega). Cycling conditions were performed as described by
Fargier et al. (2011). Furthermore, molecular identification with real-time PCR was performed
with all positive Xvv isolates to confirm the protocol designed by Stulberg et al. (2019).

Table 2.1: Description of primers used for the molecular identification of Xvv

Target Primer Primer Sequence (5°-3°) Product size | Ta* (°C)

gene name (bp)

16S rRNA | 515-F GTGCCAGCMGCCGCGGT 290 50
806-R GGACTACHVGGGTWTCTAAT

ATP atpD-F GGGCAAGATCGTTCAGAT 512 60

synthase | atpD-R GCTCTTGGTCGAGGTGAT

chain

(atpD)

Ta*: annealing temperature

2.2.2 Transformation and conjugations of Xvv with fluorescent proteins

Transformation and conjugations of Xvv were performed using reference isolate CO-5. CO-5
was grown overnight at 28°C, 220 rpm in nutrient broth media (NB, 5 mL). Cells were harvested
at 4000 rpm for 10 min and subsequently washed with cold, sterile water four times. After the
final wash, cells were resuspended in 100 pL of water and incubated on ice for 30 min.
Electrocompetent cells were transformed with 250 ng of plasmid GFP pJN105 (Leach Lab
Collection) containing gentamycin resistance gene. Cells were recovered for three 3 h at 28°C,
220 rpm and 10 pL were plated into nutrient agar with respective antibiotic. Transformants were
allowed to grow for two days at 28°C and one fluorescent single colony was selected for further
isolation.

For conjugations through bi- and tri-parental mating, CO-5 was grown overnight at 28°C, 220
rpm in NB (5 mL) while Escherichia coli Rho3 pTNS3 (Ampicillin resistance: 2,6-

Diaminopimelic Acid (ApR: DAP)) (Choi et al., 2005), Escherichia coli Rho3 mCherry
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(Spectinomycin resistance: 2,6-Diaminopimelic Acid (SpecR; DAP)) (Bartetzko et al., 2009),
and Escherichia coli pNEO GFP (Kanamycin resistance (KmR)) (Chicaybam et al., 2017) were
grown at 37°C, 220 rpm in Luria Bertani media (LB, 5 mL). The next day, 1.5 mL of CO-5 was
spun down at 8000 rpm for 10 min; the supernatant was removed carefully without suspending
the pellet. Next, 250 uL of E. coli Rho3 pTNS3 and 250 uL of E. coli Rho3 mCherry were added
to the CO-5 pellet. This was the mating step in which the Tns3 transposase helped introduce the
mCherry gene into the genome of CO-5. In addition, E.coli pNEO GFP was added to a second
CO-5 pellet. Each solution was spun down at 8000 rpm for 10 min. The supernatant was again
carefully removed and each pellet was resuspended in 250 uLL of NB. Cells were plated on NB
plus DAP but without antibiotics and grown at 28°C overnight. After the overnight incubation, E.
coli-Xvv mixture were scraped with 250 uL of NB and placed into NA plates with appropriate
antibiotics, either spectinomycin for mCherry or kanamycin for GFP. Finally, conjugants were

grown at 28°C for four days and two fluorescent colonies were chosen for further experiments.

2.2.3 Growth curves in culture and in planta of fluorescent Xvvy

Growth curves in culture were performed with three independent replicates of CO-5
wildtype, one colony of CO-5 pJN105, two colonies of CO-5 mCherry (mchl and mch2), and
two colonies of CO-5 GFP (GFPI1 and GFP2). Colonies were grown overnight in NB (5 mL)
with respective antibiotics. The next day, cell suspensions were pelleted for 10 min at 4500 rpm.
Cell pellets were then washed three times with sterile water at 4500 rpm for 5 min. Pellets were
resuspended in 5 mL of sterile water and bacterial concentration was adjusted to 10° CFU/mL.
Serial dilutions were performed until obtaining 10* CFU/mL and 200 uL of each sample were

loaded by triplicate in a flat bottom 96-well plate (Corning Incorporated). The plate was sealed
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with breathable film (Breathe-easy, Diversified Biotech) and placed into microplate
spectrophotometer (Power Wave HT, BioTek). This instrument measured the optical density
(OD) at 600 nm and 630 nm every hour for 72 h with a constant temperature of 28°C.

For the growth curve in planta, each strain was grown to 10® CFU/mL. Then, they were
inoculated by infiltration into healthy three-week-old corn plants at five points in each leaf. At 0,
24,72, 120, and 168 h the infected tissues were collected, surface sterilized with 10% bleach for
30 s, and rinse with sterile water three times. Infected tissues were placed into 2 mL tubes
containing one stainless steel bead (5 mm, QIAGEN) and 1 mL water. Then, solution tubes were
lysed for 1 min and serially diluted to 10®. From here, 5 uL of each dilution was plated in
nutrient agar and grown at 28°C for 24 h. After each time point, colonies were counted under
light microscope and CFU/mL was plotted against time.

For statistical analyses, growth curves were fitted to a nonlinear logistic growth model using
self-starting function in R (version 3.5.2), SSlogis. Each fitted curve provided three parameters:
Asym, Xmid, and Scal. Out of those, Xmid and Scal were biologically relevant for this study.
This is because Xmid represents the time of fastest bacterial multiplication (inflection point) and
Scal corresponds to the inverse of the slope, which is an indirect measure of the growth rate at
Xmid value. After calculating the inverse of Scal (1/Scal), the growth rate during exponential
phase was determined for each curve (Zwietering et al., 1990; Hall et al., 2014). Pairwise
comparisons were done with the gnls function from the nlme package in R (version 3.5.2) using
CO-5 as reference strain. Each of the growth curves represents the average of three independent
replicates per strain. Independent replicates were achieved with the average of three technical

replicates in each sample.
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2.2.4 Confocal laser scanning microscopy

Spray inoculations were performed on three week-old popcorn plants as described by
Hartman (2018). Fluorescence in epidermal cells of the abaxial corn leaf side was assessed after
three days post inoculation. Three pieces of infected leaves (2 cm) showing water soaking streak
symptoms were sampled and mounted in water for observation under the microscope. In these
experiments an Olympus IX81 Inverted Confocal laser scanning Microscope (Olympus,
Microscopy Solutions) was used, and images are displayed as maximum projections of picture
stacks. GFP and mCherry were excited with a 20 mW laser at 488 and 559 nm respectively, and

the emission filter wavelengths were 497 to 526 nm for GFP and 570 to 615 nm for mCherry.

2.2.5 Disease phenotyping of Xvv on corn, sorghum, and sugarcane

Corn hybrids (Pioneer P0302, Pioneer P1151, and popcorn), sorghum (Super Sugar), and
sugarcane (L-99-226) were grown in a 1:1 mix of Promix-BX Biofungicide + Mycorrhizae
(Quakertown, PA) under greenhouse conditions (28°C = 1 °C, 16 h day length, and 80% relative
humidity). Bacterial isolates were cultured in peptone sucrose agar (PSA) for 24 h at 28°C and
then suspended to 10* CFU/mL in sterile, distilled water. Three weeks after planting, plants were
infiltrated as described by Lang et al. (2017). Five Xvv isolates, three from Colorado and two
from Iowa, were inoculated by triplicate into two grain corn varieties (P1151, P0302 (Dupont
Pioneer)) and one popcorn variety. To complement this study, inoculations by infiltration on
corn, sorghum, and sugarcane were performed with 25 Xvv isolates and one Xvh strain (Table
2.2). Two leaves were inoculated on at least seven individual plants, except with sugarcane,
where only three individual plants were inoculated by isolate. Sterile, distilled water was used as

a negative control in all inoculations. Infiltration experiments were repeated three times and data
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was combined to perform statistical analysis. Quantification of the lesion length was done by
measuring the expansion distance beyond the infiltration site at seven days post inoculation (dpi).

For statistical analysis, a one-way ANOVA using appropriate transformation to each cases
were performed in R (version 3.5.2) with the Im and anova functions. For the analysis including
three corn varieties, Log (0.5+ lesion length) transformation was done to satisfy ANOVA
assumptions with two predictors (isolate, variety) and one response (lesion length). Analysis of
individual corn hybrids inoculations was done with square root transformation. All pairwise
comparisons were done using emmeans function from the emmeans package with Tukey
adjustment test (HSD, honestly significant difference) and o = 0.05.

Table 2.2: Description of isolates of Xvv and Xvh used for leaf inoculations on corn, sorghum,
and sugarcane

Bacteria | Lab Original Location State Country Year
Identity | Name name

Xvvy Arg-1A M10 Adelia Maria Cordoba Argentina 2016
Xvy Arg-2B MO17 Rosario Santa Fe Argentina 2015
Xvv Arg-3B M062 Villa Maria Cordoba Argentina 2017
Xvv Arg-4A MO088 Villa Mercedes San Luis Argentina 2017
Xvv Arg-5B M152 Monte de los Gauchos | Cérdoba Argentina 2017
Xvv Arg-6B M162 Villa Maria Cérdoba Argentina 2017
Xvvy Arg-7TA M188 Villa Mercedes San Luis Argentina 2017
Xvv CO-5 16-C0O-044-4 | Phillips Colorado United States | 2016
Xvvy CO-6 16-CO-044-2 | Phillips Colorado United States | 2016
Xvv CO-8 16-CO-044-3 | Phillips Colorado United States | 2016
Xvv IA-2 Xv-Har 1-2 Harcourt Iowa United States | 2016
Xvv IA-3 Xv-Har 1-3 Harcourt Iowa United States | 2016
Xvv KS-1 201600004 Finney Kansas United States | 2013
Xvy NE-1 201600027B | Lincoln Nebraska United States | 2016
Xvv NE-11 201600332 Wayne Nebraska United States | 2016
Xvy NE-3 201600380 Red Willow Nebraska United States | 2016
Xvv NE-4 201600257 Harlan Nebraska United States | 2016
Xvy NE-5 201600118 Keith Nebraska United States | 2016
Xvv NE-7 201600018 York Nebraska United States | 2016
Xvv NE-8 201600058 Phelps Nebraska United States | 2016
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Xvv NE-9 201600029 Dixon Nebraska United States | 2016
Xvy SAM 113 | SAM 113 Klerksdorp North West | South Africa | 1988
Xvv SAM 118 | SAM 118 Klerksdorp North West | South Africa | 1988
Xvv SAM 119 | SAM 119 Klerksdorp North West | South Africa | 1988
Xvh Xvh 482 | Xvh-L Lancaster Nebraska United States | 2016

2.2.6 Effect of temperature on growth rate of Xvv and Xvh

Growth curves in culture of seven Xvv isolates (CO-5, NE-3, Arg-3B, Arg-7A, SAM 113,
SAM 118, SAM 119) and one Xvh isolate (Xvh 482) were performed as described in section
2.2.3 under three different temperatures: 22°C, 28°C, and 34°C. Absorbance measurements (OD
at 600 nm and 630 nm) were taken every hour for 48 h at 28°C and 72 h for temperatures 22°C
and 34°C with continuous shaking in the middle speed setting of the microplate
spectrophotometer (Power Wave HT, BioTek).

Statistical analyses were done with a subset of the data, until 48 h, to first ensure a logistic
model could fit all the data without considering values at which the absorbance decrease due to
cell death and second, to have consistency among all curves. Statistical analyses were done as
described in section 2.2.3 using 28°C and CO-5 as reference groups for temperature and isolate,

respectively.

2.2.7 Interaction between Pantoea ananatis and Xvv in vitro and in planta

Molecular identification of Pantoea ananatis:

To test the role of endophytic bacteria, Pantoea ananatis, on bacterial leaf streak disease
progression, a positive identification of P. ananatis was first performed to differentiate these
bacterial species from all other Pantoea species isolated from the corn fields. PCR using gyrB
gene (DNA gyrase, RNA polymerase B subunit) was carried out according to Brady et al. (2008)

with minor modifications. Each PCR reaction (50 puL) contained 2 uL. of DNA template, 0.3 uM
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of each primer (gyrB 01-F, gyrB 02-R), 1X GoTaq reaction buffer, 1.5 mM MgCl,, 0.2 mM
dNTPs, and 0.25 unit/uL. GoTaq DNA polymerase enzyme (Promega). The cycling conditions
were as described by Brady et al. (2008) with 50°C as annealing temperature instead of 55°C.
PCR fragments were separated in a 1.5% agarose gel for 45 min at 90 V, and fragments were
extracted and purified using the DNA clean & concentrator kit (ZYMO Research). Sequencing
was performed with 5 ng/uL of each PCR product at Quintara Biosciences (Fort Collins, CO)
and analyzed using Geneious software (version 10.0.7). Sequence identities to the genus level
were determined using BlastN from the NCBI database. Positive strain CO-2 (referred to as P.
ananatis), was chosen for further experiments.

Co-inoculations of Xvv and P. ananatis on corn

Co-inoculation experiments were performed with Xvy (CO-5 reference isolate) and P.
ananatis. Popcorn was grown as described in section 2.2.5. Bacterial strains were cultured in
PSA for 24 h at 28°C and then suspended to 10® CFU/mL in sterile, distilled water. Equal
quantities of both bacteria were mixed for co-inoculation. Three week-old plants were infiltrated
as described by Lang et al. (2017) using ten individual plants per each treatment (Xvv, P.
ananatis, Xvv + P. ananatis). Sterile, distilled water was used as a negative control in all
inoculations. Infiltration experiments were repeated three times and data was combined to
perform statistical analysis.

Statistical analysis was done in R (version 3.5.2) using two-sample t-test (t.test function) of
1/(Lesion Length + 0.5) by strain (0=0.05). Transformation was performed to satisfy two-sample
t-test assumptions of normality of data and equality of variances. P. ananatis measurements were

not included in the analysis since this bacterium never resulted in disease symptoms.
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Spray inoculations were also performed with strains mentioned above. Bacterial suspensions
were sprayed (~15 mL per plant) onto nine popcorn plants per each treatment. Plants were left
under high relative humidity (>90% relative humidity) for 48 h in growth chamber and then
transferred to standard greenhouse conditions (30 = 1°C, 16 h day length). Symptom
development was assessed seven days post inoculation and severity was ranked by counting the
number of leaves infected over the total number of leaves on a plant. Statistical analysis was
done using two-sample t-test (t.test function) of severity by strain (o = 0.05) in a completely
randomized design.

Inhibition experiments and growth curves of Xvv and P. ananatis

To test inhibition of Xvv by P. ananatis or vice versa, both bacterial strains were grown on
NA plates. Three scenarios were set up: in the first scenario, Xvv was grown with a streak until
the middle of the plate and P. ananatis on the other half of the plate. In the second Xvv (100 uL)
was spread onto the entire plate and then 10 uL of P. ananatis was placed into the center of the
plate. Third scenario was the opposite of the second one, where P. ananatis was spread on the
entire plate and 10 pL of Xvv was placed in the center of the plate. Growth of each bacterium
was monitored for 24 h at 28°C. Individual growth curves of Xvv and P. ananatis were

performed in NB medium at 28°C for 72 h as described in section 2.2.3

2.3 RESULTS

Three Xvv isolates were recovered in 2016 (CO-5, CO-6, and CO-8) from different plants

across the same location in Phillips, Colorado. The isolation from surveyed fields was first done

by using the protocol designed by Lang et al. (2017). The recovery of Xvv from field corn leaves
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was improved by 54% when using MgCl, instead of water. One issue with the isolation method
was that the bacteria from the genus Pantoea were isolated at a high frequency instead of
Xanthomonas. These two genera were confused as they possess similar morphology with bright
yellow colonies when grown in general media. From the isolates recovered from the 140 survey
samples collected, at least 40 were Pantoea spp.

Xvv isolates were identified using the Xvv3 and Xvv5 diagnostic assay (Lang et al., 2017)
and all isolates were verified by sequencing the atpD gene (Fargier et al., 2011). Moreover,
several of our collaborators at lowa State University, University of Nebraska-Lincoln, University
of Illinois, and Universidad Catdlica de Cordoba (Argentina) sent putative Xvv isolates for
diagnostic confirmation. Following the previous procedure, 40 Xvv positive isolates were
obtained, 32 of them from five different regions of the United States and seven from three
provinces across Argentina (Table 2.3). Additionally, Koch’s postulates were completed for the
Colorado and Argentina isolates on corn to confirm the emergence of this pathogen in both
countries.

Table 2.3: Isolation of Xvv across different corn fields in United States and Argentina

Country Location Number of Xvv isolates

United States Colorado 17

Nebraska 10

Iowa 2

linois 2

Kansas 1

Argentina Cordoba 4
2
2

Santa Fe
San Luis

Localization of Xvv at the plant cellular level and the possible entry/exit mode from the corn
plant was assessed through confocal laser microscopy. To this end, constructs of the bacteria

with two different reporter molecules, green fluorescent protein (GFP) (Chalfie et al., 1994;

32



Chicaybam et al., 2017) and red fluorescent protein (mCherry) (Bartetzko et al., 2009) were
developed. Out of those, five transformants, CO-5 pJN105, CO-5 GFP1, CO-5 GFP2, CO-5
mchl, and CO-5 mch2, were confirmed to possess the fluorescent reporters.

Growth curves in culture media and in planta were done to compare the fitness of the new
transformants to the wildtype CO-5 strain. While all strains had the distinctive growth stages in
culture (lag, exponential, and stationary phases) (Figure 2.1A), it was harder to distinguish these
phases in the growth curves from the inoculated plants (Figure 2.1B). Based on the growth
curves in culture medium, the CO-5 mchl and CO-5 mch2 strains behaved the most similarly to
the wildtype CO-5. This information was supported as the average for the parameters Xmid
(time of fastest multiplication) and Scal (inverse of growth rate) of CO-5 mchl and CO-5 mch2
were not significantly different from wildtype CO-5 (p-values > a=0.05 in Table 2.4). Curves
corresponding to the other strains grew slower, spending approximately six more hours in the lag

phase than wildtype CO-5.
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Figure 2.1: Growth curve of Xvv and fluorescent strains in culture and in planta. Growth
curves of Xvv (CO-5 (red)) and fluorescent strains (CO-5 pJN105 (blue), CO-5 mchl (green),
CO-5 mch2 (brown), CO-5 GFPI (yellow), CO-5 GFP2 (purple)) were performed either in
culture (A) or inside corn plants (B). Each curve represents the average of three independent
replicates. In both panels, x-axis represents the time (hours) at which each isolate was grown
and y-axis shows either optical density (ODgponm) at 600 nm (A) or Log (CFU/mL) (B).
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Table 2.4: Average parameters and p-values of parameters for growth curves of Xvv fluorescent
strains in culture

Isolate Xmid | p-value Xmid CO-5 | Scal | p-value Scal CO-5
vs strain vs strain
CO-5 26.91 - 8.27 -

CO-5 pJN105 | 55.16 0.0491 15.01 0.0080
CO-5mchl | 26.71 0.8950 6.90 0.1920
CO-5mch2 | 29.02 0.1855 7.3 0.3433
CO-5GFP1 | 43.61 0.0012 11.21 0.0687
CO-5GFP2 | 54.15 0.0156 13.86 0.0073

Additionally, for the bacterial growth curves inside the plant the lag phases were
indistinguishable for all isolates and the exponential phases for the majority of the strains, except
for CO-5 pJN105, had similar growth rate (p-values > o= 0.05). The stationary phases were also
observed in all the evaluated samples but no death phase was present; instead a second
exponential phase started. Due to the similarity in fitness of the strains compared to the wildtype
CO-5 in culture and in planta, it was decided to conduct all downstream experiments with CO-5
mchl and CO-5 GFP1. Although CO-5 mchl behaved more similarly to the wildtype than CO-5
GFP1, they were both included to account for the autofluorescent of corn plants when using
confocal microscopy.

To simulate natural field infection, selected transformants were sprayed inoculated onto corn
under greenhouse conditions. After four days, water soaking symptoms were noticeable and a
portion of each lesion, about 2 cm, was observed under a confocal microscope. Images, under
green and red lasers respectively, showed that the bacteria surround the plant cells in the apoplast
and they did not move across the xylem vessels (Figure 2.2A-B). Moreover, the bacteria were
found next to the veins and not in the vascular tissue.

Upon observing a stoma, it appeared bacteria were more clustered at the stomatal opening

(Figure 2.2C). This could be possible due to an increase bacterial multiplication around the
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opening of the stoma, exit from the interior of the stomatal chamber, or even just random chance.
Since we did not captured bacteria moving and stomata were not found opened, the entrance and
exit events were not caught in images. It is likely that from the time of lesion excision from the
plant to imaging, leaves were exposed to temperature and humidity changes that promoted

closure of natural openings in order to maintain leaf viability.

A)

. Green fluorescent Stoma Red ﬂu'orcsccnl
Chloroplast Vascular tissue Xov Xw

Figure 2.2: Images of fluorescent Xvv inside corn plants. Plant leaf images were captured with
confocal laser scanning microscope (Olympus IX81 inverted) 72 h post inoculation, and
fluorescent channels were scanned sequentially. Chloroplasts of plant cells are shown in purple,
green fluorescent Xvv (CO-5 GFPI1) are shown in green (A and B), and mCherry fluorescent
Xvv (CO-5 mchl) are shown in orange (C). Panel 1 in each image represents the negative
control without any fluorescence, panel 2 shows fluorescence by bacteria strains, panel 3 shows
chloroplasts, and panel 4 is the merged view of the fluorescence channels without chlorophyll

autofluorecence. The scale bar represents 100 pixels (26.5 mm).

Variation in phenotypic disease response caused by Xvv positive isolates was evaluated using
an infiltration inoculation method. This method was chosen as it provided a more consistent way
to quantify the lesion size caused by the pathogen. Disease symptoms were quantified seven days
post inoculation by measuring the expansion length outside of the infiltration site. The first

analysis of Xvv aggressiveness levels were carried out with Colorado and Iowa strains, CO-5,

CO-6, CO-8, TA-2, and TA-3, after inoculation with a suspension of 10® CFU/mL. From these
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inoculations, bacterial ooze was observed coming out of the infected leaf tissue generally four
days after inoculation and lesions became dry three days after that (Figure 2.3A).

Statistical analysis comparing the means of each isolate demonstrated a significant
interaction of isolate by variety (F-statistic= 3.1343, p-value = 0.01) (Figure 2.3B). In general,
P1151 was the most susceptible variety except when inoculated with isolates CO-6 and 1A-2.
These strains were recovered from the same fields as the other isolates, CO-5 and IA-3, in
Colorado and Iowa, respectively. CO-8, and IA-3 were more aggressive than CO-6 and 1A-2
across all corn types. Pairwise comparisons across all isolates and varieties showed that CO-5

was significantly more aggressive on P1151 than when inoculated on PO302 (Figure 2.3B).

Bacterial ooze CO-8 H20
B) 9 ——
8 ®mP1151
b ®P0302
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CO-5 CO-6 CO-8
Xvvisolate

Figure 2.3: Phenotypic diversity of bacterial leaf streak on corn. A) Symptom development of
Xvv four (bacterial ooze) and seven (CO-5, CO-6, CO-8) days post inoculation. H,O was used
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as negative control for the experiment. B) Disease caused by Xvv with isolates from Colorado
(CO-5, CO-6, CO-8) and lowa (IA-2, IA-3) on popcorn (yellow) and two grain corn varieties
(P1151 (red), PO302 (blue)). Leaves of three-week old plants were infiltrated with each strain at
10° CFU/mL, and disease was assessed at seven days post inoculation. Lesion lengths indicate
expansion beyond the infiltration site. Letters designate significance at p-value < 0.01 of the
interaction of isolates by varieties.

To complement studies done on genotypic diversity of bacterial leaf streak pathogen (Perez-
Quintero et al., 2019), the disease phenotypes of Xvv isolates from United States, Argentina, and
South Africa were assessed. Disease phenotyping on P1151 showed that contemporary isolates
from Argentina and United States tend to cause more severe symptoms than older Xvv isolates
from South Africa and contemporary Xvh (Figure 2.4 top panel). Although the majority of
isolates did not have significantly different disease levels, isolates Arg-4B and Arg-5B caused
significantly more disease than SAM 113.

Disease response on popcorn showed lower aggressiveness levels for American Xvv isolates
than for South African strains (Figure 2.4, bottom panel). On popcorn, isolate SAM 119 was the
most aggressive among all other tested samples. The statistical significance analyses were
performed with each variety separately, however, when all the data were combined, there was a
strong interaction of isolate by variety (p-value < 2.2%¢'®). Intriguingly, isolates of Xvv
recovered from the same location on different plants, varied in disease severity. This was the
case for CO-5 and CO-6 inoculated on popcorn and Arg-4A and Arg-7A inoculated on P1151.

CO-6 was the least aggressive isolate among all tested and Arg-4A was more aggressive than

Arg-7A.
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Figure 2.4: Phenotypic characterization of Xvv and Xvh on corn. Disease caused by Xvv and Xvh on corn hybrids P1151 (top
panel) and popcorn (bottom panel). Three week-old plants were infiltrated with 10° CFU/mL of each isolate, and disease was
assessed at seven days post inoculation. Lesion length (cm) indicates expansion beyond the infiltration site. The entire experiment was
replicated three times and combined data from all replications is shown here. Letters designate significance at p-value <0.0001 using
square root transformation of lesion length per each variety and sample size of at least seven replicates per isolate (90% statistical
power).
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Disease phenotypes on sorghum and sugarcane were similar to results obtained by Lang et al.
(2017). When Xvv and Xvh isolates were inoculated on sorghum (Figure 2.5), characteristic
symptom development for Xvh isolate (Xvh 482) was observed, but little to no lesion progression
occurred with Xvv isolates. Lesions were confined to the point of inoculation for most of the
cases and isolate Xvh 482 was significantly different from all Xvv samples. However, bacterial
ooze was observed on all leaves inoculated with Xvv. All samples on sugarcane showed a red

coloration with water soaking but no lesion expansion in any of them (data not shown).
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Figure 2.5: Phenotypic characterization of Xvv and Xvh on Super sugar sorghum. Three
week-old plants were infiltrated with 1 0% CFU/mL of each isolate, and disease was assessed at
seven days post inoculation (dpi). Lesion length (cm) indicates expansion beyond the infiltration
site. Letters designate significance at p-value <0.0001 using square root transformation of
lesion length and sample size of seven replicates per isolate (90% statistical power).

All the inoculations by infiltration presented high level of variation. Some of the issues that
may have affected the results include: inoculation on one side of the leaf resulted in a long lesion

length while lesion on the other side of the mid-vein did not have a significant expansion (Figure
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2.6), inoculation on one leaf with both lesions expanding but on the other leaf, in the same plant,
did not, and some leaves have minimal lesion expansion but significant amount of bacterial ooze

so they could potentially infect other plants.

Figure 2.6: Inoculation by infiltration of Xvv on corn.

To determine whether or not the proposed horizontal gene transfer event from Xvh to
American Xvv strains (Perez-Quintero et al., 2019) provides a fitness advantage, eight
representative isolates were analyzed under three different temperatures. To this end, growth
curves in culture from 0 to 48 h were performed at 22°C, 28°C and 34°C (Figure 2.7). These
temperatures corresponded to high and low averages during the summer growing season. After
statistical analysis, two biologically relevant parameters were assessed: time of fastest
multiplication (Xmid) and inverse of growth rate at Xmid value (Scal) (Table 2.5). It is relevant
to note that the coefficients for strain Xvh 482 at 34°C were not calculated because the curve did

not reach stationary phase after 48 h.
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Figure 2.7: Growth curves in culture of Xvv and Xvh isolates at three different temperatures.
Growth curves were performed in nutrient broth for seven Xvv isolates (CO-5, NE-3, Arg-3B,
Arg-7A, SAM 113, SAM 118, SAM 119) and one Xvh isolate (Xvh 482) under three temperatures
(22°C (small dotted lines), 28°C (straight lines), and 34°C (long dotted lines). The experiment
was repeated three times and each curve represents the average of three independent replicates.
Y-axis represents the optical density at 600 nm (OD spoum) While x-axis shows the time (hours) at
which each isolate was grown. Absorbance values were recorded every hour during 48 h for
28°C and 72 h for temperatures 22°C and 34°C.

Pairwise comparisons considering both differences in isolates under the same temperature
and temperature changes within the same isolate were done using CO-5 and 28°C as reference
isolate and temperature, respectively (Table 2.5). At 28°C, Xmid values were not significantly
different between any of the isolates versus CO-5 with the exception of Xvh 482 that grew
significantly slower (p-value between CO-5 and Xvh 482 was 0.0034, Table 2.5). This
significance is evident since all the curves at 28°C grouped together except for the Xvh 482

curve. On the other hand, the average Scal values showed that there were two significant

differences among isolates: first CO-5 and Xvh 482 and second, CO-5 and SAM 113. The first
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significance value was expected but the second one was not. It is likely the slope of SAM 113
affected the results because this isolate grew to a much higher optical density than the other ones.

At 22°C the time of fastest multiplication (Xmid) was significantly different between North
and South American Xvv isolates (CO-5, NE-3, Arg-3B) versus South African Xvv isolates and
contemporary Xvh isolates with the exception of Arg-7A that grouped together with the latter
samples. Significant differences in Xmid values were between three to six hours for this
temperature. Multiplication rates for all of the isolates were significantly different from CO-5
except Arg-3B.

At 34°C, no significant differences in Xmid or multiplication rate were observed except with
Xvh 482 which took longer to reach exponential and stationary phases. Although parameters for
this curve were not obtained, it is evident that this isolate multiplied much more slowly than the
rest. In fact, the starting of its exponential and stationary phases were 40 and 65 h respectively,
while all the other isolates were in stationary phase at his point.

Population growth rates at 28°C were significantly different from 22°C and at 34°C (Table
2.5). The 22°C and 34°C growth rates were statistically different from the 28°C values in
opposite directions, indicating that the growth rates between 22°C and 34°C varied significantly.
Similarly, Xmid values at 22°C were significantly different from 28°C but values at 34°C were
not significantly different from Xmid values at 28°C. This is congruent as curves at 34°C were
closer to 28°C than 28°C versus 22°C. The time of fastest growth between 28°C and 34°C were

closer, although their slopes were different.
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Table 2.5: Average parameters and p-values of parameters for growth curves of Xvv and Xvh isolates at three different temperatures
Comparison by | Comparison by Comparison by | Comparison by
Temperature Isolate | Xmid isolate temperature | Scal isolate temperature 1/Scal
p-value Xmid* | p-value Xmid* p-value Scal* p-value Scal*
CO-5 6.94 - 0.00001 4.09 - 0.00001 0.24
NE-3 7.09 0.4462 0.00001 3.50 0.0019 0.00001 0.29
Arg-3B | 6.53 0.0583 0.00001 4.23 0.5282 0.00001 0.24
290C Arg-7A | 10.73 0.00001 0.00001 5.10 0.00001 0.00001 0.20
SAM 113 | 11.32 0.00001 0.00001 5.76 0.00001 0.00001 0.17
SAM 118 | 9.51 0.00001 0.00001 4.76 0.0016 0.00001 0.21
SAM 119 | 9.70 0.00001 0.00001 4.54 0.0283 0.00001 0.22
Xvh 482 | 10.68 0.00001 na 4.87 0.0002 na 0.21
CO-5 |22.66 - - 6.33 - - 0.16
NE-3 |23.93 0.3292 - 6.84 0.4814 - 0.15
Arg-3B |23.73 0.3783 - 6.91 0.2947 - 0.15
28°C Arg-7A | 23.62 0.2345 - 7.21 0.5754 - 0.14
SAM 113 | 23.48 0.2949 - 3.05 0.00001 - 0.33
SAM 118 | 23.02 0.7439 - 7.43 0.1968 - 0.14
SAM 119 | 23.47 0.4773 - 7.54 0.1639 - 0.13
Xvh 482 |29.46 0.0034 na 10.10 0.0038 na 0.10
CO-5 |40.14 - 0.1267 18.01 - 0.0012 0.06
NE-3 |56.59 0.5769 0.0902 19.62 0.7007 0.0003 0.05
Arg-3B |42.61 0.8931 0.0758 17.61 0.9414 0.0005 0.06
34°C Arg-7TA |29.65 0.3147 0.0976 12.87 0.2254 0.0017 0.08
SAM 113 | 27.20 0.2202 0.1906 10.91 0.0727 0.00001 0.09
SAM 118 | 27.52 0.2308 0.0557 11.05 0.0801 0.0071 0.09
SAM 119 | 27.80 0.2386 0.0484 10.39 0.0526 0.0245 0.10
Xvh482 | na na na na na na na

*p-values: pairwise comparison between CO-5 vs each isolate and 28°C vs each temperature, o = 0.05, na: not applicable
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Another aspect of bacterial leaf streak disease ecology is related to the interaction of Xvv
with the proposed corn endophyte P. ananatis (Sheibani-Tezerji et al., 2015). Co-infiltrations of
Xvv and P. ananatis resulted in significantly smaller lesions than when Xvv was inoculated by
itself. Likewise, when P. ananatis was inoculated by itself, no disease symptoms developed
under the same environmental conditions (Figure 2.8A).

Spray inoculations that simulate natural infection in the field had the same results as the co-
infiltrations experiments (Figure 2.8B). Disease incidence was 100% for all plants inoculated
with Xvv and co-inoculation with Xvv + P. ananatis, but 0% incidence when inoculated with only
P. ananatis. Disease severity was assessed by calculating the percentage of leaves infected in a
given plant. An average of 40% of leaves were infected on plants inoculated with only Xvv
compared to an average of 19% of leaves infected in the co-inoculated, Xvv + P. ananatis, plants.
These values were significantly different from each other as with the infiltration experiments
(Figure 2.8B).

The lower disease levels observed for the co-inoculation may be the result of inhibition of
Xw’s growth through the secretion of toxins or secondary metabolites by P. ananatis or by a
competition for space between Xvv and P. ananatis. To test the first option, inhibition
experiments were completed with both bacteria grown on the same plates: either on a lawn of
Xvy with a drop of P. ananatis and vice versa. Inhibition was not observed for any of the plates

(data not shown).

44



A) B)

60

-
9
- 8 = 50
= i
= 2
= 2
E g ¥ b
g 6 £
= 2
= S
2 z
- 4 . =1
3
2 20 S F—
3
a* B~
.
. b
8o 10
.
a E;! a
% ———smmss—
0 e s— 0
P.ananatis Xww Xw + P. ananatis P. ananatis X Xw + P. ananatis

Figure 2.8: Interaction of Xvv and P. ananatis on popcorn. Three week-old corn plants were either infiltrated (A) or sprayed (B)
with 10° CFU/mL of P. ananatis, Xvv and co-inoculum (Xvv + P. ananatis). Disease was assessed at seven days post inoculation. The
entire experiment was replicated three times and combined data from all replications is shown here. Letters designate significance at
p-value <0.0001 using 26 replicates per treatment for (A) and nine replicates per treatment in (B).
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To address the second possibility of space competition, we performed growth curves of both
strains and found that P. ananatis multiplies almost two times faster than Xvv (Xmidp. gnanasis =
12.17 h versus Xmidy,, = 20.26 h) in culture (Figure 2.9). It is likely that P. ananatis suppresses
disease symptoms caused by Xvv via colonizing leaf surfaces faster than the corn pathogen.
Growth curves in planta were not done as P. ananatis did not cause any symptom development

and we did not develop marked strains to differentiate these bacteria on the plant tissue.
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Figure 2.9: Growth curve of Xvv (red line) and P. ananatis (blue line) at 28°C in nutrient
broth. Each curve shows the average of three independent replicates. Y-axis represents the
optical density at 600 nm (OD sponm) While x-axis shows the time (hours) at which each isolate
was grown. Absorbance values were recorded every hour during 72 h.

2.4 DISCUSSION

In this work we studied several aspects of the infection ecology of the emerging disease
bacterial leaf streak of corn. All strategies that manage plant diseases depend on the knowledge

of the ecology and biology of the pathogens causing the disease (Morris et al., 2017). Hence, by
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understanding how the bacterial leaf streak pathogen enters, exits, interacts with different hosts
and with other microbes, growers could make informative fact-based decisions related to disease
management.

Like other foliar bacterial pathogens such as Xanthomonas axonopodis pv. allii (causal agent
of Xanthomonas leaf blight of onion) (Schwartz & Gent, 2011) and Xanthomonas translucens
pv. undulosa (causal agent of bacterial leaf streak of barley) (Adhikari et al., 2011), Xvv
colonized the non-vascular apoplastic tissue. This information is also consistent with reports
from Hartman (2018) where they could only recover the pathogen from leaves that were present
at time of inoculation. The findings by Hartman (2018) and those presented here suggest that,
unlike the strain of Xvv that infects sugarcane, Xvv that infects corn remains localized to the site
of infection leading to a non-systemic disease response on corn and on at least sixteen other
alternative hosts. The lack of systemic movement of Xvv could be due to the difference in
morphology and physiology between corn and sugarcane (North, 1935) or it could be because
Xvv from corn lacks effector XopAf or some other effector required for systemic spread that is
present in Xvv from sugarcane. The latter statement is supported as the inoculations of corn-Xvv
on sugarcane did not cause a systemic response.

The ability of a plant pathogen to enter their hosts is a crucial first step in the development of
a foliar infection (Melotto et al., 2008). To gain access into the intercellular spaces and internal
leaf tissue, many bacterial pathogens rely on intrinsic plant structures such as stomata,
hydathodes, or lenticels. The stomata represent one of the most important entry routes for foliar
bacterial pathogens, as they are the most abundant natural openings in the aerial part of plants
that control gas exchange and water transpirations between the plant interior and the

environment (Melotto et al., 2008). Although we could not capture Xvv entering the plant
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through the stomata in real time, we hypothesized bacteria use these structures to entry the plant.
This is because we observed a higher number of bacteria at this site and stomata are often kept
open for a long period of time when high humidity is present in the environment. Since fields in
Colorado and Nebraska are heavily watered through overhead center pivot irrigation (Turkington
et al., 2004; Lichtenber, 1989) and fields in Iowa or Illinois are inherently humid, then it is
possible a humid microclimate can be found inside corn fields providing the perfect environment
for bacterial entrance into the corn plant.

A strong interaction was found between Xvv populations from North and South America,
historical South African Xvv isolates, and the putative genome donor Xvh when inoculated on
different corn hybrids. Bacterial leaf streak symptoms develop with all Xvv isolates, although this
response is highly variable on the two corn varieties tested. On popcorn SAM 119 was the most
aggressive isolate while CO-6 was the least aggressive. On grain corn P1151, Arg-4A and Arg-
5B had highest disease progression while SAM 113 had the lowest. The results of the
inoculations of SAM 119 in popcorn are similar to those found by Lang et al. (2017) who used
another corn variety (DKC 61-88). In summary, South African isolates were more aggressive on
popcorn while Xvv isolates from Argentina tend to be more aggressive on grain corn P1151.
Even though popcorn and dent corn have different genetic lineages (Beadle, 1980; Kantety et al.,
1995) and popcorn is more susceptible than grain corn to other corn diseases such as Stewart’s
bacterial wilt and blight, corn smut, northern corn leaf, and gray leaf spot (Peltier et al., 2008),
the variation of Xvv disease response between the two corn types is interesting.

Inoculations of Xvv and Xvh on corn, sorghum, and sugarcane provided similar results to
those of Lang et al. (2017). In particular, Xvh on corn causes water soaking symptoms with ooze

but does not result in lesion expansion. Xvh has not recently been found on corn in the field
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(Hartman, 2018; Lang et al., 2017), thus we hypothesize the amount of inoculated bacteria is
higher than quantities of Xvh naturally found in a corn field site. Another explanation may
consider that by infiltrating Xvh on this host the initial pathogen triggered immunity (PTI)
response is bypassed. In this sense, Xvh may be able to colonize intercellular tissue until the plant
activates the effector triggered immunity response that likely prevented greater lesion expansion.
This response may also have occurred with Xvv inoculated on sorghum. Although there have not
been reports of Xvv in sorghum fields, Hartman (2018) found a similar response to our
inoculations on sorghum under greenhouse conditions.

There were two limitations with the infiltration experiments: 1) there was a high variability
among replicates of the same Xvv isolate and 2) we only quantified lesion length when
measuring disease response. First, the variation of the infiltration experiments predominated
when one side of the infiltrated leaf showed a large symptom expansion while the other side did
not. It is not known if there is a biological reaction of the plant against the bacteria or if it is just
a matter of getting the bacteria inoculated in the intervenial spaces of the leaf. Spray inoculations
were not performed, even though this method more closely simulates the natural infection. In
preliminary experiments, it was difficult to quantitatively evaluate small differences among
isolates and control the amount of bacteria inoculated onto each leaf at a given time.

Second, lesion length was the only component of disease response. All isolates produced
ooze on the exterior of the leaf surfaces whether they produced lesion expansion or not.
Unfortunately, ooze was not quantified, resulting in an underestimation of the importance of this
phenotypic response in the isolates in which the lesion did not expand but there was ooze. Since

rain and wind dispersal of bacterial ooze is likely the main method for pathogen dispersal,
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quantification of exudate from infected leaves should be considered as another important
component in understanding the epidemiology and aggressiveness of these isolates.

There were no significant differences in the aggressiveness of isolates of Xvv and Xvh on
grain corn. This suggests that the proposed horizontal gene transfer event from Xvi to American
Xvv strains (Perez-Quintero et al., 2019) did not result in an increase in aggressiveness.
Establishing a link between the phenotype and genotype data is a challenging task because
changes at the genome level may either be expressed or have little to no effects on the
phenotypic response of a pathogen (Perfeito et al., 2007). It should be noted that phenotypic
responses can also include more than increase in the leaf lesions (e.g., protein modifications or
quorum sensing).

Within the context of this study, fitness is described as the ability of the bacteria to replicate
and survive under a given environmental condition (Pope et al., 2010). When we evaluated
growth rates of Xvv isolates at three temperatures, the characteristic phases of bacterial growth
(lag, exponential, stationary, and death) were observed, but it was noticed that Xvh took longer to
reach the exponential phase in all cases. At 28°C, the temperature at which all strains grew in
culture; there was no fitness advantage of Xvv isolates from North and South America compared
to Xvv isolates from South Africa. However, at 22°C, where all isolates of Xvv had a higher
growth rate, a statistically significant difference was observed between Xvv from the Americas
and Xvv from South Africa as well as contemporary Xvh isolates.

Furthermore, at a lower temperature, 22°C, Xvv and Xvh isolates spend less time in lag phase
and had higher growth rates than when grown at 28°C, which was previously assumed to be
optimal for bacterial multiplication in culture. Based on field observations, Xvv’s infection is

more severe under high humidity; it is possible the humid microclimate inside the corn field had
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a lower temperature than the outside environment. Additionally, it is also possible that corn has a
mechanism for regulating the temperature inside the plant. For example, it has been shown that
rice temperature inside the plant is lower than outside during a hot day in the summer (Liu et al.,
2018). Corn may have this same thermoregulation process, although it has never been
demonstrated.

Finally, we explored the role of another microbe in the bacterial leaf streak disease response.
Similar to observations by Lang et al. (2017), P. ananatis was frequently isolated from fields
infected with Xvv. Previous research has documented different life strategies for P. ananatis
depending on environmental conditions (Coutinho & Venter, 2009; Goszczynska et al., 2007).
For instance, P. ananatis was described as a pathogen of corn causing brown stalk rot in South
Africa (Goszczynska et al., 2007); in other cases, P. ananatis has proven to be beneficial to the
hosts by expressing antibacterial activity, triggering induced systemic resistance or competing
for space with pathogens (Coutinho & Venter, 2009). Moreover, it is not the first time P.
ananatis has been found in association with Xvv. In fact, recently both microorganisms were
found infecting eucalyptus (Coutinho et al., 2015).

Based on our results, where the presence of P. ananatis significantly reduced symptoms of
bacterial leaf streak under greenhouse conditions, and since brown stalk rot symptoms have not
been reported on infected corn fields in the United States, we concluded there is not a synergistic
relationship between the two organisms. Less disease may be the result of either P. ananatis
inhibiting the growth of Xvv through the secretion of toxins or secondary metabolites or by
competing for space or nutrients with Xvv. Our results support the latter as P. ananatis grew
faster than Xvv in culture and failed to suppress Xvv colony expansion in direct competition

studies. The role of P. ananatis raises several exciting questions about the potential use of this
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organism as a biocontrol agent against bacterial leaf streak of corn. This would be beneficial
since chemical control, via bactericides, are not readily available for this disease.

This research provided information on the fundamental aspects of the biology of the
pathogen causing bacterial leaf streak of corn in the United States and Argentina. Through the
use of molecular biology, fluorescent microscopy, and microbiological techniques we addressed
questions related to the localization of Xvv within plant cells, behavior of Xvv isolates on
different corn varieties, and relationship of Xvv with other microbes. While this research has
contributed valuable information to our knowledge of Xvv disease ecology, further studies are
needed to advance our understanding of this pathogen, including: 1) investigating the role of
stomata in resistant and susceptible corn varieties to bacterial leaf streak pathogen, 2) evaluating
fitness and/or virulence advantage in planta, 3) assessing impact on virulence capacity of both
Xvv and P. ananatis, and 4) characterizing the potential epiphytic phase of Xvv and if so, what is

the amount of bacteria necessary to change their life style and become a pathogen.
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CHAPTER 3

SURVIVAL OF XANTHOMONAS VASICOLA PV. VASCULORUM IN CORN DEBRIS

3.1 INTRODUCTION

The emerging pathogen Xanthomonas vasicola pv. vasculorum (Xvv) causes bacterial leaf
streak of corn in the United States, Argentina, and Brazil (Korus et al., 2017; Leite Jr. et al.,
2018; Plazas et al., 2018). Symptoms of bacterial leaf streak on corn include: dark, water-soaked,
linear lesions with wavy-edged margins that range from brown to yellow streaks. Based on field
observations, it is believed Xvv may survive in infected residue or on alternate hosts during the
winter (Hartman, 2018). As corn seedlings emerge, Xvv that survived in residue may be splashed
by rain and irrigation water onto new leaves. The bacteria may then enter the plant through
natural openings or wounds. Once inside, Xvv will reproduce and cause characteristic intervenial
streaks on corn leaves. We have proposed that rain and wind-driven events aid in the
transmission of the bacteria during the mid- to late growing season based on symptom
distribution observed in the field that have experienced recent thunderstorms. After the corn is
harvested, the bacteria persist in the leaves or on alternative hosts to start the cycle again in the
following year.

Survival of plant pathogens is a key factor that ensures the development of primary inoculum
and persistence of a disease in a determined area. In annual crops for example, pathogens may
survive the winter in infected plant debris, soil, seeds, resting structures, alternative hosts, and

even in insect vectors (Schuster & Coyne, 1974). Xanthomonas species have been shown to be
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highly adaptable to different hosts and environments (Jacques et al., 2016; Leyns et al., 1984).
For instance, X. oryzae pv. oryzae (Sakthivel et al., 2001), X. campestris pv. carotae (Kuan et al.,
1985), and X. campestris pv. campestris (Randhawa & Schaad, 1894) survive on seeds of their
respective hosts (rice, carrot, and crucifers). Xanthomonas may also survive in the soil such as X.
vasicola pv. musacearum (Mwebaze et al., 2006), or in crop debris such as X. axonopodis pv.
allii (Gent et al., 2005) and X. campestris pv. armoraciae (Zhao et al., 2002).

Research on the persistence of Xvv has focused on finding potential alternative hosts in or
near corn fields (Hartman, 2018) and in evaluating the seed transmission rate of this pathogen
(Arias et al., 2017). Evidence on the host range showed that big bluestem and bristly foxtail are
two grasses determined to be hosts of Xvv in both greenhouse and field conditions (Hartman,
2018). So far, survival in naturally-contaminated corn seeds can only be detected at very low
levels (0.1 to 0.5% in pooled seedling samples); therefore, this mode of persistence is unlikely
(Arias et al., 2017). Furthermore, survival of Xvv on crop debris has not yet been explored.
Considering that the incidence of bacterial leaf streak of corn is greatest in northeastern
Colorado, western Nebraska, and western Kansas, where continuous corn production is a
common practice (USDA-NASS, 2018b), and that corn residue is often left in the field to serve
as a protective layer in sandy soils and to graze cattle (personal communication, Brett Adler,
Colorado Corn Grower), it is likely that the amount of residue left on the soil may represent a
significant reservoir for initial inoculum of the bacterial pathogen.

The goal of this study was to evaluate the potential of corn residue as primary inoculum for
the development of the bacterial leaf streak of corn. A three-year study was conducted by leaving
fine mesh bags with infected residue either on the surface or buried 10 cm below ground and

collecting them after winter had passed. Several techniques were evaluated to isolate and
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quantify the pathogen as well as to correlate these results with changing environmental
conditions on the studied locations. This information will be valuable to design agronomic
practices designed to reduce and/or eliminate the amount of inoculum and prevent further spread

of the bacterial leaf streak pathogen.

3.2 MATERIALS AND METHODS

3.2.1 Field studies

Survival of Xvv in plant residue was evaluated through a three-year study in continuous corn
fields during the winters of 2016, 2017, and 2018. Different locations across Colorado,
Nebraska, and Iowa ensured a longitudinal gradient from dry to humid climates and from sandy
to silty clay soils (Table 3.1). During the first year, three fields were located in eastern Colorado.
For the second year study, we collected samples in four fields in Colorado, six locations across
Nebraska, and two sites in lowa (Figure 3.1). All of the fields had significant disease incidence
during the three years. In October of each year, ten corn leaves, naturally infected with Xvv, were
collected and placed inside fine nylon mesh bags. A total of ten bags were placed at each field,
five bags were left on the soil surface and five bags were buried 10 cm below ground. Bags on
the surface were covered with 1 inch plastic garden fence to protect them from being blown
away. Soil samples were collected from the top 10 cm of soil and analyzed for texture class at
the Water and Plant Testing Laboratory at Colorado State University (Table 3.1). Symptomatic
corn leaves were confirmed to be positive for infection with the bacterial leaf streak pathogen
through isolation and PCR strategies at the laboratory (see below). Sample bags were recovered

in April of the following year, and processed for further analyses.
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Figure 3.1: Description of field locations in Colorado, Nebraska, and lowa during three-year
study. The map shows the coordinates of the locations for each year and the closest weather
stations to the sites.

Table 3.1: Description of locations in Colorado, Nebraska, and Iowa for three-year survival

study on corn debris

Year State Location County Irrigated | Soil texture class
Colorado | Alvin Yuma Yes sandy loam
Year 1 | Colorado | Eckely Yuma Yes sandy loam
2016-2017 | Colorado Wray Yuma Yes sandy loam
Colorado | Vernon Yuma No sandy clay loam
Colorado | Vernon 2 Yuma Yes sandy clay loam
Colorado | Alvin 2 Yuma Yes sandy loam
Colorado | Holyoke Phillips Yes sandy clay loam
Nebraska | Ithaca Saunders No silty clay loam
Year 2 Nebraska | Clay Center | Clay Yes silt loam
2017-2018 | Nebraska | Concord Dixon Yes silty clay loam
Nebraska | Ewing Holt No sandy loam
Nebraska | North Platte | Lincoln Yes loam fine sand
Nebraska | Scottsbluff Scotts Bluff | Yes loam fine sand
Iowa Ames Story No silty clay loam
Iowa Wyman Washington | No silty clay laom
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Colorado | Alvin 3 Yuma Yes sand

Year3 | Colorado | Adler-18 Yuma Yes sand
2018-2019 Iowa Ames Story No silty clay loam
Iowa Wyman Washington | No Silty clay laom

3.2.2 Isolation and molecular detection of suspected Xvv strains from corn residue
Samples recovered from the fields at the beginning of each experimental year (October) were
isolated according to Lang et al. (2017). At the end of each experimental year (April), bacterial
samples were isolated by first cutting tissue in smaller pieces with sterile scissors and measuring
1 g of residue. Each sample was then soaked in either 9 mL of 100 mM MgSO4 or 9 mL of 10
mM PBS for 15 min at room temperature. Samples were shaken by inversion for 2 min and serial
dilutions were prepared from 10°, corresponding to original sample, until 10”. Next, 20 puL from
each solution was plated onto nutrient agar (NA) and yeast dextrose calcium carbonate (YDC)
plates. Suspected colonies were further purified until obtaining pure cultures. A second
methodology for isolation included the incubation of samples for 1 and 24 h at 28 °C in a 10 mL
10 mM PBS solution. Serial dilutions and plating were performed as described previously.
Molecular detection was done through colony PCR of the 16S rRNA gene. DNA template
was prepared by boiling 1 colony in 10 pL of sterile water at 95°C for 5 min. PCR reactions (50
uL) contained 2 pL of boiled DNA template, 0.2 pM of each primer (515-F
(GTGCCAGCMGCCGCGAT), 806-R (GGACTACHVGGGTWTCTAAT)), 1X GoTaq reaction
buffer, 2 mM MgCl,, 0.2 mM dNTPs, and 0.25 unit/uL GoTaq DNA polymerase enzyme
(Promega). The cycling conditions were as follows: initial denaturation at 94°C for 3 min,
following 35 cycles of 94°C for 45 s, 50°C for 1 min and 72°C for 1:30 min, and the final
extension period at 72°C for 10 min. PCR fragments were separated in a 1.5% agarose gel for 45

min at 90 V, and fragments were extracted and purified using the DNA clean & concentrator kit
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(ZYMO Research). Sequencing was performed with 5 ng/uL of each PCR product at Quintara
Biosciences (Fort Collins, CO) and analyzed using Geneious software (version 10.0.7). Sequence

identities were determined using Blastn from the NCBI database.

3.2.3 Inoculation of residue corn samples into healthy corn plants

To test pathogenicity of corn residue from the 2016 locations, three inoculation
methodologies were used. For the first two procedures (infiltration and stab on the stem), 0.5 g of
residue sample from surface and from below ground were measured from each location and then
added to 20 mL of 10 mM PBS pH 7.4. Solutions were incubated at 28°C for 24 h at 200 rpm.
Inoculations were done with 3-week-old popcorn plants under maintained greenhouse conditions
(30 = 1°C, 16 h day length, and 80% relative humidity) by either infiltrating into the intercellular
spaces of leaves on either side of the abaxial vein or by stabbing the lower stem with 50 uL of
each solution. Symptom development was monitored during seven and fourteen days post
inoculation.

The third method of inoculation of the residue samples consisted on grinding 1 g of residue
with a sterile mortar and pestle, and dissolving the extract into 100 mL of sterile water. Samples
were incubated for 1 and 24 h at 28 °C, 220 rpm. All the leaves in three popcorn plants were
sprayed with 50 mL of solution after each time point and placed in a mist bench with misting
every hour for 2 min during 12 h. For all inoculations, Xvv CO-5 was used as positive control

and sterile, distilled water was used as negative control.
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3.2.4 Minimum amount of inoculum to cause disease in the greenhouse

Corn hybrid (Pioneer P1151) was grown in a 1:1 mix of Promix-BX Biofungicide + Mycorrhizae
(Quakertown, PA) under greenhouse conditions (30 = 1 °C, 16 h day length, and 80% relative
humidity). Bacterial isolate Xvv CO-5 was cultured in peptone sucrose agar (PSA) for 24 h at
28°C and suspended to 10 CFU/mL in sterile, distilled water. Serial dilutions were prepared
from 10° CFU/mL until 10! CFU/mL. Three weeks after planting, plants were either infiltrated or
sprayed with each dilution. Infiltration was done as described by Lang et al. (2017) and spray
inoculations were performed with ~15 mL of bacterial suspension. After inoculation, plants were
placed under high humidity (>90% relative humidity) for 48 h in growth chamber and then they
were transferred to standard greenhouse conditions. Sterile, distilled water was used as a
negative control in all inoculations. Three independent replicates were done per each dilution and
treatment. Quantification of the lesion length in the infiltrated plants was done by measuring the
expansion distance beyond the infiltration site. Severity after spray was scored by counting the
number of leaves infected over the total number of leaves on a plant (Hartman, 2018). Symptom

development was assessed at 7 days post inoculation for each treatment.

3.2.5 Quantification of Xvv from corn debris using real time PCR and high- throughput
assay

DNA extractions using a Kingfisher kit (Thermo Scientific) were performed with 50 mg of
each sample from year 1 and following manufacturer recommendations. DNA concentrations
were measured in Nanodrop One (Thermo Scientific) and dilutions of all samples to 20 ng/uL
were made. Real-time PCR was performed as described in Stulberg et al. (2019). Predicted

concentrations in ng/uL. were obtained using standard curve of the positive Xvv CO-5 strain.
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Three random samples from each bag at all the locations (10 bags per location) were sent to
the National Agricultural Genotyping Center (NAGC) in Fargo, ND. These samples were tested
against the high-throughput protocol for quantification of Xvv (NAGC, 2019). Quantity of
bacteria was expressed in colony forming units per gram of residue (CFU/g). One independent
sample consisted of the average of the three technical replicates per bag. Average values of
independent replicates were obtained depending on their location and status within the field
(surface or buried). Quantification was done at the end of year 1 study and at the beginning and
end of year 2 and 3 of the survival study. Based on r-student residual outlier test, the Clay Center
field in Nebraska for year 2 was an outlier. Therefore, this site was discarded for further analysis.

For statistical analysis, a one-way ANOVA using log (Quantity) transformation was
performed in R (version 3.5.2) with the Im and anova functions. Log transformation was done to
satisfy ANOVA assumptions. All pairwise comparisons were done using emmeans function from
the emmeans package with Tukey adjustment test (HSD, honestly significant difference) and o =

0.05.

3.2.6 Weather data

Historical certified weather data was downloaded from the National Center for
Environmental Information (NCEI) (www.ncdc.noaa.gov). This data described the global
summary of rain and snow in each of the months the bags were left on the fields from 2017 until
2019. Inches of rain and snow were correlated with quantities of Xvv for the second and third

year across the different states. Sample correlation coefficients were obtained using JMP

software (JMP 13.0.0).
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3.2.7 Percentage degradation of quantities of Xvv

Percentage degradation in each location for the second and third year considered the average
initial quantity of Xvv DNA when bags were left on the field and average of surface and buried
samples when bags were collected after six months. Percentage degradation was calculated using
the following formula:

Average Initial Quantity — Average Final Quantity 100
k

% d dation =
Yo degradation Average Initial Quantity

Statistical differences on the means of percentage degradation of Xvv in surface and buried
sample were evaluated through the student’s t-test in R (version 3.5.2) with t.test function and a

=0.05.

3.2.8 Natural infection of Xvv onto emerging corn seedlings in greenhouse conditions
Three greenhouse survival experiments were performed to simulate the natural infection of
Xvv from crop debris to emerging corn seedlings. Four amounts of residue (5, 7, 9, 18 g) were
placed on the surface of the soil in pots with three independent replicates per each amount for the
first and second experiments. The third experiment had different amounts of residue (5, 10, 15
g). Each amount was placed in triplicate on the surface of pots and also mixed with the soil. All
experiments were done under two environments: “wet environment” inside mist bench (misting
every 40 min for 30 s during 12 h) and a “dry environment” under greenhouse conditions (30 +
1°C, 16 h day length). High relative humidity was present in wet environment. Independently of
the environment plants were watered once every other day. Four seeds of P1151 corn hybrid
were allowed to grow in each pot for six weeks and observations of bacterial leaf streak

symptoms were made twice per week.
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3.3 RESULTS

Potential survival of Xvv on corn litter in the first year study was evaluated through two
conventional methods: isolation of suspected bacteria from corn residue and pathogenicity tests.
We tried three isolation methodologies involving dilution plating of PBS, MgSO,, and H,O
solutions. From here, 50 suspected bright yellow colonies were isolated and proceed to
molecular identification using the 16S rRNA gene. Unfortunately, none of these colonies
belonged to the genus Xanthomonas (Table 3.2). The majority of the isolated bacteria, 34%,
corresponded to Curtobacterium spp. This genus has the same morphology as Xanthomonas spp.
in culture but is a gram-positive organism and a general soil inhabitant (Silva Jinior et al., 2012).
Out of all the isolated bacteria, the closest phylogenetically to the Xanthomonas genus was
Stenotrophomonas spp. This genus was first grouped with Xanthomonas until 1993, when its
taxonomy was revised and it was placed its own genus (Palleroni & Bradbury, 1993). In contrast
to Xanthomonas spp., no Stenotrophomonas species are known to be phytopathogenic (Ryan et
al., 2009). The other isolated bacteria are common soil inhabitants such as Frigoribacterium spp.
(Dastager et al., 2008) and Massilia spp. (Ofek et al., 2012) and potential opportunistic animal
pathogens like Serratia spp. (Grimont & Grimont, 2006).

Table 3.2: Different genera of bacteria recovered from litter studies

Isolated Bacteria Total %

Curtobacterium spp. 17 34
Stenotrophomonas spp. 9 18
Massilia spp. 5 10
Chryseobacterium spp. 4 8
Frigoribacterium spp. 5 10
Uncultured bacterium 3 6
Salinibacterium spp. 2 4
Pseudomonas lini 2 4
Serratia spp. 1 2
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Microbacterium spp. 1 2
Pedobacter spp. 1 2
Total 50 100

Since it was not possible to isolate Xvv from any of the residue samples, we then focused on
evaluating the pathogenicity potential of the crop debris. To this end, we inoculated extracts of
corn residue, which were previously incubated on 20 mL of PBS for 24 hours at 28°C, into
healthy corn plants. None of the implemented inoculation strategies (infiltration, stab on the
stem, and spray) resulted in the characteristic symptoms of bacterial leaf streak after seven days

post inoculation under greenhouse conditions (Figure 3.2).

A

Infiltration Stab on stem Spray
Figure 3.2: Three inoculation strategies using extract from corn debris. A) Infiltration on the
back side of the plant. Black lines delimitated the infiltration site. B) Stab on the lower stem lead
to holes in the middle of the newest leaf. C) Spray of corn debris extract across the entire plant
did not show any symptoms.
Through greenhouse inoculation experiments, we found that the minimum amount of
inoculum to cause disease is 10° CFU/mL of bacterial suspension. Therefore, it is possible that

the amount of Xvv present in the corn residue extracts was lower than the one used in the

inoculations. At this point, it was unknown if the bacteria were even present in any of the studied
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samples. To address this concern, molecular detection methods were carried out first in the lab
using a real time PCR protocol (Stulberg et al., 2019) and second through a high-throughput
quantification method developed at the National Agricultural Genotyping Center (NAGC). For
the identification protocol, samples were classified depending on their type (surface or buried) in
each location of eastern Colorado.

First, the detection method in our lab predicted low levels of Xvv DNA in the corn residue.
Average detected DNA concentrations ranged from 0.0017 to 0.0037 ng/uL and only 5 samples
out of the 32 tested had a concentration above 0.02 ng/uL, which was the accurate detection and
quantifiable level for the established standard curve (Table 3.3). Second, quantification of the
amount of bacteria at the NAGC allowed the analysis of a high number of samples in a short
period of time. Average values are represented in CFU/g of residue (Figure 3.3). Statistical
analyses showed that quantity of Xvv inside buried bags were significantly higher than quantities
of Xvv inside bags left on the surface of the fields. Even though different standard curves were
used in the detection methods, quantities of Xvv DNA were similar in both laboratories.

Table 3.3: Molecular identification of Xvv from corn residue using real-time PCR protocol

Location | Type Number of | Average concentration
samples (ng/uL)
Eckley Surface |5 0.0368
Buried |4 0.0105
Wray Surface |3 0.0047
Buried |3 0.0017
Alvin Surface | 3 0.0425
Buried |3 0.0061
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Figure 3.3: Quantities of Xvv DNA were hig];::;ioijz the buried samples than in the surface
samples. The graph represents the amount of Xvv for year 1 in Log (CFU/g) (y-axis) per each
location (x-axis) in Colorado. Blue bars denote surface residue and red bars represent buried
residue 10 cm below ground.

In contrast to the results of year 1, quantification of Xvv from corn residue for year 2 (2017-
2018) and 3 (2018-2019) per type showed that the amount of Xvv found on the surface was
significantly higher than the quantity of Xvv found beneath the soil per each location (p-value <
0.0001 for both years) (Figure 3.4A and 3.4B). Additionally, results for both years showed a
strong interaction of type (buried vs. surface) and location (p-value < 0.0001).

To complement these findings, we also evaluated the relationship between precipitation and
quantity of Xvv in corn residue. Precipitation was divided in inches of rain and inches of snow
fallen during the time the bags were left on the field (six months). As expected, for year 2, rain in
Colorado was significantly lower than in Nebraska and Iowa (Figure 3.4A) (NCEI, 2018). In
addition, there were no significantly differences in the quantity of snow in the three states. For

the third year study, there was more rain and snow in Iowa than in Colorado, although no

significant differences were observed (p-value = 0.17) (Figure 3.4B).
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Figure 3.4: Xvv survives mainly in corn residue left on the surface of the fields. Graphs represent the amounts of Xvv in Log CFU/g
(v-axis) per each location (x-axis) for year 2 (A) and year 3 (B), respectively. Blue bars denote surface residue, red bars represent
buried residue, yellow lines show the total inches of rain and green lines show the total inches snow from October to April for year 2
and 3 of the survival study. Results are shown in the log scale of amount of Xvv.
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The relationship between the environmental factors (rain and snow) and the quantities of Xvv
per type (surface and buried) of residue showed a positive correlation between rain and amount
of Xvv for both surface and buried samples during the second year study (Figure 3.5A and 3.5B).
In contrast, there was a negative correlation between snow and quantities of Xvv in surface and
below ground residue for the same year (Figure 3.5C and 3.5D). Although the sample correlation
coefficients did not denote a strong linear relationship between the pairs, there was 95%
coverage in all the comparisons. We observed there was a stronger correlation of rain vs surface
Xvv quantities (r = 0.549) than rain vs buried Xvv quantities (r = 0.400). The lowest correlation
coefficient was between the snow and buried Xvv quantities (r = -0.208).

For year 3, there were only four studied locations; therefore the correlation coefficients were
not robust with this sample size (data not shown). In general, the same trend of an inverse
relationship between snow and quantities of Xvv was observed: more snow may be related to
fewer Xvv. It is worth noting that the inches of snow in Colorado were underestimated because
there was missing data for three out of the six months the bags were left on the field (NCEI,

2018), hence it was not possible to infer a relationship.
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The percentage degradation for each location in Colorado and Nebraska for year 2 and
Colorado and Iowa for year 3 were calculated based on the quantities of Xvv at the beginning and
end of each experimental year (Table 3.4). There is a high percentage of degradation of Xvv
DNA in the corn litter, above 58%, from the fall to the spring of each year. In the second year,
the highest degradation occurred at location Vernon 2 in northeastern Colorado with a 99.9%
degradation of detectable Xvv in buried corn residue. The lowest degradation of Xvv occurred for
surface samples at the North Platte, Nebraska location with a 59.5% reduction. For the third year,
the highest degradation corresponded to 98.85% in the location Alvin 3, Colorado and the lowest
degradation of Xvv corresponded to 58.28% in Ames, lowa.

Comparison of the percentage degradation of surface and buried samples showed that there
was a higher degradation in the below ground samples than in the surface residue for all the
locations (Table 3.4). However, the mean of the percentage degradation of Xvv in surface versus
buried were not significantly different from each other in both years (year 2 p-value = 0.074,
year 3 p-value = 0.17 when a = 0.05).

Table 3.4: Percentage degradation of Xvv from October to April of two consecutive years in
Colorado, Nebraska, and Iowa locations

State Percentage Degradation Year 2 State Percentage Degradation Year 3
Location | Surface Buried Location |Surface |Buried
Vernon 86.9% 96.4% Alvin 3 94.8% 98.9%
Alvin2  |965%  [o18% | COT90 adier  [o25%  [98.1%
Colorado |y mon2 |98.9%  |99.9% Ames  |583% |91.3%
Holyoke |69.4%  |70.9% lowa | oman  |625% |84.2%

Ithaca 74.4% 96.5%
Concord 85.1% 82.6%
Scottsbluff | 88.2% 97.6%

k
Nebraska Ewing 83.2% 99.9%
North
Plotic 59.5% 98.3%
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It has been reported that in a field with 100-150 bushels of grain per acre, there are 62.5 g of
corn residue per square foot left on the surface after harvest (62.5 g/ ft* (KSU-Extension, 1989;
USDA-NRCS, 2018; USDA-NASS, 2018b). Based on this information, we then estimated the
amount of Xvv on the surface (CFU) per square foot and per hectare (ha) in year 2 (Table 3.5).
From here, we found that there is an average of 5.9* 10 CFU/ft?, 2.9%10" CFU/ha. Although the
values of CFU per hectare are low, it is important to consider that this number will vary from
different collection points in the field and it is likely Xvv has a patchy distribution in the residue
across each location. This may be due to a variety of factors including quantity of residue, soil
moisture, SHow cover, etc.

Table 3.5: Estimation of the amount of Xvv DNA per square foot and per hectare for year 2 of
survival study

State Location | Average (CFU/g) | CFU/square foot| CFU/ha
Vernon 13.62 8.51%10° 5.72%10°

Alvin 2 0.369 2.30*10" 1.55%10°

Colorado [ yerpon 2 6.33 3.96%10 2.66*10°
Holyoke 5.15 3.22*107 2.16%10°

Ames 133.74 8.36%10° 5.62%10"

Clay Center 95.81 5.99*10° 1.98*%10"

Concord 15.13 9.45*107 1.09%10"

Nebraska =g i cbluff 11.98 7.49%10° 4.03*10°
Ewing 17.04 1.06%10° 6.36%10°

North Platte 41.09 2.57*10° 5.03%10°

Wyman 472.33 2.95%10* 7.16%10°

lowa Ithaca 25.94 1.62*10° 1.73*10"

1 ft°= 62.5 g of corn residue
1 ha= 107639 ft’
Finally, to determine if infected residue is able to transfer bacteria to emerging seedlings in
the greenhouse, we set up different experiments under two environmental conditions. The first
condition consisted of a wet environment where plants where placed in a mist bench with

constant mist for 12 h. The second condition simulated a dry environment where plants were
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placed in greenhouse conditions with low humidity and watered from the top only once per day.
These experiments were repeated three times with different amount of corn residue that was
close to the real amount that is left on the field. In the first and second replicate, corn debris was
left on the surface of the pots and water was splashed by the mist and through the nozzle in both
environments. In the third replicate, corn residue was also mixed with the soil to simulate the
buried samples. None of the emerged plants presented characteristic symptoms of bacterial leaf
streak. Therefore, transmission of Xvv from leaf debris was not observed in a greenhouse scale
experiment. This experiment also supported our previous analyses where the amount of Xvv is

low and it may not be evenly distributed in the residue.

3.4 DISCUSSION

Plant pathogens in temperate climates must survive the winter when their host plants are
dormant or absent (Schuster & Coyne, 1974). Survival is a key factor for the development of
disease because it ensures the permanence of the pathogen in an environment and allows it to be,
in most cases, the primary inoculum for the next growing season. In this research, we
investigated the role of corn residue as potential primary inoculum source for the development of
the disease bacterial leaf streak of corn. This is important because many fields in eastern
Colorado and western Nebraska, where the disease has a high incidence, have continuous corn
production and therefore, corn debris may present a greater risk for increasing disease severity
and yield loss.

Similar to our research, other studies have evaluated the role of crop debris left on the surface

and buried for several foliar bacterial pathogens (Gent et al., 2005; Jones et al., 1985; Thapa,
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2014; Vega & Romero, 2016; Zhao et al., 2002). Examples include diseases caused by X.
campestris pv. armoraciae on brassica (Zhao et al., 2002), X. axonopodis pv. allii on onion
(Gent et al., 2005), and Clavibacter michiganensis subsp. michiganensis on tomato (Vega &
Romero, 2016). The difference of this research with the aforementioned studies is that our
samples were naturally infected while those studies were artificially inoculated with a known
amount of the respective bacterial pathogen. Natural inoculation has a great value because we
ensured our results are due to the interaction of hosts and pathogen without any human
intervention and it also has a realistic bacterial concentration and physiology.

We first tried to recover Xvv from corn residue following conventional isolation and culture
methods as described by Schuster and Coyne (1974). Unfortunately, because isolation techniques
were not successful, a molecular detection method was used to identify the pathogen exposed to
the surface or below ground corn fields. This was similar to Zhao et al. (2002) which also
developed a PCR protocol to study survival of P. syringae on tomato.

Our results from year 2 and 3 suggest that quantities of Xvv are mainly found on corn residue
left on the surface of the field. These results are consistent with reports of pathogen survival on
host debris on other foliar diseases such as gray leaf spot (Kinyua, 2003; Ward & Nowell, 1998)
and Goss’s wilt (Wise et al., 2010). The main difference among the three-year study is that for
the first year bacteria were found in higher proportions in samples below ground. A possible
explanation for this discrepancy is that the sample size for year 1 was small compared to the
other years. We could not control the sample size at this point because the fields were used to
graze cattle and we did not account for the animals eating and destroying the demarcation zone.

In fact, out of 10 expected replicates per each type at a location, we could only recover at most
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three of them. To prevent this bias, five replicates per each type ensured a statistical power of
90% for year 2 and 3 across several locations in Colorado, Nebraska, and Iowa.

The high percentage of degradation of Xvv from fall to the spring provided an explanation
why we could not isolate the pathogen in the lab. In this sense, the isolation of the bacteria would
be dependent upon the rate of decay of infested plant tissues. Since we could only isolate the
pathogen at the beginning of the study for year 2 and 3 but not at the end of the winter, we
conclude the amount of Xvv in the corn residue was below the threshold of isolation and culture
for this specific pathogen. The higher degradation of Xvv in the buried residue samples was
likely the result of a greater decomposition of the corn residue itself when it is located in the soil
than when it is on the soil surface.

Variation in abiotic conditions could also explain observed differences in the survival of Xvv
in host debris. Specifically, in year 2 precipitation in the form of rain was positively correlated
with Xvv survival quantities in both surface and below ground residue samples. Sites in Colorado
had less rain and significantly lower quantities of Xvv, contrary to sites in lowa where more rain
was correlated to a higher amount of Xvv survival. Hence, Xvv had a higher chance to survive
depending on the amount of water each field received.

Based on field observations (personal communication, Kirk Broders & Tamra Jackson-
Ziems), Xvv is transferred from corn debris to new seedlings through water splashing early in the
growing season. This water may come from rain or irrigation. Although Colorado sites had lower
amounts of rain, these fields were heavily irrigated, and this may be the reason there were still
high levels of bacterial leaf streak in the next growing season. These findings are consistent with
those found by Hartman (2018) that demonstrated the importance of irrigation and continuous

corn production as factors that increase disease development.
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One limitation of these studies is that we could only quantity the amount of Xvv DNA present
in each sample but we could not quantify the number of living cells. While Xvv quantities in the
residue may be low, the high amount of residue across a field increases the opportunity for
survival. Several factors may influence the survival of Xvv in corn residue, for example, infection
levels during growing season, uneven distribution of residue due to machine clumping, and
localization of bacteria within the plant. In any case, only a single infection is required to result
in colonization and exudation of bacterial cells of Xvv. Since the secondary spread from plant to
plant through splashed ooze has proven to be very efficient at moving the disease throughout a
field, even lower numbers of living bacteria will have the potential to perpetuate the disease for
the next growing season.

In conclusion, the present study has shown that corn debris left on the surface of the field is
likely an important source of inoculum for the development of bacterial leaf streak in continuous
corn production systems. Even though, isolation of Xvv was not possible, this is the first report
that shows considerable amounts of Xvv found on corn residue after an overwintering season.
Other research has evaluated the role of alternative hosts as potential inoculum reservoirs
(Hartman, 2018) and the amount of Xvv in seeds (Arias et al., 2017), but both studies only
showed detection of the pathogen at low incidence levels under a specific time point and not
overtime in naturally infected corn fields.

Since Xvv degrades quickly in residue over just a 3-month period, a single season crop
rotation to a non-host could be the most effective management strategy for this disease. Another
strategy to decrease disease pressure, if planting corn in the next season, could be to remove crop
debris from the field or perform deep tillage. Additional research is needed to determine the rate

of survival of Xvv and the exact moment at which the first infection occurs. To this end, field
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evaluations with detailed sampling every day after planting will be crucial to observe initial

symptoms of bacterial leaf streak of corn in the field.
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CHAPTER 4:

CONCLUSIONS AND OPPORTUNITIES FOR DISEASE MANAGEMENT

This research focused on understanding aspects of the disease ecology of the emerging
bacterial pathogen Xanthomonas vasicola pv. vasculorum. Similar to other foliar pathogens, Xvv
likely enters through the stomata or wounds and remains restricted to the leaf tissue, acquiring
nutrients in the apoplast of the plant cells. From mid- to late season, bacteria continue to spread
by the formation of exudates which are splashed to other parts of the same plant, as well as
adjacent plants and in between fields. This ensures the persistence of the pathogen during the
corn growing season.

We also found that several Xvv isolates vary in aggressiveness and that popcorn is more
susceptible to the pathogen than grain corn P1151. Xvv can infect and cause large lesions on
corn. On sorghum, Xvv has the ability to form exudates, but there was no significant lesion
expansion under greenhouse conditions. In contrast, Xvh causes large streaks on sorghum but not
on corn. Both Xvv and Xvh had a similar response on sugarcane with formation of exudates but
no lesion expansion. Although Xvv and Xvh have not been found in the field on sorghum and
corn respectively, the interaction between these two pathogens is important to the evolution of
Xvv infection on corn. The relationship between Xvv and the endophyte P. ananatis is significant
because this endophyte has the potential to be used as a biocontrol agent for Xvv. However,
further research is required to explore this possibility.

Furthermore, we showed that Xvv quantities were higher in infected residue left on the

surface from the previous growing season. In this sense, continuous corn production and no-
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till/reduced till practices may increase the risk of disease development because inoculum will
remain on the residue. Although quantities of Xvv were low in the corn debris, only one infection
event is necessary to perpetuate the disease for the next growing season.

Based on the previous information, there are several opportunities for disease management.
Rotation to a non-host crop and tillage will decrease the chance of survival of the pathogen by
removing the bacteria from its primary host and promoting degradation of the corn residue. If
rotation is not an option, management of grasses and volunteer corn should be done as they can
potentially serve as reservoirs for Xvv during the winter. Even though tillage is recommended,
growers should consider soil erosion as a negative impact of this practice. Preventing movement
of residue between fields may decrease disease incidence as well. Sanitation practices should
also be implemented, especially by cleaning debris from machinery when used in multiple fields
and harvesting heavily-infected fields last.

Finally, proper identification of the disease is crucial since chemical control methods are not
available like those used with other foliar diseases of corn. Currently, there are no commercially
available corn hybrids with resistance to Xvv. Therefore, identification of pathogen effectors
involved in virulence as well as quantitative trait loci (QTL) for disease resistance in corn will
aid in the design of resistant hybrids which will likely be the most effective and practical means

of disease control.
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