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Abstract

Rathayibacter toxicus is a plant pathogenic bacterium vectored by Anguina species (nematodes)
and hosted by grass species in several genera in the Poaceae family including, Lolium,
Lacnagrostis, and Polypogon. Rathayibacter toxicus forms bacterial galls in developing grass
ovules where it produces a dangerous neurotoxin, tunicamycin. Grazing animals that consume
toxic galls develop convulsions and staggers, often resulting in death. Rathayibacter toxicus is
indigenous to Australia, but concern for global spread and potential impact to livestock industries
resulted in its designation as a U.S. Select Agent pathogen. Several genetic and genomic studies
including MLST, ISSR, and WGS support genetic population groupings and identified a newly
emerged population (RT-1) in South Australia. Unique attributes of RT-I preclude determination
of its geographic or phylogenetic origin. Simple Sequence Repeats (SSRs) are short tandem
nucleotide repeats that vary in size and number of repeats among and within genomes and have
been useful in determining evolutionary heritage. Unlike other genome components, SSRs
generally have faster mutation rates and have been used as the basis of phylogenetic and
phylogeographic analyses in many organisms including bacteria and plants. SSRs in R. toxicus
were identified and analyzed to help determine the origin and evolutionary trajectory of the
bacterium. Whole genome sequences of 16 strains representing the five previously identified
genetic populations of R. toxicus were used for SSR discovery and analysis. Ten SSRs were
selected based on common parameters and two were PCR-verified on all available strains for
confirmation of the sequence data. Individual SSRs greatly varied across genomes and the results
of different combinations of concatenated SSRs generated different phylogenies. Some but not all
SSR combinations corresponded to previous studies’ results. SSR analyses were inconclusive and
not predictive for phylogeny or geographic origin. To summarize, SSRs may lead to different

conclusions depending on which SSRs are included in the analysis and how many SSRs are



analyzed. Caution should be applied when using SSR analysis for understanding evolutionary
dynamics of R. toxicus. For diagnostic purposes, different SSR markers within R. toxicus had
varying levels of specificity, with one SSR being able to differentiate to strain level, some SSRs
to population level, and others only to species level, R. toxicus generally. The analyzed SSR
markers were all unique to R. toxicus and created a spectrum of diagnostic specificity.
Rathayibacter toxicus and its toxin has been a threat to Australian agriculture for decades and now
threatens other countries because of the increase in globalized trade markets including hay exports
from Australia. Countries including the U.S. may be at risk of R. toxicus introduction, which may
include potential establishment, spread, and ultimate disease outbreaks. It is necessary to
understand how the pathogen survives and spreads within and from the source country, how it is
moved from source to destination country, and how environmental conditions at the destination
may facilitate pathogen establishment. This qualitative pathway analysis was developed to study
the possible avenues through which R. toxicus may elude containment and reach areas outside of
outbreak centers in Australia. A scenario of R. toxicus spread was analyzed which included
assuming a range of concentration of bacterial galls within a hay field harvested for hay bales for
export out of the country. It is evident that risk exists for R. toxicus gall release at multiple points
throughout its journey from a grass panicle in an Australian paddock, all the way through to the

arrival on a packaged bale of hay reaching a feeding pasture in a U.S. livestock farm.
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Chapter 1: Literature Review
Overview

Rathayibacter toxicus is a plant-pathogenic bacterium with a complex life cycle and the
ability to cause death for animals that consume its galls. The R. toxicus host range includes many
grass species in several genera, it is vectored by several species in the genus Anguina, and currently
exists mostly in Australia, with occasional reports in South Africa. Understanding the origin,
evolution, and dissemination pathway of R. toxicus is important for managing its movement and

spread, and critical to developing effective prevention strategies.

Rathayibacter toxicus background

Rathayibacter toxicus was previously known as Clavibacter toxicus, Corynebacterium sp.,
and Corynebacterium rathayi (Davis et al. 1984). The earliest classification of coryneform
phytopathogenic bacteria was the genus Corynebacterium (Dowson 1942). Species of
Corynebacterium containing 2,4-diaminobutyric acid (DAB), a peptidoglycan cell wall group B
component were separated into the genus Clavibacter (Davis et al. 1984, Carlson et al. 1982).
Species within the genus Clavibacter containing the L-isomer of DAB were then separated into

the genus Rathayibacter (Evtushenko and Takeuchi 1994; Rainey 1994; Goodfellow et al. 2012).

The genus Rathayibacter comprises nine gram-positive bacterial species; the distinctness
of these species has been described (Zgurskaya et al. 1993). Species of Rathayibacter differ
significantly among each other based on physiological phenotypes, cell-wall composition,
multilocus enzyme profiles, and pigmentation. These species include R. agropyri, R. caricis, R.
festucae, R. iranicus, R. oskolensis, R. rathayi, R. tanaceti, R. toxicus, and R. tritici (Zgurskaya et
al. 1993; Murray 1986; Dorofeeva et al. 2002; Riley and Ophel 1992; Sasaki et al. 1998; Vasilenko

et al. 2016; Dorofeeva et al. 2018; Schroeder et al. 2018). Rathayibacter species are vectored by



various Anguina species (Bertozzi and McKay 1995; McKay et al. 1993; Riley 1992; Riley and
McKay 1991; Riley and McKay 1990), with the most common one associated with R. toxicus
being A. funesta. Rathayibacter toxicus was distinguished, classified and named by Sasaki and
colleagues in 1998. Its various genetic components, specific aspects of life cycle including toxicity
and agricultural impacts, and several other features described later in this review significantly

separate R. toxicus from the rest of the genus.

The exact historical and evolutionary origins of Rathayibacter toxicus are unknown. One
of R. toxicus’ major hosts, annual ryegrass (Lolium rigidum), was deliberately introduced as a
pasture plant into Australia in 1880 (Kloot 1983). It is possible the bacterium existed in the
environment prior to introduction of the host, adapted to the introduced grass species, and evolved
over time. A more recent introduction of the bacterium into Australia is possible as well.
Rathayibacter toxicus and livestock toxicities have also been reported in South Africa (Schneider
1981, Grewar et al. 2009), but not as widespread or frequent as in Australia. Several studies have
analyzed genetic and genomic variation of the pathogen, revealing several distinct genetic
populations, but have not determined the geographic or phylogenetic origin of the bacterium (Arif
et al. 2016, Yasuhara-Bell et al. 2020). This information and an additional genetic analysis based
on microsatellites are described in this study as a potential approach to investigate the geographic

and phylogenetic origins of R. toxicus.

Life Cycle

Rathayibacter toxicus is associated with nematode vectors, specifically in the Anguina
genus; the specific nematode species determines the plant host that R. toxicus infects. This
association makes for a complex life cycle that involves multiple species of grass hosts, several

species of the nematode vector, and different genetic populations of the pathogen with conducive



environmental factors. There are several grass species that the bacterium can infect and result in
toxic bacterial galls. These include annual ryegrass, Lolium rigidum; annual beard grass,
Polypogon monspeliensis; bent grass or blown grass, Agrostis acenacea (McKay and Ophel
1993a,b). Several species from the Anguina genus can vector this bacterium, including Anguina
agrostis and Anguina funesta (Riley 1992, 1991) and several other less commonly known species;

there are 14 Anguina species known to exist across Australia (Atlas of Living Australia 2020).

Rathayibacter toxicus and its nematode vectors overwinter in the soil (Price et al. 1979).
As Anguina nematodes migrate through the soil toward their plant host, they may acquire the
bacteria and vector them into flowering structures of grasses, where they colonize the ovules of
the plant The nematodes and R. toxicus may compete at the infection site and transform potential
seed into either a nematode gall or a bacterial gall. The bacterium produces toxins within bacterial
galls during seed set at end of a season, and these are a type of corynetoxin now referred to as
tunicamycins (Price et al. 1979; Stynes and Bird 1982; Government of Australia, 2018). The
tunicamycins that R. toxicus produces are responsible for the poisoning of animals that graze on
the diseased grasses. Infected grasses remain toxic after senescence and harvested as hay if grown
in a hay production field (Price et al. 1979; Stynes and Bird 1982; Government of Australia 2018).
Of all the Rathayibacter species, R. toxicus is the only one to be shown to produce toxins within
the plant (Cunningham and Hartley 1959; Galey et al. 1997; Galloway 1961; Haag 1945; Jensen
1961; Kurochkina and Chizhov 1980; Shaw and Muth 1949). However, recent evidence indicates
that the genes for the tunicamycin production are housed in the genome of at least one other species
(Sechler et al. 2017). There are also studies that suggest the involvement of a bacteriophage in
toxin production (Bird et al. 1980; Bird 1983, Ophel et al. 1993), although at least one study refutes

the involvement of a bacterial virus (Kowalski et al. 2007).



Genetic and genomic analysis

Rathayibacter toxicus genetics and genomic studies have shown various unique features in
this pathogen. The whole genome is approximately 2.3 megabases in length and is comprised of
61.5% GC content, while other Rathayibacter species have larger genome sizes and higher GC
contents (Davis et al. 2018; Arif et al. 2016; Tancos et al. 2020, NCBI database). Rathayibacter
toxicus has a CRISPR system, specifically the type I-E CRISPR-Cas system (Davis et al. 2018,
Yasuhara-Bell et al. 2020). Rathayibacter toxicus has a tunicamycin gene cluster similar to the
tunicamycin biosynthetic cluster from Streptomyces chartreusis (Sechler et al. 2017). The
tunicamycin gene cluster in R. toxicus has 14 genes in two transcriptional units, all the elements
necessary for tunicamycin biosynthesis (Sechler et al. 2017). In the tunicamycin gene cluster
region of the genome, the GC content is significantly lower than the GC content in the rest of the
genome (Sechler et al. 2017; Yasuhara-Bell et al. 2020), suggesting horizontal transfer events may
have occurred in its evolutionary history resulting in the acquisition of the tunicamycin cluster

(Sechler et al. 2017; Yasuhara-Bell et al. 2020).

Several genetic analyses were done on R. toxicus to determine variation and population
structure. Strains included were isolated from various host species across several regions of
Australia in different years and decades. These studies aimed to identify genomic and genetic
differences across geographical, biological, and environmental factors. Genetic structure of
bacterial populations can result from factors such as gene flow, host range and variation, and
geographic spacing and isolation of the pathogen, its hosts, or its vectors (Fraser et al. 2009,

Guerrero-Ferreira and Nishiguchi 2011).

Several studies identified distinct genetic populations of R. toxicus with varying

geographical and temporal distributions. Multiple R. toxicus sub-specific groups were identified



through amplified fragment-length polymorphism (AFLP) analysis and pulse-field gel
electrophoresis (PFGE) (Agarkova et al. 2006). They differentiated Western Australian isolates,
named Group A, from South Australian isolates, named Group B and C. Group A isolates were
later re-named by Arif et al. as RT-IIl, Group B as RT-Il, and Group C comprised an outlier,
FH100 (Agarkova et al. 2006; Johnston et al. 1996; Riley 1987; Riley et al. 1988, Arif et al. 2016)
that was ultimately placed in the RT-1V population (Yasuhara-Bell and Stack 2019). The Arif et
al. population genetic study of R. toxicus using multi-locus sequence typing (MLST) and inter-
simple sequence repeat (ISSR) analysis confirmed the different populations and identified a newly
emergent and genetically distinct population from South Australia, designated RT-I (Arif et al.
2016). The same group also described two additional genetic populations, RT-1V and RT-V, which
came from New South Wales, Australia and South Australia respectively. Populations RT-I, RT-
I, RT-1Il, RT-1V, and RT-V are backed by Multi Locus Sequence Typing (MLST), Inter Simple
Sequence Repeats (ISSRs), and whole genome sequence analyses (Yasuhara-Bell et al. 2020,
Yasuhara-Bell and Stack 2019; Arif et al. 2016). Population RT-1 was reported as a newly emerged

population in South Australia of uncertain origin (Arif et al. 2016).

These studies used R. toxicus isolates from a period of forty years from four distinct
geographic locations in Australia but were not able to determine the evolutionary origin of each R.
toxicus population. Comparative genomic analyses determined that the genomes of R. toxicus
populations contained genes unique to each population as well as genes shared among some but
not all populations (Yasuhara-Bell et al. 2020). Fewer unique genes were identified between RT-
Il and RT-I11, suggesting that these two populations were more closely related (Yasuhara-Bell et
al. 2020). Twelve of the genes identified in RT-1 and RT-IV are identical between those two

populations and not present in RT-V, which may indicate that those two populations are closely



related to each other. The horizontal gene transfer analysis on population RT-V identified a
thiopeptide-type bacteriocin biosynthesis protein, which may have come from a Streptomyces sp.

(‘Yasuhara-Bell et al. 2020).

Another analysis often used by scientists to study genetic structure, population dynamics,
and evolution of organisms is Simple Sequence Repeats (SSRs); short tandem nucleotide repeats
that vary in size and number of repeats among and within genomes. They mutate at rates between
102 and 107 per cell generation, which is approximately 10 orders of magnitude greater than point
mutations and mutations of the total genome (Gemayel et al., 2012). Repeat polymorphisms, or
the differences in number of repeats of the same SSR motif among multiple genomes of organisms
in question, usually result from addition or deletion of an entire repeat unit or multiple ones. This
variation is usually a result of polymerase strand-slippage in DNA replication or by recombination
errors. It is hypothesized that the longer and more “perfect” an SSR is, with perfect referring to
the lack of single nucleotide polymorphisms (SNPs) within an SSR, the higher the mutation
frequency, while shorter repeats with lower perfection may have a lower mutation frequency

(Viera et al. 2016).

The SSRs are found in prokaryotic and eukaryotic organisms and are widely distributed
through genomes and can occur in coding and non-coding nuclear and organellar DNA (Perez-
Jimenez et al., 2013; Phumichai et al., 2015). They have been found in transcripts and regulatory
regions of the genome, and there is evidence that microsatellites play a role in transcription and
translation, organization of chromatin, genome size, and the cell cycle. (Nevo, 2001; Li et al.,

2004; Gao et al., 2013).

SSRs can be very useful in studies of population structure, genetic mapping, and

evolutionary processes (Viera et al. 2016). It is important to analyze SSRs in addition to the



existing genetic analyses because the faster mutation rate may aid in phylogenetic and
phylogeographic determinations that the other methods could not fully answer. In addition to
population genetics and phylogenetic analysis of R. toxicus, diagnostics are an important potential
output of various genetic markers. SSRs may by useful for diagnostic purposes if the specific SSRs
are unique to the level of classification in question, as far as species and perhaps sub-species levels.
The accuracy of molecular-based diagnostics can be highly dependent on the level of

understanding of genetic variation of any given pathogen species.

Agricultural Impacts

Outbreaks of toxicity and animal poisoning caused by Rathayibacter toxicus have been
prevalent throughout fifty years in Australia, over several regions within the country, and are
commonly known as “annual ryegrass toxicity” or “Flood plain staggers” outbreaks (McKay et al.
1993). Bacterial galls causing these outbreaks were described as early as 1956 (Fisher 1977) and
was first attributed to Corynebacterium species (Fisher 1977). Mclintosh et al. 1967 first concluded
that there was a toxin involved with these galls. By 1967, there were large numbers of dying sheep
and since they are very important to Australians and their economy, funding was allocated to begin

researching this pathogen (Fisher 1977).

Throughout the last few decades, much research has been done to understand the impact
of R. toxicus on farm animals. The corynetoxins, or specifically, tunicamycins, that R. toxicus
produces can be lethal if a large enough number of bacterial galls/cells is consumed by an animal.
For example, an adult sheep must consume around 20,000 galls for lethality. (Jago and Culvenor
1987; McKay and Ophel 1993). The tunicamycins of R. toxicus that cause toxicity can work
cumulatively. When consumed, the toxin can accumulate in the animal up to a period of nine weeks

and if the animal consumes enough toxic galls it can cause disease and death (Jago and Culvenor



1987; McKay and Ophel 1993; Grewar et al. 2009). Signs of R. toxicus toxicity may appear as
soon as four days or as late as several weeks after animals are introduced to toxic feed through
pasture grazing, hay, or grain. If the animal recovers, it takes up to six months to clear all effects
of the toxin. If clinical signs appear sooner than four days after stock are introduced to a paddock,
stock have ingested toxin before being moved to the new paddock (Government of Australia,

2018).

Multiple animal species can be affected if they consume toxic bacterial galls produced by
R. toxicus. Sheep, goats, horses, cattle, and other livestock have experienced toxicity, often lethal,
from consuming the galls (Government of Australia, 2018; Edgar et al. 1982; Finnie 2006; Eckardt
1983; Sechler et al. 2017; Jago et al. 1983). The list of vulnerable animal species is not exclusive
to farm mammals and may include unverified examples of wildlife (Murray et al. 2015). Poisoned
animals exhibit several different symptoms, mostly of a neurological nature, including
convulsions, paralysis, excessive salivation, muscle and head tremors, abortions, and death
(Bourke et al. 1992; Finnie 2006). The neurological symptoms are due to the toxins inhibiting N-
linked glycosylation, which leads to oxygen deprivation and tissue damage; hepatic damage is

another effect (Jago et al. 1983; Finnie and Jago, 1985; Bourke et al. 1992; Finnie 2006).

Rathayibacter toxicus poisoning does not have a treatment or cure, but some affected
animals may recover after a long period of time of feeding on toxin-free feed and with abundant
hydration. When affected animals are found, they should be immediately transferred to a 'safe’
paddock with good water, safe feed and shade. A safe paddock with safe feed is one that has been
tested negative for R. toxicus during the same season. Animals with the most severe symptoms
should be protected from the extreme weather and predation. Animals that are unable to rise within

12 hours are usually humanely euthanized (Government of Australia, 2018).



The economic impact of this toxicity has been immense. Since detailed recordkeeping of
the animal deaths began in the late 1960s, more than 500,000 total animals have died due to R.
toxicus poisoning in Western Australia alone (Page 2004). Rathayibacter toxicus impact on plant
agriculture economics is significant as well. It has caused disease in over 10 million hectares of
grassland with losses that amount to an estimated 37 million USD for the plant loss only. (Carslake

2006; Kessell 2010).

Biosecurity implications

Due to the widespread prevalence of R. toxicus in Australia and the high frequency of
toxicity outbreaks, the country has had phytosanitary inspection requirements for export of hay to
other countries for several years (Government of Australia 2005). There are several major
biosecurity concerns for R. toxicus. One is that exporting toxic hay and plant materials may result
in livestock health issues, and another is that such export may lead to establishment of R. toxicus
in a new location. It is essential to quickly and accurately detect such potentially dangerous
pathogens before they are exported and get introduced into new locations (Ouyang et al. 2013).
However, the possibility of false negatives in any pathogen detection test always exists and may
lead to inaccurate conclusions made about the presence/absence of R. toxicus in any sampled
material; often times the importing country does not retest following a negative test for certain

pathogens.

Rathayibacter toxicus was designated a Plant Pathogen Select Agent by the U.S.
Department of Agriculture (USDA) and Animal and Plant Health Inspection Service (APHIS) in
2008 (Murray et al. 2015). The Federal Select Agent program is managed by the Centers for
Disease Control and Prevention (CDC) and USDA’s APHIS, with the latter maintaining and

designating plant and animal pathogens. The purpose of the U.S. Select agent program is to oversee



work with biological select agents and toxins that have the potential to threaten public, animal, or
plant health to animal or plant products (selectagents.gov 2017). The Select Agent program sets
standards and rules for how to handle select agent material, including conducting experimental
research and maintaining inventories and collections of Select Agent strains (selectagents.gov
2017). At Kansas State University, Select Agent work is required to be conducted at the
Biosecurity Research Institute, a Biosafety Level-3 laboratory facility. Conducting research at a
BSL-3 laboratory coupled with the Select Agent guidelines specific to different types of pathogens

further reduces the risk of spread and release of R. toxicus outside of the laboratory environment.

BSL-3 laboratories house research with infectious agents or toxins, including ones that that
may be transmitted through the air. Experiments with live agents are performed primarily in
biosafety cabinets that use high efficiency particulate air (HEPA)-filtered, carefully controlled air
flow or sealed enclosures to prevent infection, as well as strict guidelines for movement of samples,
secondary containers, detailed inventory procedures, and adherence to strict biosafety procedures
specific for each experiment and pathogen. The laboratory parameters and conditions which are
designed to keep any pathogen contained are extensive. Several of the factors of laboratory design
include unidirectional air flow using room pressure gradients of negative pressure, exhaust air

being HEPA -filtered and proper procedures for disposal of biomedical waste (Richmond, 2000).

Rathayibacter toxicus is one of only seven plant pathogens on the U.S. Select agent list,
where there are a total of 60 animal, human pathogens and toxins. Rathayibacter toxicus is a U.S.
Select Agent because of its ability to cause disease in plants and toxicities in animals which
consume the affected plants (Riley and Ophel 1992). To date, there are no official reports of R.
toxicus in the U.S. It has only been confirmed in the southern hemisphere, mostly in Australia,

with some reports in South Africa (Schneider 1981). However, in the current globalized market
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and movement of people, imports, and exports, it may be difficult to detect and stop the spread of

pathogens and complete containment can never be fully guaranteed.

The United States has a significant livestock and hay industry. An introduction or
establishment of Rathayibacter toxicus could be detrimental to the health and well-being of forage
grasses and animals, as well as the livelihoods of farmers who depend on them. The cattle industry
has an annual value of 67 billion USD, the hog industry at 22 billion USD, and sheep and goat
industry while much smaller, is in the tens of millions USD (USDA ERS 2019). In terms of
numbers of some of the most susceptible animals, there are approximately 95 million cattle, 6
million sheep, 9 million horses, all of which are important to farmers and their livelihoods (Murray
et al. 2015). There is also a significant hay industry in the U.S. which may be susceptible to
establishment of R. toxicus in the event of an introduction. The U.S. produced 131.5 million tons
of hay from 53.8 million acres harvested valued at 16.2 billion dollars USD in 2017 (NASS 2017).
The presence of grass hosts would increase the likelihood of establishment of R. toxicus following
an introduction. Even without host grass species, R. toxicus could be introduced into any country
along with host seeds present in the hay material or in seeds as a commodity. This could result in
the accidental introduction of the host, pathogen, and vector simultaneously into the environment.
Australia and the USA share many climate characteristics across both countries, including similar
weather patterns (Weather History and Climate Data, Worldclimate.com). Many Anguina species
of nematodes already exist in the US, which adds the other required component of the
Rathayibacter toxicus life cycle besides the host, pathogen, and environment. The National Plant
Disease Recovery System (NPDRS) developed a recovery plan for this pathogen (Murray et al.
2015), but as with any pathogen threat, it is best to seek ways of prevention through gaining

understanding of the pathogen’s movement and ability to establish in any location.

11



Pathogen Pathway Risk Analysis

People have transported and traded plants and animals for millennia, and currently there
is a large global market of agriculture goods and trade occurs between all countries (Gordh and
McKirdy 2014). This boosts economic growth and provides countries with supplies and
sustenance they need (Koo and Kennedy 2005; Piggott 2013). The Industrial Revolution led to a
period of increased international trade across most continents and facilitated by the construction
of canals, highways, railways, and steamships (Findlay and O’Rourke 2007). Along with this
comes an increase in risk of introducing exotic invasive species throughout the trade routes and
destinations of goods (McCullough et al. 2006; Brasier 2008). Exotic or alien species comprise
plants, animals, and microbial pathogens introduced in a region through human activities and are
the focal point of regulatory activities addressing plant biosecurity (Gordh and McKirdy 2014).
Invasive pests include weeds, plant pathogens and animals that act in a negative way to consume

or impact agricultural commodities and plant resources (Gordh and McKirdy 2014).

Historically, introduction of plant pathogens by natural means into new locations has
been uncommon, and human activities are most often the main cause of such introductions (NRS
2002). Pests and pathogens often travel as contaminants of plants and plant products that are
traded between countries and various biogeographical zones (Brasier 2008; NRC 2002). There
are enormous amounts of plants and plant products being traded across the world and pathogens
are often present within such commodities which makes and raises a risk factor of introducing
unwanted invasive pests (Brasier 2008). Trade facilitates spread of alien species directly through
unintentional introduction as contaminants of cargo or stowaways within different modes of

transport (Hulme 2009).
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Entities such as the International Plant Protection Convention (IPPC), formed in 1951,
exist to create International Standards for Phytosanitary Measures (ISPMs) in order to minimize
plant pest risks associated with trade. The World Trade Organization is also involved in the
creation of an Sanitary-Phytosanitary (SPS) Agreement, which is in coordination with IPPC for
applying sanitary and phytosanitary measures by governments based on international standards
or risk assessments (WTO 1995). There are certain risk analyses that can be made for assessing
likelihoods of exotic pests and pathogens spread to and establishing in new locations. ISPMs
contain guidelines for pest risk analysis in order to protect plants and plant products from pests
and pathogens that can be moved in the course of trade (Hulme 2011). Main concerns of the SPS
agreement included setting measures for risk assessments that include three steps: identifying
pests of concern, evaluating their likelihood of entry, establishment, spread, potential
consequences, and re-evaluating likelihoods and consequences against potential measures. Risk
analysis for plant pests include identification of pathways that carry potential pest hazards and
then calculating the probability of entry, establishment, and spread. The entry probability
describes the likelihood that a pathogen can arrive in a new area in a viable state on an identified
pathway, and establishment determines the conduciveness of the new location on the survival

and propagation of the pathogen (2.2.1.1 ISPM 11, FAO 2004a,b).

Entry probability factors to consider include association of pathogen with the pathway
and life cycle stages/survival, environmental conditions in country of origin, prevalence of
pathogen through phytosanitary measures and cultivation within origin, and quantity of the
associated trade. Assessing probability of entry can include developing scenarios with key steps
in export and import of the commaodity. Establishment probability factors include availability of

hosts, vectors, conducive environment/habitat, climate conditions, abiotic factors such as soil
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conditions and topography, presence of management practices, and more. Assessing
establishment can be done using various methods including the use of Geographic Information
Systems (G1S) data of environmental factors and host/vector presence, which can result in
developing hypotheses on what specific areas may be most suitable for the pathogen (FAO

2004a,b; Sansford et al. 2009; FAO 2010).

Researching pathogen risk analysis can include gualitative or quantitative methods or a
mix of both. Qualitative methods are answerable to data and fundamental rules of probability and
formal logic, and quantitative methods rely on subjective judgment to formulate models and
estimate parameters. Different combinations of qualitative and quantitative methods are used for
pathogen risk analysis, which includes reasoning based on biological systems, trade pathways
and impacts, and quantitative methods that can also be expressed qualitatively such as point-
scoring systems, logical rules, and Monte Carlo simulation. The World trade organization SPS
agreement does not require a specific method to be used and recommends that an analysis should
be enough for its purpose and not any more complex than is necessary. Qualitative analysis is the
most common type of assessment for routine decision making in most authorities and
governments involved with this treaty and phytosanitary establishments. To summarize, there are
many properties of pathogen risk analysis that are most desirable, including pathway
assessments, volume of trade, defining terms related to likelihoods and consequences precisely,
including assessments of economic, social and environmental impacts, highlighting uncertainties
and gaps in information, and more (Gordh and McKirdy 2014, WTO 1995, Sansford 2002, OIE
2010, MacLeod et al. 2005; FAO 2004a, Biosecurity New Zealand 2006, USDA 2000).
Qualitative pathway analysis and the aforementioned factors associated with the analysis are

some of the most relevant to analyzing Rathayibacter toxicus risks.
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Chapter 2: Simple Sequence Repeat analysis of Rathayibacter
toxicus

Abstract
Rathayibacter toxicus is a plant pathogenic bacterium vectored by Anguina species (nematodes)
and hosted by grass species in several genera in the Poaceae family including, Lolium,
Lacnagrostis, and Polypogon. Rathayibacter toxicus forms bacterial galls in developing grass
ovules where it produces a dangerous neurotoxin, tunicamycin. Grazing animals that consume
toxic galls develop convulsions and staggers, often resulting in death. Rathayibacter toxicus is
indigenous to Australia, but concern for global spread and potential impact to livestock industries
resulted in its designation as a U.S. Select Agent pathogen. Several genetic and genomic studies
including MLST, ISSR, and WGS support genetic population groupings and identified a newly
emerged population (RT-1) in South Australia. Unique attributes of RT-I preclude determination
of its geographic or phylogenetic origin. Simple Sequence Repeats (SSRs) are short tandem
nucleotide repeats that vary in size and number of repeats among and within genomes and have
been useful in determining evolutionary heritage. Unlike other genome components, SSRs
generally have faster mutation rates and have been used as the basis of phylogenetic and
phylogeographic analyses in many organisms including bacteria and plants. SSRs in R. toxicus
were identified and analyzed to help determine the origin and evolutionary trajectory of the
bacterium. Whole genome sequences of 16 strains representing the five previously identified
genetic populations of R. toxicus were used for SSR discovery and analysis. Ten SSRs were
selected based on common parameters and two were PCR-verified on all available strains for
confirmation of the sequence data. Individual SSRs greatly varied across genomes and the results
of different combinations of concatenated SSRs generated different phylogenies. Some but not all

SSR combinations corresponded to previous studies’ results. SSR analyses were inconclusive and
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not predictive for phylogeny or geographic origin. To summarize, SSRs may lead to different
conclusions depending on which SSRs are included in the analysis and how many SSRs are
analyzed. Caution should be applied when using SSR analysis for understanding evolutionary
dynamics of R. toxicus. For diagnostic purposes, different SSR markers within R. toxicus had
varying levels of specificity, with one SSR being able to differentiate to strain level, some SSRs
to population level, and others only to species level, R. toxicus generally. The analyzed SSR

markers were all unique to R. toxicus and created a spectrum of diagnostic specificity.
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Introduction
Simple sequence repeats (SSRs) are short tandem nucleotide repeats that vary in numbers
of repeats and size of repeat motifs and are found in genomes of all known organism types. The
three main classifications of SSRs are microsatellites, minisatellites, and macrosatellites, and
they differ in nucleotide motif repeat number range. Micro, mini, and macro satellites are SSRs
that have repeat motifs of 1-10, 10-100, and over 100 nucleotides, respectively (Gemayel et al.
2012, Oliveira et al. 2006). When referring to any group of same type or different combinations

of satellite types, the umbrella term SSRs can be used.

The SSRs are found in prokaryotic and eukaryotic organisms and are widely distributed
through genomes and can occur in coding and non-coding nuclear and organellar DNA (Perez-
Jimenez et al., 2013; Phumichai et al., 2015). They have been found in transcripts and regulatory
regions of the genome, and there is evidence that some SSRs play a role in transcription and
translation, organization of chromatin, genome size, and the cell cycle. (Nevo, 2001; Li et al.,
2004; Gao et al., 2013). The great variation and polymorphism in DNA satellites has been the
basis for studies on genetic structure, population genetics, evolutionary genomics, DNA

fingerprinting, lineage analysis, and gene mapping (Fondon et al. 2008).

SSRs have been long known for their ability to vary greatly without causing alterations in
the flanking regions around them (Richards and Sutherland 1994; Kovtun and McMurray 2008).
Repeat polymorphisms, or the differences in number of repeats of the same SSR motif among
multiple genomes of organisms in question, usually result from addition or deletion of an entire
repeat unit or multiple ones. This variation is usually a result of polymerase strand-slippage in
DNA replication or by recombination errors. Strand slippage replication is a DNA replication

error in which the template and strands are mismatched, and then the template strand can loop
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out, causing contractions and expansions, which results in repeats increasing or decreasing in
number (Vieira et al. 2016). SSRs also can be considered “perfect” or “imperfect”. Perfect SSRs
are ones where repeat motifs are identical throughout each consecutive repeat. They can also be
imperfect if a nucleotide not belonging to the motif occurs between repeats, if a motif sequence
is interrupted by an insertion of one or a few base pairs or replaces any of its nucleotides, or if
deletion of nucleotides (but not an entire motif) occurs (Oliveira et al. 2006, Mason 2015). The
imperfections of insertion, substitution, or deletion of a nucleotide is also generally referred to as
single nucleotide polymorphisms (SNPs). SSRs with core repeat motifs 3-5 nucleotides long are
most commonly preferred in research in forensics and parentage analysis, but many studies have

also used SSRs with much longer motifs (Vieira et al. 2016, Oliveira et al. 2006).

The SSRs were long considered to be non-functional portions of DNA (genetic “junk”™)
with no effect on phenotype, but there have been many studies with evidence of the contrary
(Kovtun and McMurray 2008; Hamada et al. 1984; Trifonov 1989; Gerber et al. 1994; Kashi et
al. 1997; King 1997; Comings 1998, King 1999; Fondon 2004; Kashi 2006). The SSRs are found
in prokaryotes and eukaryotes and are widely distributed throughout the genome including
coding and non-coding nuclear and organellar DNA, and especially in the euchromatin of
eukaryotes. There are many repeat-expansion diseases that have repetitive sequences in areas
where slippage mutations have dramatic consequences (Perez-Jimenez et al. 2013; Phumichai et

a 2015).

An important characteristic for SSRs is the quick mutation rate that ranges between 102 and 10
be as high as 1072 per cell division and the variation in repeats across time and generations is
reversible (Fondon et al. 2008; Gemayel et al., 2012). One of the key characteristics that is the

focus of using SSRs for population genetic studies such as on Rathayibacter toxicus is their
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faster than normal mutation rate. Rathayibacter toxicus has a relatively slow generation time
compared to other bacterial species taking 7-14 days for colony development on artificial media.
Due to its complex life cycle linked to seed set in its grass host, there is usually only one disease
cycle per year. SSR analysis may be an ideal tool because the faster rate of mutation in satellite
DNA may be more detectable across a smaller number of generations of R. toxicus. It is possible
that analyses of SSRs in addition to the existing genetic analyses may aid in phylogenetic and

phylogeographic determinations that the other methods could not fully resolve.

In addition to population genetic and phylogenetic applications of genetic analysis of R.
toxicus, diagnostics are an important potential output of various genetic markers. SSRs may by
useful for diagnostic purposes if the specific SSRs are unique to the level of classification in
question, as far as species and perhaps to sub-species levels. The accuracy of molecular-based
diagnostics can be highly dependent on the level of understanding of genetic variation of any

given pathogen.
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Materials and Methods
Ethics Statement

As all handling of R. foxicus-infected plants and live cultures of R. toxicus, and
other Rathayibacter species, was conducted in Australia, specific permissions from U.S.
government agencies or regulatory bodies were not required for the collection or processing of
the plant materials or cultures used in this study. Prior to importation, the U.S. Select Agent
Program was notified of the importation and analysis of extracted DNA of R. toxicus and
other Rathayibacter species. Endangered or protected species were not collected or used in this

study. No samples were collected from endangered or protected field sites.

Genomes used

Whole genome sequences (WGS) of 16 strains of Rathayibacter toxicus (Table 2.1) were
analyzed using genomic analysis programs, primarily Geneious version 9.8.1. (Biomatters, New
Zealand; http://www.geneious.com). WGS for strains 70137 and WAC3373 were obtained from
the National Center for Biotechnology Information (NCBI) GenBank nucleotide database
accession numbers ASM146585v1 and ASM87567v1(Arif et al. 2016). WGS for strains SA03-
14, SA03-19, SA08-07, SA08-08, SA08-09, SA19-02, SA1906, SA19-07 were obtained by
mapping lllumina MiSeq sequence to a reference genome (lllumina Inc., San Diego CA, USA;
Arif et al. 2016, Yasuhara-Bell et al. 2020). The PacBio sequencing data was de novo assembled
with HGAP using default parameters (500bp min. subread length; 6 kb min seed read length) and
polished with Quiver. Illumina MiSeq Data was assembled by mapping to complete PacBio
genomes using Bowtie in Geneious version 7.1.9 and de novo using the Geneious assembler

(Arif et al. 2016, Yasuhara-Bell et al. 2020).
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Table 2.1: List of Whole Genome Sequenced strains of Rathayibacter toxicus available

# Name Location collected Plant Host Year
1| SA03-04 Corny Point, Southern Australia Lolium rigidum 2014
2 | SA03-14  Corny Point, Southern Australia Lolium rigidum 2014
3 | SA03-19  Corny Point, Southern Australia Lolium rigidum 2014
4 | SA08-08  Corny Point, Southern Australia Lolium rigidum 2014
5| SA08-09 Lake Sunday, Southern Australia Lolium rigidum 2014
6 | SA19-02  Yorktown, Southern Australia Lolium rigidum 2013
7 | SA19-06  Yorktown, Southern Australia Lolium rigidum 2013
8 | SA19-07  Yorktown, Southern Australia Lolium rigidum 2013
9 | WAC7056 Murray Bridge, Southern Australia  Lolium rigidum 1983
10 | SA19-14 Yorktown, Southern Australia Lolium rigidum 2013
11 | CS28 Western Australia Lolium rigidum 1978
12 | WA40-23  Western Australia Lolium rigidum 2015
13 | WAC3373 Gnowangerup, Western Australia Phalaris paradoxa 1978
14 | CS36 New South Wales Lachnagrostis filiformis 1990
15 | CS39 New South Wales Polypogon monspeliensis 1990
16 | 70137 Western Australia Dactylis glomerata 1975

Table 2.1 notes: year means which year the R. toxicus sample was collected.

A total of 41 R. toxicus strains were used (including strains in list of 16) for testing two
Simple Sequence Repeats (RTSatA and RTSatB) that have the largest motif size in nucleotides,
32 and 9 respectively, and the highest numbers and variability of repetitiveness (Table 2.2).
These were chosen as the top two also because their expected PCR band sizes could be most
easily distinguishable, even if different R. toxicus strains vary by only one repeat. Strains that
were not WGS were used as genomic DNA extracts. These R. toxicus strains came from various
regions of Australia, were isolated from multiple types of grass species, and collected at different

times and years (Table 2.2).
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Table 2.2: List of 41 Rathayibacter toxicus strains used for PCR testing two simple sequence

repeats, RTSatA and RTSatB

# Strain Name Location collected Plant Host species  Year
1| SA 03-02 Corny Point, Southern Australia  Lolium rigidum 2014
(annual ryegrass)
2  SA03-08 Corny Point, Southern Australia  Lolium rigidum 2014
3 | SA03-14 Corny Point, Southern Australia  Lolium rigidum 2014
4 | SA 03-15 Corny Point, Southern Australia  Lolium rigidum 2014
5 SA03-16 Corny Point, Southern Australia  Lolium rigidum 2014
6 | SA 03-17 Corny Point, Southern Australia  Lolium rigidum 2014
7 | SA 03-18 Corny Point, Southern Australia  Lolium rigidum 2014
8 | SA03-19 Corny Point, Southern Australia  Lolium rigidum 2014
9  SA03-20 Corny Point, Southern Australia  Lolium rigidum 2014
10 | SA 03-24 Corny Point, Southern Australia  Lolium rigidum 2014
11 | SA 03-25 Corny Point, Southern Australia  Lolium rigidum 2014
12 | SA 03-26 Corny Point, Southern Australia  Lolium rigidum 2014
13 | SA 03-27 Corny Point, Southern Australia  Lolium rigidum 2014
14 | SA 03-28 Corny Point, Southern Australia  Lolium rigidum 2014
15 | SA 08-03 Lake Sunday, Southern Australia Lolium rigidum 2014
16 | SA 08-08 Lake Sunday, Southern Australia Lolium rigidum 2014
17 | SA 08-09 Lake Sunday, Southern Australia Lolium rigidum 2014
18 | SA 08-11 Lake Sunday, Southern Australia Lolium rigidum 2014
19 | SA 08-13 Lake Sunday, Southern Australia Lolium rigidum 2014
20 | SA 08-16 Lake Sunday, Southern Australia Lolium rigidum 2014
21  SA 19-02 Yorketown, Southern Australia  Lolium rigidum 2013
22 | SA 19-04 Yorketown, Southern Australia ~ Lolium rigidum 2013
23 | SA 19-06 Yorketown, Southern Australia ~ Lolium rigidum 2013
24 | SA 19-07 Yorketown, Southern Australia  Lolium rigidum 2013
25 | SA 19-09 Yorketown, Southern Australia ~ Lolium rigidum 2013
26 | SA19-11 Yorketown, Southern Australia ~ Lolium rigidum 2013
27  SA19-12 Yorketown, Southern Australia ~ Lolium rigidum 2013
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28
29
30
31
32
33
34
35

36

37
38

39
40

41

42

43

44

45

46

SA 10-13
FH141 (CS2)
FH83 (CRS2)
FH85 (CRS3)
SA 19-03
SA 19-10
SA 19-14

WAC3368
(SAC3368)

WAC3387
(SAC3387)

FH138 (CS28)

FH81
(CRK73)

FH87 (CRW1)
CS36

CS39

WAC9601
(CS21) [R.
tritici]

ICMP 2579 [R.
rathayi]

WAC3369 [R.
rathayi]

ESC-10 [P.
syringae]

ddH20
(control)

Yorketown, Southern Australia
Southern Australia
Southern Australia
Southern Australia
Yorketown, Southern Australia
Yorketown, Southern Australia
Yorketown, Southern Australia

Southern Australia
Southern Australia

Western Australia

Western Australia

Western Australia
New South Wales

New South Wales (south of)

South Perth, Western Australia

Iran

Western Australia

Lolium rigidum
Lolium rigidum
Lolium rigidum
Lolium rigidum
Lolium rigidum
Lolium rigidum
Lolium rigidum

Lolium rigidum
Lolium rigidum

Lolium rigidum

Lolium rigidum

Lolium rigidum

Lachnarostis filiformis

(bentgrass)

Polypogon
monspeliensis
(beardgrass)

Triticum sp./aestivum

(Wheat)

Dactylis glomerata

(Oat)
Lolium rigidum

2013
1983
1975
1975
2013
2013
2013
1981

1981

1978
1973

1974
1990

1990

1994

Table 2.2 Notes: year means year the sample was collected. Rows 42-45 represent controls.
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Simple Sequence Repeats (SSR)
Classification of SSRs

Table 2.3: General Simple Sequence Repeat Categorization
SSR Categorization

Macrosatellites ‘ >100bp motif
Minisatellites ‘ >10-100bp motif
Microsatelites ‘ <9bp motif

Discovery of SSRs within Rathaybacter toxicus genomes

As a starting point, 16 whole genome sequenced strains of R. toxicus (listed in Table 1.1)
were analyzed using the Geneious bioinformatics platform, version 9.8.1 (Biomatters, New
Zealand; http://www.geneious.com), to mine for and discover potential SSR markers. The
Phobos tandem repeat finder tool was particularly helpful with discovering genomic regions
where motif sizes repeat (Mayer 2010). This process included first searching for tandem repeats
of any size, and then focusing specifically on different types of motifs, and these parameters are
further explained in Table 2.4. SSRs include microsatellites, minisatellites, and microsatellites,
which are defined in Table 2.3. The nucleotide sequence of each SSR repeat is referred to as the
“motif” that repeats consecutively. The SSR motifs varied in size and the number of repeats

varied as well.

SSRs motifs were generally classified in this project consistent with the SSR literature

(reviewed in Oliveira et al., 2006):

i) Perfect
a. composed entirely of repeats of a motif which may vary in number of
nucleotides, but not contain any SNPs (insertions, substitutions, deletions)

anywhere amid the motif repeats.
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i) Imperfect
a. anucleotide not belonging to the motif occurs between repeats or replaces any
nucleotides within a repeat unit — a single nucleotide polymorphism, aka SNP,
within the satellite
b. Interrupted: a sequence of a few nucleotides is inserted into the motif

c. Composite: formed by multiple, adjacent, repetitive motifs (SSRs?).

SSR determinations are based on a summary of various experiments throughout
literature. The bigger microsatellite motifs tend to have more SNP polymorphisms. The bigger
numbers of repeats help with being certain that they are actual SSRs. Microsatellites (SSRs with
motif size 10 and smaller) are most often used by researchers for studying variation and

evolution.

The in-depth parameters used for selecting SSRs for this analysis are based on the most
common and frequently used parameters through literature. Microsatellites (SSRs with motif size
10 and smaller) are most often used by researchers for studying variation and evolution, and
minisatellites are less commonly found but have also been used in analyses. The bigger
microsatellite motifs tend to have more SNP polymorphisms. The bigger numbers of repeats help
with being certain that they are actual SSRs (Gemayel et al. 2012, Oliveira et al. 2006, Viera et

al. 2016).

Table 2.4: SSR search parameters

2 bp
e Must repeat at least 5 times, 100% perfection.
e Could include 90%-99% perfection if a 2bp motif repeated many times (no results)
e Rare for this to be used throughout literature, unless it had much more than 5 repeats.
e Hard to be certain whether a 2-nucleotide motif repeated less than 5 times is a true

SSR.
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3 bp

e Must repeat at least 5 times, 100% perfection
e Could include 90%-99% perfection if a 3bp motif repeated many times (no results)

e Must repeat at least 5 times, 100% perfection
e Could include 90%-99% perfection if a 4bp motif repeated many times (no results)

e 1 - Must repeat at least 5 times, 90-100% perfection
e 2 —Repeat as little as 3 times but at 100% perfection

e 1 — Must repeat at least 5 times at 90-100% perfection, or
e 2 —Repeat as little as 3 times but at 100% perfection

e 1 - Must repeat at least 5 times, 90-100% perfection
e 2 —Repeat as little as 3 times but at 100% perfection

e Must repeat at least 5 times, 90-100% perfection
e 2 —Repeat as little as 3 times but at 100% perfection

e 1 - Must repeat at least 5 times, 90-100% perfection
e 2 —Repeat as little as 3 times but at 100% perfection

e 1 - Mustrepeat at least 5 times, 90-100% perfection
e 2 -repeat as little as 3 times but at 100% perfection

Polymerase Chain Reaction (PCR) Verification of Rathayibacter toxicus SSRs
Primer Design

In order to sequence verify, experiments were designed to use PCR for band presence and
size and used to compare SSR bands across strains. PCR is commonly used to detect the

presence of a specific nucleotide/base pair sequence within a genome.

The bioinformatics program Geneious, version 9.8.1 (Biomatters, New Zealand;
http://www.geneious.com), was utilized to identify the genomic sequence of the flanking regions

surrounding each satellite in order to determine ideal forward and reverse primer sequences.
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Most primer pairs for each SSR were designed manually using a set of ideal conditions; for

some, the Geneious Primer design tool was used.

There are several top considerations that were used when manually designing primers for
RTSatA-J. Primers are always specified 5' to 3', left to right and it is important to verify that they
are designed and ordered in the correct orientation. For most applications, PCR primers should
be between 18 to 25 nucleotides in length and should have a GC content between 40 and 60%,
with the 3’ of a primer ending in C or G to promote binding. The last 5 bases at the 3’ end of the
primer, should contain at least 2 G or C bases (GC clamp). G-C base pairs have a stronger bond
than A-T base pairs (3 hydrogen bonds versus 2). Nucleotide runs of 4 consecutive nucleotides
or more and dinucleotide repeats (for example, ACCCC or ATATATAT) were avoided to
minimize primer mispriming. Primer sequences were designed and checked (idtdna.com primer
check software) to preclude hairpins and primer dimers that may cause primer self-amplification.
If primer dimers or hairpins were indicated through this software, the primers were then
redesigned from the beginning, by choosing a different genomic sequence in a different flanking
area around the SSR. Primer sequences for each SSR region are listed and described in Table
2.6. Using the optimized primers, the SSR regions were PCR-amplified using genomic DNA of

all strains.

Determination of annealing temperature for each primer set

To determine the optimum annealing temperature, each SSR primer set was tested using
the gradient option in a thermocycler. A general protocol was used which begins with a
denaturation step at 95° for two minutes and continues to 34-36 cycles of denaturation at 95° for
15 seconds. After this, the gradient test occurs and the thermocycler is set at a “gradient” range

of temperatures, generally from 52-63 instead of a specific temperature, for 15 seconds. Then
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there is elongation at 72° for 1 minute, and final elongation for another minute at the same
temperature. One DNA strain was used to test each SSR, to ensure that variation between the
different temperatures in the gradient was due to temperature and not strain or DNA quality

differences.

To visualize amplicons from the PCR gradient test, the PCR products were
electrophoresed on 2% agarose gels for 2 hours at 90 volts. The gels were stained with Ethidium
bromide and viewed under UV light. The clearest and brightest band in each SSR gradient test
was identified and the specific temperature it corresponded to was chosen as the annealing

temperature for that SSR.

PCR Optimization

PCR conditions were optimized and then used to test for satellites RTSatA-RTSatJ
presence in all R. toxicus genomes. The optimized PCR protocol had the following conditions:
initial denaturation at 95° for two minutes, 34-36 cycles of denaturation at 95° for 15 seconds,
annealing temperature of either 53 or 61, depending on the SSR, for 15 seconds, elongation at
72° for 1 minute, and a final elongation for 1 minute at the same temperature. PCR products were
stored at -4 degrees C, and/or used immediately for gel electrophoresis. The products were
visualized on 2% agarose gels stained with ethidium bromide which were ran for 2 hours at 90
volts. The band size and SSR length were estimated based on a gel ladder and several samples

were sequenced for further verification.

For the SSRs, RTSatA and RTSatB, 41 R. toxicus strains were PCR verified using R.
toxicus genomic DNA (Table 2.2). These were the top two also because their expected PCR band
sizes could be most easily distinguishable, even if different R. toxicus strains vary by only one

repeat. Satellite presence was determined based on estimated band size after subtracting primer
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sequences and sequence extraneous to the SSR repeat (Figure 2.1). The approximated bands
were compared to nucleotide count of the SSRs from the available whole genome sequences and

used as references for other bands on the gel that were from strains without WGS data.

Phylogenetic analysis of R. toxicus SSRs

Geneious, version 9.8.1 (Biomatters, New Zealand; http://www.geneious.com), was used
to generate phylogenetic trees based on concatenated SSR sequence data. Each SSR sequence
(RTSatA-J, Table 2.5) was extracted from the genome sequences of the 16 strains (Table 2.1)
and concatenated. This concatenated SSR sequence of each strain was used to create a
phylogenetic tree. The phylogenetic common parameters included using the Jukes-Cantor with
neighbor-joining method. Phylogenetic analyses often calculate the number of differences
between sequences, but this does not fully reflect the evolutionary history of the sequence,
because not all the mutation events are recorded in the current sequences; the Jukes-Cantor

algorithm takes that into account.

R Analysis of R. toxicus SSRs: Poppr package

The R package Poppr, created for population genetics and genomics by members of the
Grunwald group at Oregon State University was utilized for the genetic analysis of R. toxicus
using SSR repeat variation (Kamvar et al. 2014). The SSR data across 16 strains (Table 2.6) was
used for this analysis. Several analyses were done from the Poppr package, including a genotype
accumulation curve, missing data chart, ploidy, multilocus genotype table, genotypic richness,
and Bruvo’s distance phylogenetic trees. A genotype accumulation curve is a tool to make sure
there are enough loci analyzed, and important to make sure that the observed diversity in the
analysis will not appreciably increase if an additional marker is added (Arnaud-Hanod et al.,

2007). The genotype accumulation curve in poppr is constructed by randomly sampling x loci
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and counting the number of observed multi-locus genotypes (MLGs), or SSR markers. Missing
data plot shows missing data per population, so any R. toxicus strain that does not have one of
the 10 SSRs. The Discriminant analysis of principal components (DAPC) is useful to analyze
difference between groups or populations more than just between all the individuals, as variance
is partitioned into between-group and within-group components (Jombart et al., 2010). The
poppr package Bruvo analysis in this study uses UPGMA method as a base but is specifically
designed for microsatellite genotype distances, which considers mutation processes, repeat
numbers and length, and permits comparison of individuals with different ploidy levels (Bruvo et

al. 2004).
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Results
Discovery of SSRs within Rathaybacter toxicus genomes

Multiple microsatellites and one minisatellite were identified using the Phobos Tandem
Repeat Finder extension tool in Geneious (Mayer 2010; Biomatters, New Zealand

http://www.geneious.com). Macrosatellites (motif greater than 100 nucleotides) were not found.

SSRs with varied numbers of repeats and single nucleotide polymorphisms (SNPs) were
discovered in the R. toxicus genomes. In total, 10 SSRs were chosen based on commonly used
parameters including, size of motifs, numbers of repeats, and motif sequence; the satellites were
named RTSatA-RTSatJ (Table 2.5).

Table 2.5: Top Selected Simple Sequence Repeats of Rathayibacter toxicus
# Name of discovered  SSR Motif Sequence

SSR
1 | RTSatA AAATCCCTGATTAGGTTGTGGTTGGGGACTGT
2 | RTSatB copy 1 AAAGACCTC
RTSatB copy 2 AAAGACCTC
3 | RTSatC ACTGAGCT
4 | RTSatD AGCCGG
5 | RTSatE AACCAGGC
6 | RTSatF AGCAGCG
7 | RTSatG AATACAG
8 | RTSatH AGCCGC
9 | RTSatl AGGCGC
10 | RTSatJ ATCCG

Table 2.5 Notes: “Motif” represents the “repeat unit” which can be adjacently repeated varying
numbers of times. The sequence here is only of the repeat unit, not the entire SSR. RTSatB has
two copies which means there are two SSRs which have the identical nucleotides in their repeat
unit, but the two copies occur in different regions of the genome that are very far from one
another, approximately 609k nucleotides apart.
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Of all the mined SSR regions, there was only one SSR larger than 10bp in motif length: a
unique 32bp motif SSR (minisatellite), which repeated many times (range: 13 to 29) in the 16
genomes, and varied in the number of repeats among the genomes (Table 2.6). Each individual
SSR had a unique motif sequence and one SSR (RTSatB, motif: AAAGACCTC) was detected at
two locations within the same genome; i.e., there were two copies within the same genome
(Table 2.6). Each SSR motif was NCBI blasted to see if it occurred in other organisms’ genomes,
and the only motif that was unique to R. toxicus was the 32-nucleotide RTSatA motif. When
NCBI Blast searching the entire SSR sequences, some were also found in other organisms, but
some were not perfect matches, particularly if the SSR in R. toxicus was imperfect and contained

SNPs.
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Table 2.6: Number of Repeats of each SSR motif in whole genome sequenced Rathaybacter
toxicus strains

RTSat - A B(1 B2) C D D F G H 1 J
SA 03-04 17 7 7 10 7 3 3 n/a 6 3 6
SA 03-14 17 7 7 10 7 3 3 n/a 6 3 6
SA 03-19 17 7 7 10 7 3 3 n/a 6 3 6
SA 08-08 17 7 7 10 7 3 3 n/a 6 3 6
SA 08-09 17 7 7 10 7 3 3 n/a 6 3 6
SA 19-02 17 7 7 10 7 3 3 n/a 6 3 6
SA 19-06 17 7 7 10 7 3 3 n/a 6 3 6
SA 19-07 17 7 7 10 7 3 3 n/a 6 3 6
WACT7056 | 16 8 9 4 11 3 3 3 nfa 3 n/a
SA19-14 16 8 9 3 11 3 3 3 nfa 3 n/a
Cs28 29 10 7 4 10 3 3 3 6 3 6
WA40-23 | 24 9 7 4 10 3 3 3 6 3 6
WAC3373 | 26 9 7 4 10 3 3 3 6 3 6
CS36 13 6 11 7 9 3 nfa 3 10 3 6
CS39 18 6 9 3 9 3 nfa nla nfa 3 6
70137 29 10 7 4 10 3 3 3 6 3 6

Table 2.6 Notes: table depicts the 10 Simple Sequence Repeats (SSRs) across 16 whole genome
sequenced strains. The numbers within the table represent the number of repeats of each motif
unit of the designated SSR. The names of the SSRs are “RTSatA” to “RTSatJ”. RTSat B has two
copies in genome.

Polymerase Chain Reaction (PCR) Verification of Rathayibacter toxicus SSRs

Based on the top considerations for designing primers manually and through use of
Geneious 9.8.1 tools, the primer sequences listed in Table 2.7 were determined for each SSR
region. Nine out of ten SSR annealing temperatures were set at 61 degrees. For SSR RTSatG 53-
56 was the ideal annealing temperature range, with 53 as the optimal one. The primer pairs were
NCBI blasted to check for any perfect matches among other organisms, and there were not
primer pair sets which contained perfect matches of both forward and reverse region in any

organism.
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Table 2.7: Primer Sequences for SSRs of Rathayibacter toxicus

SSRID Forward Primer sequence

Reverse Primer sequence

RTSatA | 5-GCTATCGGATGCCCCCCCTAAAACG-3
RTSatB | 5’-CATTGGGTTTGAGTGTTCCGTC-3’
RTSatC | 5>-GAAGACGCTTGCCTTTGCTC-3’
RTSatD | 5’-CTGAGAGGTCGCGGATTCTC-3’
RTSatE | 5’>-TCGCGATTACAGTCACGAGC-3’
RTSatF | 5>-CATGATTCGTGCTGTTCGCC-3’
RTSatG | 5’>-GCTGACTTACTACGCCGAGG-3°
RTSatH | 5°-CTGCTCCACGAACGGCTC-3’
RTSatl | 5’-GGTATGGGTGTTCCGCAGAG-3’
RTSat) | 5’-CGAGTGCTCCGTGATTCCTT-3’

PCR Verification

5’-ACAGTGGATTGTGTTGTGGTTGG-3’
5’-CACTACGAACGTTTTGCTGCTC-3”
5’-AAAAAGCACGGCAACATCCC-3
5’-CACCATCGTGCAGGTTCTCC-3°
5’-GCCGTCGAGAATTCTGGTGT-3’
5’-TTTTCTAGGGCAGGTCAGGC-3’
5’-AGACCTCTTCTCCTTTGTGTTGA-3’
5’-GCAAAGGAAATGGCGGTCTC-3°
5’-GTGCCGTTGATCGAGGTGAT-3’
5’-GGTCACTGAACAGTCTCAGCA-3’

The results of the RTSatA and RTSatB PCR verification are in Table 2.8 and include

repeat numbers of each SSR based on the extrapolated band size showcasing the full SSR

nucleotide count, divided by the number of nucleotides in one repeat motif. This was shown for

both RTSatA and RTSatB of 41 R. toxicus strains in Table 2.8.

Table 2.8: RTSatA and RTSatB in 41 Rathayibacter strains, PCR results

RTSatA RTSatB Copy 1 RTSatB Copy 2
# | Strain Name PCR Motif Repe | PCR Motif Rep PCR Motif Repe
target size  ats target size  eats target Size ats
band (bp) band  (bp) band (bp)
1| SA 03-02 610 32 19 67 9 7 67 9 7
2 | SA 03-08 610 32 19 67 9 7 67 9 7
3 | SA03-14 610 32 19 67 9 7 67 9 7
4 | SA 03-15 610 32 19 67 9 7 67 9 7
5| SA03-16 610 32 19 67 9 7 67 9 7
6 | SA03-17 610 32 19 67 9 7 67 9 7
7 | SA03-18 610 32 19 67 9 7 67 9 7
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38 | FH81 930 32 29 67 9 7 103 9 11
(CRK73)

39 | FH87 930 32 29 67 9 7 103 9 11
(CRW1)

40 | CS36 450 32 14 58 9 6 112 9 12

41 | CS39 710 32 22 58 9 6 94 9 10

42 | WAC9601 0 0 0 0 0 0 0 0 0
(CS21) [R.
tritici]

43 | ICMP 2579 0 0 0 0 0 0 0 0 0
[R. rathayi]

44 1 WAC3369 0 0 0 0 0 0 0 0 0
[R. rathayi]

45 | ESC-10 [P. 0 0 0 0 0 0 0 0 0
syringae]

46 | ddH20 0 0 0 0 0 0 0 0 0
(control)

Table 2.8 Notes: The gray area highlights the number of repeats, which is the number of times
that the SSR motif unit is repeated, and is a measure of genetic variation (or lack thereof) across
strains. “PCR Target band” means the extrapolated target band based on approximated gel band
size according to the ladder, and expected outcome based on referencing several available whole
genome sequences (analyzed through Geneious) which were also PCR tested.

Figure 2.1: PCR testing of RTSatB and RTSatA using Strains from Table 2.2.

123 45678 9101112131415161718 11203 @) Silol 74 8 911011 1243 44 1516 17
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3738 394041424344454629 30 313233343536

- U8 S o ou

Figure 2.1 Notes: These are the PCR bands on gel electrophoresis from which data was
extrapolated into Table 2.10. The image on the left is of RTSatB and on the right is RTSatA.
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When looking at SSR groupings within populations derived from MLST, ISSR, and
WGS analyses, the results in Table 2.9 are shown in order to see SSR repeat patterns or lack

thereof between populations.

Table 2.9: How many times Motif of RTSatA-J are repeated within strains of RT-I1-RT-V
populations

SSRID Motif Repeat #
RT-I  RT-Il RT-l RT-IV  RT-V
RTSatA  18-21  15-18 29 14 2
RTSatB | 7 910 7 6 6
(two copies) | 10-11 11 12 10
RTSatC | 10 3-4 4 7 3
RTSatD | 7 11 10 8 8
RTSatE | 3 3 3 3 3
RTSatF | 3 3 3 i ;
RTSatG | - 3 3 3 -
RTSatH | 6 ] 6 10 ;
RTSatl | 3 3 3
RTSatJ 6 6 6 6 6

Table 2.9 Notes: RTSatA and RTSatB also takes PCR results of 41 strains from Table 2 into
consideration, and RTSatC-J are based on the 16 whole genome sequenced strains.

Phylogenetic analysis of R. toxicus SSRs

Multiple phylogenetic analyses were completed based on the satellite data for the 16
Rathayibacter toxicus strains (Table 2.6), using different combinations of SSRs commonly used

in the literature.

The first phylogenetic analysis included all SSRs (Table 2.5), concatenated and aligned
across all 16 strains (Figure 2.2, Table 2.1). This phylogenetic tree groupings supported the
previously established populations established by MLST, ISSR, and comparative genomic

analyses (Arif et al. 2016, Yasuhara-Bell and Stack 2019, Yasuhara-Bell et al. 2020).
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The second analysis (Figure 2.3) included all SSRs (Table 2.5) except RTSatA, the
minisatellite. Using only microsatellites is a common approach in population genetic studies
using SSRs. Significant differences were evident between the analyses (Figure 2.3, Figure 2.2)
with and without the minisatellite. Specifically, the relatedness between RT-1V and RT-V and
among RT-1V and RT-V with other strains was very different as well as one RT-II1 strain split
out from the rest of the RT-I11 strains. These groupings in this phylogenetic tree were largely the
same as the populations based on other methods with those few significant relatedness

differences.

The third phylogenetic analysis (Figure 2.4) was based on only SSRs that occurred in
each of the 16 strains (Table 2.6), which excluded RTSatF, RTSatG, RTSatH, and RTSatJ. This
phylogenetic tree contains groupings and distances similar to those of the previously established,
with some variation. It also suggests a high degree of relatedness between RT-11 + RTIII and

between RT-1V + RT-V.

The final phylogenetic analysis (Figure 2.5) was the most stringent and exclusive, with
the most commonly used SSR parameters throughout literature. It was based on using only
microsatellites and only those SSRs that occur in each of the 16 strains, which excludes RTSatA
(minisatellite), RTSatF, RTSatG, RTSatH, and RTSatJ. Groupings and distances changed the
most with this analysis; RT-V was much closer to RT-1, RT-I11 split into two groups, RT-11
strains were more closely related to two of the RT-II1 strains, and it suggests that RT-V may be

the progenitor population.
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Figure 2.2: Phylogenetic Tree of All SSRs across 16 strains of whole genome sequenced
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Figure 2.3: Concatenated all SSRs except the minisatellite, of the whole genome

Rathayibacter toxicus strains
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Figure 2.4: Concatenated only SSRs which occur in all of the available 16 whole genome
sequence Rathayibacter toxicus strains
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Figure 2.5: Concatenated all microsatellites, excluding minisatellite, that occur in each
available Rathayibacter toxicus whole genome strain
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R Analysis: Poppr package for population genetics

A genotype accumulation curve (Figure 2.6) is for assessing how much power there
needs to be to discriminate between unique individuals given a sample of 10 loci (for the 10
SSRs). This analysis is particularly important for clonal organisms to confirm that a plateau has
been reached in the number of loci necessary to discriminate individuals. For the five
populations, or loci, of R. toxicus, there were enough markers to do the subsequent analysis, as

the threshold was met at eight multilocus genotypes (MLG), and the analysis has ten SSRs.

Figure 2.6: Genotype accumulation curve.

MLG
E-S

1 1 1 1 1
1 2 3 4 5
NumLoci

Figure 2.6 notes: NumLaoci is referring to the number of loci or the populations in my SSR data
set, which was five RT-I through RT-V populations and the MLG is referring to the multilocus
genotypes, or the number of markers needed, which was the SSRs.
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The missing data plot in the microsatellite analysis is intended for after loading data in
order to look for missing data, rare alleles and overall quality of the data. Since the data
consisted of polymorphic SSR markers, any instances where an SSR was not found in a strain,
the unobserved allele would be designated as “0”. There is an overall average of 9% missing

data, which was due to some of the SSRs not being found in some of the R. toxicus strains.
Figure 2.7: Missing data plot
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A multilocus genotype analysis was performed to identify genotypic diversity (Figure
2.8). The number of individuals observed (N) and the number of multilocus genotypes (MLG)
observed varied across populations. RT-I11 had the highest genotypic diversity and RT-I has the
largest allelic occurrence. RT-I has the largest number of strains but only one multilocus
genotype which is likely due to its clonal nature as it is a recently emerged population. This
graph may help give insight into whether enough loci were sampled as well.

Figure 2.8: Multilocus genotype and genotypic diversity varied across the five R. toxicus
populations
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A discriminant analysis of principal components (DAPC) was conducted (Figure 2.9) to
infer the number of clusters of genetically related individuals. It’s a multivariate statistical
approach where variance is partitioned into between-group and within-group components in
order to maximize discrimination between groups. The DA stands for discriminant analysis.
According to this analysis, RT-1V is the least related to the rest of the populations. It also
suggests that RT-V may be the progenitor of the populations, or last common ancestor of the

other four.

Figure 2.9: DAPC analysis of R. toxicus populations

R®_|

DA eigenvalues

Figure 2.9 notes: RT-I1 is hidden behind the DA eigenvalues box, and RT-I11 is the population in
yellow.
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Figure 2.10: Bruvo’s distance tree using SSRs across R. toxicus strains
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Overall, the strain groupings that resulted (Figures 2.10-2.12) from the Bruvo’s distance
analysis in the R package were similar to the groupings that resulted from the MLST, WGS, and
ISSR analyses as well as some of the other SSR analyses (Figure 2.2) that used all SSRs. The
data input into Poppr was also analyzing all SSRs. However, the distances of the Bruvo trees
from the Poppr package analyzing repeat numbers are not similar to those of the phylogenetic
trees (Figures 2.2-2.5) derived from Geneious 9.8.1 analysis of sequence data. For example, in
Poppr RT-I (the group of eight SA-) is more closely related to RT-11 (SA-19 and WAC7056)
while RT-1 was more closely related to RT-1V (CS36) and RT-V (CS39) the sequence-based tree

(Figure 2.2).
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Figure 2.11: Neighbor joining phylogenetic tree using K means hierarchical method
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The Poppr package contained an algorithm for phylogenetic analysis using the neighbor-
joining algorithm with K means clustering. k-means clustering is a method that aims to partition
genotype and samples into k clusters in which each observation belongs to the cluster with the
nearest mean. This phylogenetic analysis resulted in population groupings that correspond to the
Geneious Jukes Cantor neighbor joining method (Figure 2.2) and previous analyses, with
differences in relative distances between populations such as relatedness of RT-II strains (SA19-
14 and WAC7056) being closer to RT-1V (CS36) and RT-V (CS39) in this analysis rather than to

RT-111 in Geneious.
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SSRs within annotated Genomes

To identify potential patterns in genome location among SSRs across R. toxicus strains,
each SSR sequence was aligned in Geneious to the annotated genomes of the corresponding
Rathayibacter toxicus strains in which it was found. Annotations were used to identify whether
there were common genomic regions where the SSRs were located, whether they were in coding
regions or non-coding regions, and if coding, the location in that sequence. The annotated
genome data was obtained from Yasuhara-Bell et al. 2020 and included RAST annotations as
well as the website mygene.info. The annotated genomes of strains representing genetic

populations, RT-1-RT-V, were used to analyze each SSR, RTSatA-RTSatJ (Table 2.10).

Overall, there were no overarching patterns of genomic locations associating with SSRs.
Some SSRs were located in non-coding regions, while others were in various coding regions,
including within DNA and RNA and proteins sequences. This further shows how SSRs may
occur in various genomic regions and may influence genomic processes or may be non-
functional. Additionally, the results in Table 2.10 show conflicting annotations when two
annotation software types are used for checking the same SSR in the same genome strain. For
example, when looking at CS-39 MyGene.info versus RAST, the annotation of more than half of
the SSRs does not match between the two, indicating possible issues with one or both of the

annotation tools used.
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Table 2.10: SSRs within Annotated Rathayibacter toxicus Genomes

RTSatA RTSatB RTSatC RTSatD RTSatE RTSatF RTSatG RTSatH  RTSatl RTSatJ
CS36 no Putative toxin  Putative toxin only partly in in possibl  thisis  no hypothet membrane  only partly
(RAST) annotat component component near  putative putative epre- notin  annotat ical associated  in

ion near putative  putative ESAT-  membrane phosphat  pilin CS36  ion protein,  zinc FIG007959
ESAT-related related proteins, protein. Region ase. peptida regionis metalloprot peptidase
proteins, repetitive / is 468 bp long.  Region se, 1509 bp ease. M16 family.
repetitive / Repetitive is2334  region long Region is Region is
> Repetitive hypothetical bplong. is579 1359 bp 1407 bp
H hypothetical ~ protein near bp long long
o protein near ESAT cluster, long.
ESAT SA0282
cluster, homolog.
SA0282 Region is 1398
homolog. bp long.
Region is
1452 bp long
CS39 hypoth  Quinone putative ABC no annotation no putativ thisis thisis  thisis l-acyl-sn-  cell division
(RAST) etical oxidoreductas transporter annotatio e notin  notin  notin glycerol-3-  protein
protein, e (EC integral n integra CS39  CS39 CS39 phosphate  FtsK, 2841
1230 1.6.5.5),978 membrane I acyltranfer  bp long,
bp bp long, protein, 1425 bp membr ase, 756 bp  1549614-
- long, 1572078- long, 2206250- ane long, 1552454 (-)
g 135421 1573055 (+) 2207674 (-) protein 810277-
e 2- , 1242 811032 (-)
135544 bp
1() long,
186516
6-
186640
7()
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CS39 no DNA/RNA DNA/RNA barely gets into  hypothet no thisis  thisis  thisis l-acyl-sn-  S-DNA-T
(MyGen annotat nonspecific nonspecific propionyl-CoA ical annotat notin  notin  notin glycerol-3-  family DNA
e.Info) ion endonuclease, endonuclease, carboylase beta protein,  ion CS39  CS39 CS39 phosphate  segregation
1446 bp long, 1482 bp long, chain, 1605 bp 2334 bp acyltranfer ~ ATPase
1580647- 2218315- long, 550187- long, ase, 756 bp  FtsK/Spollll
1582092 2219796 551791 (-) 69496- long, E, 2841 bp
71829 (- 810277- long,
) 811032(-)  1549614-
1552454 (-)
SA03-04 no Putative toxin Putative toxin partly gets into  putative  no no thisis  no membrane  barely in
(RAST) annotat component component near  putative phosphat annotat annotat notin  annotati associated FIG007959:
ion near ESAT ESAT related membrane ase, ion ion SA03- on zinc peptidase,
related proteins, protein, 2445 2322 bp 04 metalloprot  M16 family,
proteins, repetitive/repetit  bp long, long, ease, 1359 1407 bp
repetitive/rep  ive hypothetical 552836-555256 65600- bp long, long,
etitive protein near (+) 67921 (- 825004- 1597610-
hypothetical ~ ESAT cluster, ) 826362 (+) 1599016 (-)
protein near ~ SA0282
ESAT homolog, 1416
cluster, bp long,
SA0282 2227720-
homolog, 2229135 (-)
E 1407 bp long,
a4 1617957-
1619363 (-)
SA03-04 no DNA/RNA DNA/RNA non  partly in Hypothet no no thisis  Cell membrane  probable
(My.Ge annotat non specific  specific lysylphosphatid ical annotat annotat notin  wall associated  phosphogly
ne.Info)  ion endonuclease, endonuclease, ylglycerol protein,  ion ion SA03- associat  protease cerate
1455 bp long, 1464 bp long, synthenase-like 2322 bp 04 ed NIpC  RseP mutase, 603
1617957- 2227720- protein long, family (regulator  bp long,
1619411 (-) 2229183 (-) (DUF2156 65600- hydrolas of RpoE 1596936-
family), 2538 67921 (- e, 1443  activity), 1597538 (-)
bp long, ) bp long, 1440 bp
552743-555280 235364- long,
(+) 236806  824923-
+) 826362 (+)
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WA40- no Putative toxin Putative toxin partly in putative  no no no putative membrane  barely in
23 annotat component component near  putative phosphat annotat annotat annotat secreted associated FIG007959:
(RAST) ion near ESAT putative ESAT-  membrane ase, ion ion ion protein,  zinc peptidase,
related related proteins, protein, 2445 2385 bp 1476 bp  metalloprot M16 family,
proteins, repetitive / bp long, long, long, ease, 1359 1407 bp
repetitive/rep  Repetitive 570824-573268 69491- 257947-  Dbp long, long,
etitive hypothetical 71875 259422  834064- 1584743-
hypothetical ~ protein near (+) 835422 (+) 1586149 (-)
protein near ~ ESAT cluster,
ESAT SA0282
cluster, homolog,
SA0282 2211410-
- homolog, 2212249, 840
= 1434 bp long, bp long
E 11604979-
1606412 (-)
WA40- no DNA/RNA DNA/RNA non- partly in hypothet no no no cell wall membrane  barely in
23 annotat non specific  specific lysylphosphatid ical annotat annotat annotat associat associated  predicted
(MyGen ion endonuclease, endonuclease, ylglycerol protein,  ion ion ion ed NIpC  protease Zn-
e.Info) 1482 bp long, 840 bp long, synthenase-like 2340 bp family RseP dependent
1604979- 2211410- protein long, hydrolas  (regulator peptidase,
1606460 (-) 2212249 (-) (DUF2156 69491- e, 1476  of RpoE 1419 bp
family), 2538 71830 (- bp long, activity), long,
bp long, ) 257947- 1359 bp 1584743-
570731-573268 259422  long, 1586161 (-)
(+) (+) 834064-
835422 (+)
WAC70 no DNA/RNA no annotation partly in hypothet no no no not in membrane- this is not in
56 annotat  non specific lysylphosphatid ical annotat annotat annotat WAC70 associated WAC7056
— (MyGen ion endonuclease, ylglycerol protein,  ion ion ion 56 protease
E e.Info) 1473 bp long, synthenase-like 2346 bp RseP
o 1594068- protein long, (regulator
1595540 (-) (DUF2156 69489- of RpoE
family), 2538 activity)
bp long, 1359 bp
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559394-561931 71834 (- long,
(+) ) 827085-
828443 (+)

Table 2.10 Notes: when the table says, “no annotation”, that means that SSR exists in that genome but there was no annotation in the annotated
genome data. When the table says, “not in ‘name of strain’” or “this is not in ‘name of strain”’, this means the SSR was inexistent in that specific
strain in the first place. This part of the data is also described in Table 2.6 and indicated by “N/A”
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Discussion and Conclusions

SSR analyses have often been used to identify population structure and phylogenetic
relationships in various organisms. Their relatively fast mutation rate relative to the background
genome may better highlight genetic differences in organisms that have a relatively slow
generation time. Rathayibacter toxicus is a relatively slow regenerating bacterial pathogen in
which we have samples from 1975 to 2014, and a generation is considered to be one entire
season due to the complexity of its lifecycle. SSR analysis of R. toxicus showed variation of
individual and groups of SSRs across strains, populations that mostly corresponded with

previous analyses, but did not yield consistent distance relationships between populations.

Single SSR analyses resulted in unique groupings; most SSRs yielded different
phylogenetic population groupings. Individual SSRs varied across strains and phylogenetic trees
showed conflicting results depending upon which combination of satellites were used in the
analysis, therefore, caution should be exercised when interpreting SSR variance for evolutionary
dynamics studies. It matters which SSRs are analyzed. For analyses with only the microsatellites
without the minisatellite, the phylogenetic tree was slightly different, just as each of the
combination are slightly different from each other, either in groupings or distances.
Complementing SSR analysis with other population genetic analyses or using multiple satellites
within a genome may better identify and provide better insight into phylogeographic

relationships.

It is important to note that the SSR parameters used in this study were the same as those
that are widely used and commonly published for population genetics and evolutionary dynamics
studies. Studies vary in the number and combination of parameters used; e.g., some studies use a

few parameters while others use most or all. The decisions sometimes seem arbitrary (Vieira et
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al. 2016, Oliviera et al. 2006). For example, many studies focus solely on microsatellites which
disqualify minisatellites and macrosatellites. The question becomes what is the most appropriate
measure for satellite variation? How should we choose which SSRs to use and which to ignore?
The relevance of this question becomes clear when comparing the differences observed among
the phylogenetic trees generated based on different R. toxicus SSRs combinations. The four

phylogenetic trees (figures 2.4-2.7) differ slightly but significantly among one another.

When all SSRs, including the minisatellite (32 nucleotide motif), Figure 2.2, were
analyzed across all 16 Rathayibacter toxicus genomes, the phylogenetic tree groupings supported
the previously identified populations established by MLST, ISSR, and comparative whole
genome analyses (Arif et al. 2016, Yasuhara-Bell and Stack 2019, Yasuhara-Bell et al. 2020).
Using only microsatellites in phylogenetic analysis is one of the most common practices reported

in the literature.

When all of the concatenated SSRs were analyzed excluding the minisatellite, Figure 2.3,
significant differences were observed compared to the analysis that included the minisatellite;
specifically, the relatedness between RT-1V and RT-V and among RT-1V and RT-V with other
strains was very different as well as one RT-111 strain split out from the rest of the RT-I11 strains.
These groupings in this phylogenetic tree were largely the same as the populations based on

other methods with those few significant relatedness differences.

Another very common approach to satellite analysis is including only the SSRs that occur
in every strain analyzed, shown in Figure 2.4. That approach excludes several of the SSRs used
in this study. The resulting phylogenetic tree contains groupings and distances similar to those of
the previously established, with some variation. It also suggests a high degree of relatedness

between RT-Il + RTIII and between RT-1V + RT-V.
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The most exclusive SSR parameter set, which is also commonly used by researchers,
concatenates only microsatellites that occur in every strain, shown in Figure 2.5. Groupings and
distances changed with this analysis; RT-V was much closer to RT-I, RT-II1 split into two
groups, RT-11 strains were more closely related to two of the RT-I11 strains, and it suggests that

RT-V may be the progenitor population.

A byproduct of this study was the analysis of the tools themselves; how do we determine
whether the methods used and the parameters selected result in an accurate representation of
reality? The fact that different parameter combinations yielded different results with respect to
relatedness shows that using multiple methods may help in confirmation of any one method or in

pointing out inconsistencies.

Another effect of checking which SSRs occur in which potential coding regions using
annotated genomes from two different annotation sources is seeing how one cannot rely on one
method alone for full certainty. There are differences among the tools used and this is another
example. There was an instance where the same region in the same strain and genome was
annotated slightly differently, and when a specific genomic location was searched for according
to location of a specific SSR, the annotation was not the same. An example of this occurring is
when looking in Table 2.10 at SSR — RTSatB copy 1, in strain CS39, using RAST versus
MyGene.Info results, the annotation does not match. RAST says it is within Quinone
oxidoreductase, and Gene Info says it’s within a DNA/RNA nonspecific endonuclease.
Therefore, checking with more resources may be necessary to determine which one is accurate, if

either.

Rathayibacter toxicus also has the potential to be used for diagnostic purposes. Each of

the individual SSRs’ forward and reverse primer regions (Table 2.7) were BLAST searched
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through the NCBI database, along with their in order to check for exact matches in other
genomes. There were no results which had the same forward and reverse sequences. Forty-one R.
toxicus genomes were tested for the presence of SSRs with the highest variability and largest
motif sizes (RTSatA and RTSatB), with controls including a different species of Rathayibacter
and another bacterium (Pseudomonas syringae); the controls remained negative which further
indicates the specificity of these SSRs to R. toxicus. SSRs RTSatA-J show a spectrum of further
specificity within R. toxicus from species to strain level. One SSR (RTSatA) was able to
differentiate to strain level in RT-1, while other SSRs (RTSatB, RTSatC, RTSatD, RTSatF,
RTSatG, RTSatJ) were only able to distinguish between the five previously established R.
toxicus populations. Some SSRs (RTSatE and RTSatl) were unable to distinguish among
populations but were unique to the Rathayibacter toxicus species. Overall, SSRs were suggestive
but not conclusive for determining the geographic or phylogenetic origin of R. toxicus. This may
also mean that one cannot rely solely on SSRs as a population genetics tool without other

methods to verify the results.
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Appendices (Chapter 2)

Appendix 1.1 Graph of range of SSR motif sizes and repeat numbers
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Appendix 1.2 Visualization of an example of the concatenation process in Geneious:
concatenation of 5 SSRs

! 0 4 & 80 190 120 140 180 18 0 20 40 20 e e e -
Consensus THHE
ey . N . ...
1.70137ssr [ I ] | o I | — T — 1 ]
AAAGACCTC Repeat AMAGACCTC Repeat ACTGAGCT Repeat AGCCGE Repeat ATCCG Repeat
2, (528ssr L ) I — H— — ]
AAAGACCTC Repeat AAAGACCTC Repeat ACTGAGCT Repeat AGCCGG Repeat ATCCG Repeat
3. WAC3373ssr L H— I — H— — ]
AAAGACCTC Repeat AAAGACCTC Repeat ACTGAGCT Repeat AGCCGE Repeat ATCCG Repeat
4, WAA40-23Cssr L] H— | W | — H— ]
AAAGACCTC Repeat AAAGACCTC Repeat ACTGAGCT Repeat AGCCGE Repeat ATCCG Repeat
5. C536ssr T I T — 1 ]
AAAGACCTC Repeat AAAGACCTC Repeat ACTGAGCT Repeat AGCCGG Repeat ATCCG Repeat
6.C539ssr [ — | T | I H———+—T 1
AAAGACCTC Repeat AAAGACCTC Repeat ACTGAGCT R... AGCCGG Repeat ATCCG Repeat
7. WACT0565sr L] — I T
AAAGACCTC Repeat AAAGACCTC Repeat ACTGAGCT R... AGCCGG Repeat
8. SA19-14ssr L] — I T
AAAGACCTC Repeat AAAGACCTC Repeat ACTGAGCT R... AGCCGG Repeat
9. SA03-D4ssr — — EITNEN ]
AAAGACCTC Repeat AAAGACCTC Repeat ACTGAGCT Repeat AGCCGG Repeat ATCCG Repeat
10, SAD3-14ssr — — NI NEN ]
AAAGACCTC Repeat AMAGACCTC Repeat ACTGAGCT Repeat AGCCGG Repeat ATCCG Repeat
11, 5A03-19ssr — — NI NEN ]
AAAGACCTC Repeat AMAGACCTC Repear ACTGAGCT Repear AGCCGG Repeat ATCCG Repeat
12, SA08-08ssr — — NI NEN ]
AAAGACCTC Repeat AMAGACCTC Repear ACTGAGCT Repeat AGCCGG Repeat ATCCG Repeat
13, SA08-09ssr — — NI NEN ]
AAAGACCTC Repeat AMAGACCTC Repeat ACTGAGCT Repeat AGCCGG Repeat ATCCG Repeat
14, 5A19-02ssr — — NI NEN ]
AAAGACCTC Repeat AMAGACCTC Repeat ACTGAGCT Repeat AGCCGG Repeat ATCCG Repeat
15, 5A19-06ssr — — NI NEN ]
AAAGACCTC Repeat AMAGACCTC Repeat ACTGAGCT Repeat AGCCGG Repeat ATCCG Repeat
16. SA19-07ssr — — | W I ]
AAAGACCTC Repeat AMAGACCTC Repeat ACTGAGCT Repeat AGCCGG Repeat ATCCG Repeat

Appendix 1.2 notes: This figure shows Purple is RTSatB copy 1, blue is RTSatB copy 2, green is
RTSatC, pink is RTSatD, purple is RTSatE. These were first concatenated and aligned, for each
of the 16 strains (named on the left side under “consensus identity”).
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Chapter 3: Rathayibacter toxicus Pathogen Pathway Risk Analysis
Abstract
Rathayibacter toxicus is a plant pathogenic bacterium that has caused the death of hundreds of
thousands of animals in Australia since the 1950s. The bacterium involves a complex life cycle
where a nematode vector carries the bacterium into grass ovules where it establishes galls within
the seed structure and produces a toxin that is lethal to mammals. Rathayibacter toxicus and its
toxin has been a threat to Australian agriculture for decades and now threatens other countries
because of the increase in globalized trade markets including hay exports from Australia. Countries
including the U.S. may be at risk of R. toxicus introduction, which may include potential
establishment, spread, and ultimate disease outbreaks. It is necessary to understand how the
pathogen survives and spreads within and from the source country, how it is moved from source
to destination country, and how environmental conditions at the destination may facilitate
pathogen establishment. This qualitative pathway analysis was developed to study the possible
avenues through which R. toxicus may elude containment and reach areas outside of outbreak
centers in Australia. A scenario of R. toxicus spread was analyzed which included assuming a
range of concentration of bacterial galls within a hay field harvested for hay bales for export out
of the country. It is evident that risk exists for R. toxicus gall release at multiple points throughout
its journey from a grass panicle in an Australian paddock, all the way through to the arrival on a

packaged bale of hay reaching a feeding pasture in a U.S. livestock farm.
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Introduction

Rathayibacter toxicus is a complex plant pathogenic bacterium that has the potential to
sicken and kill animals that it comes into contact, if enough of its toxic galls are consumed.
Infected grass can remain toxic even when it has senesced and dried off and repurposed as hay
(Price et al. 1979; Stynes and Bird 1982; Government of Australia 2018). Outbreaks of toxicity
and animal poisoning caused by R. toxicus have been prevalent throughout fifty years in
Australia, over several regions within the country, and are commonly known as “annual ryegrass
toxicity” or “Flood plain staggers” outbreaks (McKay et al. 1993). Rathayibacter toxicus is one
of only seven plant pathogens on the U.S. Select agent list because of its ability to cause disease
in plants and toxicities in animals which consume the affected plants (Riley and Ophel 1992). So
far, R. toxicus has been widespread only in Australia and detected in South Africa (Schneider
1981, Grewar et al. 2009). Rathayibacter toxicus detections have not occurred in the U.S. to date.
However, through globalization and movement of people, imports, and exports, it may be
difficult to detect and stop the spread of pathogens associated with these, and complete

containment can never be guaranteed with full certainty.

Certain rules and regulations exist that aim to prevent the introduction and spread of
pathogens at the global and international level. The International Plant Protection Convention
(IPPC) and the Sanitary and Phytosanitary agreement (SPS) are two such organizations that
strive to help plant protection throughout international trade markets (FAO 1996; Devorshak
2012). These entities and their regulations have existed for several years, but there are still issues
with being able to fully implement the guidelines on a practical scale (Brasier 2008). One
example is in the issue of sampling for detection of unwanted pests and pathogens; in the U.S.

less than 2% of incoming containers are inspected at ports of entry (NRC 2002) and inspections
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are often based on visual detection of disease symptoms caused by known and listed organisms,
leaving much room for human error and unknown pathogens or asymptomatic diseases to pass
through (Brasier 2008; USDA APHIS PPQ, 2012a). The sampling issue is also relevant
specifically to R. toxicus. According to the guidelines of the Australian Quarantine and
Inspection Service, there is a set standard for minimizing the risk of corynetoxin contamination
of hay and straw for export, which similarly only requires a relatively small percentage of
product to be tested. For example, it suggests that only 15% of all bales in a paddock should be
sampled if there is a total of more than 12 bales, or one of a group of 12 or less bales should be
sampled. And if the testing is negative, all bales in their groups meet the standard without
needing further testing (Australian quarantine and Inspection Service 2019). There are additional

guidelines as well, but they are not extremely thorough and some of the rules are rather arbitrary.

There are many phytosanitary measures that should be applied to the international
movement of agricultural commodities, because imported agricultural products can hold non-
indigenous pests that could threaten domestic agricultural industries (Reed, 2001). Efforts taken
must be based on international standards and scientific principles (Griffin, 2012; Reed, 2001).
There is a general standard that is the Pest Risk Analysis (PRA) and SPS-IPPC framework is part
of the process (PRA, Griffin 2012). PRA analyzes information to determine the amount of risk
that a pathogen may represent and how phytosanitary measures can be used to combat it (IPPC,
2004; IPPC, 2007). PRA is mainly a scientific decision-support tool used to justify phytosanitary
measures, but it can aid in determining the potential of new pathogen risks of entrance and
establishment in a new place for conducting surveillance programs (Devorshak, 2012). A PRA
can be applied to consider pathways or means by which a pest can gain entry and spread from

one location to another (Devorshak, 2012). There are various types of pathways such as through
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natural spread, purposeful movement, and through countless commodities, with the latter being a

major driver (Devorshak, 2012).

A pathway pest risk analysis considers important steps through transmission points that
must occur for a pathogen to leave its origin, survive or escape during travel, become
established, and spread in a new location. Analysis of the situation prior exporting a commodity
(with pest or pathogen included) may include looking at pest prevalence and disease outbreaks at
the place of origin, infestation at the field level, and amount of commaodity for export. Some of
the many scenarios that can be considered during such a pathway analysis (such as looking at the
travel pathway of the infested commodity between source and sink) is commaodity loss and
spillage during shipment and transit, presence and amount of hosts, environmental conditions for
pest overwintering survival, establishment, spread, and outbreak. A plant disease outbreak refers
to a level of disease sufficient to cause economic loss or an epidemic greater than what would
normally be expected in a particular geographical area or season (Adapted from McMichael et
al., 2003). Pathways that could lead to pest arrival, establishment and spread are analyzed by
pathway pest risk analyses (Devorshak, 2012). In some instances, only the likelihood of entry,
establishment, or spread is analyzed. In general, conservative regulatory approaches are normal
because studies often assume establishment of pathogen is possible just with its entry because of

the complexity associated with establishment (Rafoss, 2003; Devorshak, 2012).

Rathayibacter toxicus is a pathogen that can have dire consequences, such as animal
lethality and loss of forage crops, if there are ways in which it is released and spread past its
origin. A pathway analysis can look at such possibilities. Several factors about R. toxicus can be
taken into consideration, such as host range, vector range, as well as survivability in certain

weather and climate environments, and more. Rathayibacter toxicus has many host possibilities
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within the Poaceae family of plants. These are grasses that include Lolium rigidum, Agrostis
avanacea, Polypogon monospeliensis, Ehrharta longiflora, Austrodanthonia caespitosa, Avena
sativa, Avena caespitosa, Danthonia caespitosa, Lolium multiflorum, Lolium perenne, Lolium
persicum, Lolium strictum, Lolium temulentum, Phalaris species, Vulpia myuros, and more
(Bertozzi and Davies, 2009; Bertozzi and McKay, 1995; Chatel et al., 1979; Edgar et al., 1994;
McKay et al., 1993; Riley, 1992a ; Riley, 1995; Riley, 1996; Riley et al., 2001; Riley and
Barbetti, 2008). The known nematode vectors of R. toxicus are within the Anguina genus. These
most commonly include Aguina funesta, Anguina tritici, Anguina australis, and Anguina
paludicola (Riley 1995; Riley and McKay 1990, Riley and McKay 1991, Riley 1992a; Riley et
al. 2001; Bertozzi and Davies 2009, Riley and Barbetti, 2008). Rathayibacter toxicus
survivability is strong, as bacterial galls can survive for many years in a dry state. They can

immediately be activated through rehydration in rainy conditions.

The climate of the Western Australia region is known to be mostly hot and dry. This is a
conducive environment for R. toxicus senesced galls to survive and overwinter in. Arid climate is
the most common condition in Australia. Many Rathayibacter species diseases happen in arid
areas and there are biological characteristics of it that aids in their survival as well, such as
production of extracellular polysaccharides (Murray et al. 2017). In the Western Australian arid
environment, Rathayibacter genus can overwinter multiple decades. This also happens for
nematode species. The nematodes drop to the soil surface near as plants senesce and survive
anhydrobiotically until the following season (Murray et al. 2017). The freshly hatched juveniles
cannot survive desiccation but mature physiologically to become the survival state as the host
senesces and desiccates (Riley and Barbetti 2008). To summarize, the seed gall nematode vectors

of Rathayibacter spp. (including R. toxicus) feed and reproduce within the developing ovaries of
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plant seeds and overwinter in seed galls as anhydrobiotic juveniles or adults, and can survive
within the seed gall for many years in this dormant stage. For example, Anguina tritici did not

lose its ability to invade wheat seedlings after 32 years of dormancy (Limber 1973).

Characterization of the origin and destination can be done and they can be compared for
similarities in conditions which would be favorable to establishment of a pathogen. Both
Australia and U.S.A. have similar geographical and climate factors within the countries. U.S.
land size is slightly larger than Australia, at almost 10 million square kilometers, while Australia
is almost 8million square km. Both countries have large amounts of agricultural land, arable
land, cropland, as well as pastures and forests. Concerning climate, there are parallel regions in
U.S. and Australia. Both have temperate, arid, semiarid, and tropical regions. The proportion of
these may vary, but both countries are large and diverse with many contrasting environments and

varying land use.

Analyzing pathogen pathways and likelihoods of entry and establishment in new
locations may take into account a combination of as many factors as possible. These factors
include the basic information about the pathogen, such as the hosts, vectors, life cycle,
survivability. Additionally, looking at the conditions of the source and destination locations adds
more information to an analysis. The travel between source and destination can be described as
well. This can include studying which points during a commodity’s transfer is pathogen testing
done, if any, the possible limitations in terms of sampling and error rates, and which entities in
which countries are responsible for managing this process and approving the movement of
materials. Overall, there are many avenues and factors to research and analyze. Assumptions can
be made about how much invasive pathogen is overlooked and surpasses testing given certain

known information; weaknesses in potentially important questions can be highlighted.
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Materials and Methods

Rathayibacter toxicus pathway analysis chapter consisted of computer-based analyses
made using Microsoft Office and Geographic Information System (GI1S) software, ArcGIS Pro,
and Quantum GIS 3.14 (QGIS). Microsoft Excel was used for data and calculations on various
portions of the pathogen pathway scenario. Microsoft Office PowerPoint was used for the
development of the pathway timeline flowcharts. This included creating all flowcharts of points

of focus in the pathway of R. toxicus leaving the origin and establishing in its destination.

The climate maps of Australia and U.S were made with the help of Dr. Avocat of the
Kansas State University Geography and Geospatial Sciences department. The Koppen-Geiger
climate classification system files available in Google Earth format (kmz, kml), were converted
to raster (geotiff) and vector format (shapefile). The shapefile geometry and topology was
repaired using repair geometry tools in QGIS. in order to enable calculations and spatial
analyses. Some calculations being impossible in a geographical (spherical) coordinate system
relying on angular units of measures, the files were affected projected coordinate systems based
on linear units of measures (NWS Lambert — EPSG 3308 for Australia, and Albers Equal area
conic — EPGS 102003 for the contiguous United States). The shapefiles for the U.S. and
Australian state outlines were provided by the U.S. Census Bureau, Natural Earth Data, and U.S.

Geological survey.

An Excel database with the GPS coordinates of R. toxicus samples collected by various
scientists was compiled and used to display the location of the sites along with climate zones, to
visually assess a functional/spatial association between the presence of R. toxicus and the climate
characteristics. Samples with missing GPS coordinates were applied with approximate

coordinates of the closest town and specific area in the database. Latitude and longitude in form
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of X, Y coordinates were retrieved for a total of 81 sites. The sites were initially displayed in
WGS 84, which is the global geographical coordinate system used by the Global Positioning
System technology, and then projected in NWS Lambert. A simple diamond shaped symbol was
used for the Australian R. toxicus sites as well as for the top ports of entry of hay in the U.S. The
U.S. climate map was established after creating an Excel database containing the approximate
X,Y coordinates of the ten top ports of entry from WorldCity website and U.S. Census Bureau.
These Australian and U.S. climate maps with R. toxicus sites and hay entry ports were created

using Quantum GIS 3.14.

The host and vector presence information for each of 50 U.S. states was extrapolated
from the websites of CABI Invasive species compendium, US Department of Agriculture
(USDA\) Fire Effects Information System, and USDA Natural Resource Conservation Service
Plants Database, input into Microsoft Excel and Access tables compatible with applying into GIS
programs. The data depicted a presence/absence as well as proportion data for each state: the
rows depicted each state and the columns expressed the total of hosts and vectors respectively
out of 15 and 4. This table was imported into ArcGIS Pro and QGIS. These data being
qualitative (presence/absence) or standardized, a choropleth map with a single-color scheme was
used to depict the proportion of hosts, respecting the low to high, light to dark rule of the
international cartographic convections. The vectors were symbolized using different types of
stripes, single stripes for one vector, cross stripe pattern for two vectors, which was the

maximum number of vectors present in any one state.

A GIS analysis of the Western US (Washington, Oregon, and California) was performed
in ArcGIS Pro using the United States Land Cover Database (NLCD) from the U.S. Geological

Survey (Dewitz 2019, USGS 2016). This database contains 20 different land cover types in a
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raster file with a spatial resolution of 30 meters. Three land cover types were extracted and
clipped to the extent of the study area: grassland/herbaceous, pasture/hay, and cultivated crops.
The number of each of these categories’ pixels were calculated using the zonal statistics tools,
then converted to square kilometers. Major highways were also added to this map. Much of these
GIS analyses were done with the guidance of Dr Avocat, KSU Geography and Geospatial

sciences.
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Data/Results

Data and results are organized into sections of (1) origin/source, (2)
transport/dissemination, and (3) destination/introduction. #1 breaks down into harvest and
packing points, #2 breaks down into shipping and entry, #3 breaks down into escape and
establishment. The Harvest, Pack, Ship, Entry, Escape, and Establish are the pathway factors
known as “risk attrition” components, which were determined by USDA Plant Protection and
Quarantine (APHIS) scientists, R. Sequeira and R. Griffin. This model is shown by Figure 3.4,
Main Pathway Components of Rathayibacter toxicus establishment Scenario. “Scenario: Western

Australia > U.S.”

List of Assumptions for Maximum Likelihood R. toxicus escape scenario

1. R. toxicus travels with vector and host

N

R. toxicus will go undetected at some point throughout the process
3. Surveillance, diagnostic and certification testing have potential of error
a. human error
b. sampling error
C. equipment error
4. Known concentration of R. toxicus galls in outbreaks = 10k galls/kg of hay
5. 1gall =1seed (1 seed is replaced by a gall when establishment occurs)
6. Source of R. toxicus: Western Australia (biggest hay producing state of Australia)
a. A total of approximately 55k value of hay is imported directly from Australia to U.S.
and that is smaller than the possible hay yield from an average WA farm of around 4k
hectares. This scenario assumes that one specific farm had an outbreak which was

undetected and that the entirety of the Australian hay in U.S. is from this one location.

1A: Origin/Source - Harvest

Rathayibacter toxicus exists in Australia and may theoretically enter the United States;

looking at a pathway scenario from a paddock in Western Australia to a pasture in U.S. using
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known average information on location of R. toxicus and maximum likelihood factors of the

process is important for the pathway analysis.

For this pathway analysis, a theoretical hay farm 1k hectares in size is the source of hay
and R. toxicus outbreak, based on Australian grain crop farms being 1082 hectares on average
(GrainCentral.com 2017). Rathayibacter toxicus has historically occurred in Western Australia
(WA), so the type of environmental conditions there are conducive to maintaining R. toxicus.
The weather in this location is mostly hot and dry, and this is important because it shows us a
type of climate that has been conducive to the survival and spread of R. toxicus for many

decades.

Western Australia was also chosen as an area of focus because it is the predominant
Australian state for hay production and exports the largest percentage of Australian hay out of
the country, at 48% of the total (Government of Western Australia 2017). In 2013, Australia
exported approximately 300 million dollars’ worth of hay, which equals to approximately 144
million dollars from Western Australia (Australian Fodder Industry Association). The WA
scenario 1k hectare hay field can produce approximately 91k 50kg hay bales, based on one
hectare yielding approximately 5 tons of hay, or 91 50kg hay bales (Government of Western
Australia 2017). A theoretical localized outbreak can be assumed to make up an entire shipment
of hay to the U.S., because it is equal to less than what an average size Australian hay farm is

capable of producing, and this will be covered more in section 2A.

There are approximately 217,000 annual ryegrass (Lolium rigidum) seeds/pound, or
477,974 seeds per kilogram. Approximately 49% of the weight of Lolium rigidum hay is seed;
therefore, the number of seeds per kilogram of hay is 236,194. Based on this, any number of R.

toxicus galls will be divided by this to find the percentage seed infection rate in hay.
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One of the major assumptions of R. toxicus is that one gall replaces one seed, therefore

there is a 1:1 ratio of gall to seed, so when calculating % of seed infection of R. toxicus in a

kilogram of hay, one can assume the rate is galls divided by total number of seeds in a kilogram.

The seed infection rate of the known outbreak number of 10,361 galls per kilogram of hay is

4.39%, as highlighted in Table 3.1.

Table 3.1. Basic Information based on Outbreak R. toxicus concentration and Host (Lolium
rigidum) information — basis for future calculations

Calculations and conversions

Outbreak # of galls/kg hay:

Kg of Lolium rigidum seed/ha
Lolium rigidum Seeds/kg
Lolium rigidum seeds/ha
Kg hay/ha in Australia
50 Kg Bales hay/ha in Australia
# of seeds/kg hay
# of seeds/ 50 Kg Bale
# R. toxicus galls/ kg hay

Outbreak % seed infection rate:
Outbreak % of hay

10,361
2,241
477,974
1,071,138,767
4535

91

236,194
11,710,352
10,361
4.39%
2.11%

Table 3.1 notes: ha=hectare, kg=kilograms. Sources of R. toxicus, seed, and hay information:
Hart et al. 2011; USDA-SCS 1973; Allen 2012.

Table 3.2 shows the scenario calculations in the case that testing for R. toxicus in

Australia failed to detect at various infection rates, from 1-20%. Failures to detect may be due to

any sampling issues. It is important to note that the higher the infection rate, the less likely the

possibility of not detecting the R. toxicus galls due to sampling or visual appearance, therefore

much higher than 20% infection rate is less likely to evade visual detection or testing errors.
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Table 3.2. Quantity of Rathayibacter toxicus galls in Australian Hay assuming various seed
infection rates

%Seed R. toxicus galls galls if entire 1k ha
Infection Rate per 50kg bale paddock is infected
0.001% 117 10,621,290

0.01% 1,171 106,212,896

0.1% 11,710 1,062,128,965

1% 117,104 10,621,289,648
4.39% 513,692 46,591,906,310
10% 1,171,035 106,212,896,476

Table 3.2 notes: known recorded outbreak level highlighted, the right column is a scenario
assumption based on infection rate and average farm size information, not real-life record.

1B: Origin/Source - packing/testing

Initial R. toxicus detection process includes visual detection through field assessment.
This entails scouting for symptomatic grazers and looking for galls and bacterial slime. Both of
these have potential issues such as the fact that R. toxicus works cumulatively when consumed,
and there is a certain threshold that must be reached for an animal to start exhibiting symptoms,
and around 20,000 galls must be consumed for lethality (citation). Smaller infections might not
be symptomatically visible. Scouting a field for visual signs of bacteria is difficult if the density
of R. toxicus is low and if the sampling design does not take a scout near an outbreak localized to

one small specific area.

If there is a positive field assessment, several different types of initial tests can be done.
These include a mature ryegrass test, pre-flowering test, hay test, and toxin test. All four of these
are ELISA based tests (Australian Quarantine and Inspection Service 2014, 2019). Such tests can
also have technological, human, and sampling errors. If there is a negative field assessment, there
are still official pest-free certifications that must occur before any export of hay can occur. There

are four points at which this can occur. They include official testing of bales in the paddock,
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bales in storage, bales on the processing line, and processed bales prepared for export. One of

these options must be taken before the export goes through (Australian Quarantine Inspection

Service 2014, 2019). Table 3.3 summarizes the sampling process of each of these four.

Table 3.3 Four pre-export certification methods for Rathayibacter toxicus contamination

Test Site guantity # bales sampled sample Action
for testing size
negative positive
paddock <12 bales 1 ? no further testing 100% bales
needed retested
>12 bales 15% ? no further testing 100% bales
needed retested
storage 1-5 bales 1 ? no further testing 100% bales
needed retested
6-30 bales 1 from every 3rd; no ? no further testing 100% bales
less than 5 total needed retested
>31 bales 1 from every 5th; no ? no further testing 100% bales
less than 10 needed retested
processing Sample from 450g no further testing 100% bales
line container needed retested
export 40 bale 1 10g sample from 400g no further testing 100% bales
groups each 40 needed retested

Table 3 Notes: this information is from the Australian Quarantine and Inspection Service
“Standard for Minimizing the Risk of Corynetosin Contamination of Hay and Straw for Export”.

There are several possible error types during R. toxicus detection. These errors can occur

during surveillance in the field, including with the design and execution of the surveillance,

which includes human error. The testing technology also has potential for errors. All the in-field

and testing sites utilize ELISA based assays, which have error rates for any organisms. One of

the biggest issues with testing is the sampling error. For example, when 10g of hay is sampled

from a 50kg hay bale being prepared for export, that is equal to 0.02% of the bale, and if a

pathogen is randomly distributed, there may be low probability of taking a sample that contains

R. toxicus galls.
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2A: Transit/Dissemination - Shipping

Australia has a total of 13 major hay markets, the top ones include Japan, Korea, Taiwan,
China, Saudi Arabia, United Arab Emirates, and Indonesia. U.S. is also an Australian hay
importer, but Australia is not one of the top hay suppliers for the U.S. (Government of West

Australia 2020, WorldCity, U.S. Census Bureau).

U.S. receives $55,074 worth of Australian hay per year (Table 4). In addition to the
Australian hay, the U.S. imports approximately 90 million dollars’ worth of hay from all other
countries from June 2019-June2020. (WorldCity, U.S. Census bureau). The complexity of world
trade is immense. It is important to consider the “indirect” entrance of R. toxicus by way of
another country that received Australian hay directly and then re-exporting it to the U.S. China
receives hay from Australia and exports hay to U.S, which is a potential indirect avenue of
importing Australian hay (Table 3.4).

Table 3.4 Top Sources of U.S. Hay Imports (From June 2019-June 2020)

Rank Country YTD Australian
hay receiver?

1 Canada $42.96 M

2 Mexico $8.95 M

3 China $157,457 yes
4 France $83,170

5 Australia $55,074

6 Netherlands ~ $46,990

7 Kenya $38,220

8 Ecuador $28,303

9 Chile $14,248

10 Peru $11,653
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https://www.ustradenumbers.com/dashboard/imports/?set=imp&cty=1220&comm=1214
https://www.ustradenumbers.com/dashboard/imports/?set=imp&cty=2010&comm=1214
https://www.ustradenumbers.com/dashboard/imports/?set=imp&cty=5700&comm=1214
https://www.ustradenumbers.com/dashboard/imports/?set=imp&cty=4279&comm=1214
https://www.ustradenumbers.com/dashboard/imports/?set=imp&cty=6021&comm=1214
https://www.ustradenumbers.com/dashboard/imports/?set=imp&cty=4210&comm=1214
https://www.ustradenumbers.com/dashboard/imports/?set=imp&cty=7790&comm=1214
https://www.ustradenumbers.com/dashboard/imports/?set=imp&cty=3310&comm=1214
https://www.ustradenumbers.com/dashboard/imports/?set=imp&cty=3370&comm=1214
https://www.ustradenumbers.com/dashboard/imports/?set=imp&cty=3330&comm=1214

Table 4 Notes: source: WorldCity Inc USTradeNumbers website, which uses data from U.S.
Census bureau.

There are several specific ports of entry through which hay enters the U.S. Often, the
country of origin location relative to these ports determines through which port the commodity
enters. Based on these locations, the one with closest proximity to Australia would be the

Calexico/Mexicali Border Crossing in California (see GIS map in section 3B).

Table 3.5 Top Gateways (ports of entry) for U.S. Hay Imports (June 2020)

Rank Port YTD

1 Buffalo Peace Bridge, NY $8.85 M
2 Portal-North Portal Border Crossing, N.D. $6.32 M
3 Calexico/Mexicali (East) Border Crossing, Calif. $5.41 M
4 International Falls, Minn. $5.1 M
5 Detroit Ambassador Bridge, Mich. $4.72 M
6 Port Huron Blue Water Bridge, Mich. $4.69 M
7 Derby Line, Vermont, border crossing $3.46 M
8 Pembina Border Crossing, N.D. $2.46 M
9 Rouses Point / Lacolle Border Crossing, N.Y. $2.31M
10 Highgate Springs Alburg, Vit. $1.85 M

Table 5 Notes: Calexico is highlighted because it is in closest proximity to Australia, and no
other west coast ports are in the top 10 for hay.

The total value of Australian hay imported into U.S. annually is approximately $55K
USD (Table 3.5). At $175 per ton, the U.S. imports approximately 6,294 110-pound bales
(~50kg bales) from Australia annually (Department of Primary Industries and Regional

Development’s Agriculture and Food Division of the Government of Western Australia).

The number of total bales of hay that can be made from the calculation of 91 bale
yield/ha, WA 1k ha paddock scenario of 91k bales, is relevant for the assumption that the entire
U.S. hay import from Australia (which is equal to 6,294 bales) can theoretically be from one

location during an outbreak.
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https://www.ustradenumbers.com/dashboard/imports/?code=0901&comm=1214
https://www.ustradenumbers.com/dashboard/imports/?code=3403&comm=1214
https://www.ustradenumbers.com/dashboard/imports/?code=2507&comm=1214
https://www.ustradenumbers.com/dashboard/imports/?code=3604&comm=1214
https://www.ustradenumbers.com/dashboard/imports/?code=3801&comm=1214
https://www.ustradenumbers.com/dashboard/imports/?code=3802&comm=1214
https://www.ustradenumbers.com/dashboard/imports/?code=0209&comm=1214
https://www.ustradenumbers.com/dashboard/imports/?code=3401&comm=1214
https://www.ustradenumbers.com/dashboard/imports/?code=0712&comm=1214
https://www.ustradenumbers.com/dashboard/imports/?code=0212&comm=1214

2B: Transit/Dissemination — Entry

Varying numbers of R. toxicus galls may enter the U.S. as a function of the level of R.
toxicus infection in the hay (Table 6). The limit of detection (L.O.D.) is one gall per kilogram
based on the R. toxicus ELISA test, suggesting that as many as 314,714 total galls could go
undetected if the total import is infected at this L.O.D. rate. As many as approximately 3 billion
galls could enter if the outbreak concentration (10,361 galls per kg) goes undetected in an entire

import.

According to the L.O.D., one gall per kilogram of hay equals to an infection rate of
0.00043%. At this rate, it would be likely that R. toxicus would go undetected. Calculating
undetected galls from all Australian bales is based on the extrapolated number of how many hay
bales enter the U.S. based on the value of the hay imports from Australia into U.S, which was
established as 6,294 bales. This number of bales multiplied by total number of seeds per 50-
kilogram bales, multiplied by the limit of detection rate, one can determine the theoretical
number of R. toxicus galls entering undetected. Therefore, at a seed infection rate of 0.00043%,
and theoretical uniform distribution, the total number of undetected galls from Australian hay
imports may be 50 galls per bale or a total of 314,709 galls per year. At the outbreak seed
infection rate of 4.39% (part 1A), the total theoretical number of galls entering U.S. from a

shipment directly from an outbreak paddock in Australia is approximately three billion.
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Table 3.6: Scenarios of R. toxicus introduction quantities into the U.S.

% Seed Galls (50kg hay Total Galls entering Estimated Entrance

Infection bale) U.S. (from WA outbreak likelihood (evasion of
Rate location scenario) detection)

0.00043% 50 314,709 L.O.D. level - highest
0.001% 117 737,070 High

0.01% 1,171 7,370,697

0.1% 11,710 73,706,966

1% 117,104 737,069,656

2% 234,207 1,474,139,313

4.39% 518,601 3,264,165,621 Low (outbreak)

10% 1,171,035 7,370,696,564

50% 5,855,176 36,853,482,819 Extremely low

100% 11,710,352 73,706,965,639 Lowest

Table 3.6 Notes: Highlighted in yellow is the Limit of Detection (L.O.D.) number of galls
entering the U.S. Highlighted in orange is the number of galls entering the U.S. if the outbreak
concentration (4.39% of seed in hay) is undetected. This table also includes other theoretical
amounts and conclusions on the likelihood of detection.

There is a spectrum of possible scenarios with varying R. toxicus gall numbers as a
function of different seed infection rates (Table 3.6). The number of galls entering starts with the
L.O.D. level of 314,709 galls and increases to the outbreak level of three billion galls; it can also
be higher or lower. An interpretation of likelihood of entrance is useful given that an extremely
high concentration of galls would be more detectable at any of the detection points summarized

in section 1A.

3A: Destination/Introduction - Escape

There are many miles of major roads across Australia and U.S. through which shipments
of hay may travel and accidentally disseminate material from the bales. These include the
national highway system, interstate highways, railways, as well as rural and urban roadways. The

U.S. has almost 16 times more miles of national highway system than Australia, at 160,955 miles
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in U.S., and 47,432 miles of interstate highways. There are also many unpaved roadways (more
than 1.4 million miles) throughout countless towns and cities in U.S., especially in the rural
areas. When hay travels from a port of entry to a destination, this journey will likely comprise of
a route that includes major and rural roads. Transport of bales across these roads often leads to
disseminating hay along the roadways into conducive environments for the seeds, R. toxicus

galls and nematode galls in the hay to enter and establish.

Hypothetical scenario-based numbers of R. toxicus galls escaping in the U.S. during
transit were calculated (Table 3.7). The unofficial grain industry standard estimates that
approximately 1% of plant material in shipments is lost during transit. The higher percentages in
Table 3.7 are provided as reference information for more unusual cases, such as rougher terrain
through which a truck travels with more bumps and wind dispersal, or events such as accidents.
From a single truck, estimates indicate that between 15-154,108 galls (L.O.D. to outbreak
concentration) may be lost. Assuming a worst-case scenario, a total of 3,147 to 32,332,684 galls
may be lost during transit from all Australian hay imported into the U.S., representing a range of
L.O.D. to outbreak levels of R. toxicus. This range can also be lowered to 1gall to 32M galls if
considering that only one bale may be infected at LOD level. These estimates are based on LOD
and Outbreak scenarios and the reality can be closer to the LOD levels because of the confidence

in testing capabilities, but with realization that they may fail at one or several points.
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Table 3.7: Rathayibacter toxicus and associated seeds/hay material potentially lost in transit

% Seeds Seedslost L.O.D. L.O.D. L.O.D. Outbreak Outbreak Outbreak

lost lost per per truck  gall loss gall loss gall loss gallsloss gall loss gall loss
along bale (30 bales)  (per (per (entire (per bale)  (per (entire
route (50kg) bale) truck) import) truck) import)
1% 117,104 3,513,106 1 15 3,147 5,181 154,108 32,332,684
2% 234,207 7,026,211 2 30 6,294 10,361 308,215 64,665,368
3% 351,311 10,539,317 3 45 9,441 15,542 462,323 96,998,053
4% 468,414 14,052,423 4 60 12,588 20,722 616,431 129,330,737
5% 585,518 17,565,529 5 75 15,735 25,903 770,539 161,663,421
10% | 1,171,035 35,131,057 10 150 31,471 51,805 1,541,077 323,326,842

Table 3.7 Notes: the orange highlighted cells indicate the estimated number of galls lost per
bale, per truck, and from all Australian hay imports in the U.S. for the hypothetical Outbreak

rate undetected concentration scenario. The yellow highlighted cells indicate the estimated

number of galls lost per bale, per truck, and out of all Australian hay imports in U.S. according
to the most stringent L.O.D. concentration.

3B: Destination/Introduction - Establishment

Whether a pathogen can become established in a new location is a crucial point of

analysis, and boils down to analyzing conduciveness of the destination’s environment, as well as

supporting factors which may increase chances of establishments, such as occurrence of hosts

and vectors. For R. toxicus, host and vector occurrence in destination is a “supporting” factor

because R. toxicus already travels with its host and vector, so the life cycle requirements are

complete if there is a conducive environment.

Climate mapping and comparing Australian conditions with U.S. conditions is done in

order to see where R. toxicus occurred historically in Australia and matching the climate of those

locations with climate types in the U.S. (Figures 3.2 and 3.3). The Australian map (Figure 3.2)

also indicates locations in which R. toxicus has been recorded. The U.S. map (Figure 3.3)

includes the top 10 hay ports of entry. The climate zones are described in Figure 4 of the
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appendix. Visual comparisons were made (Figure 3.2 and Figure 3.3), as well as calculations of

how much of the U.S. land area matches the R. toxicus detection zones within Australia.
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Figure 3.1: GIS Map: Climate types and R. toxicus detection locations across Australia
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Data source: Koppen climate classification, 2020
Cartographic projection: GIDA2020, NWS Lambert
Cartographers: K. Chumachenko and H, Avocat, Kansas State University
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Figure 3.2: GIS Map: Climate Types and Top 10 Ports of Entry for Hay in the U.S.
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Figures 3.1 and 3.2 show the climate types across the U.S. and similarities with Australia.
There are widespread arid and temperate regions in U.S. similar to the areas in Australia where
R. toxicus is prevalent. The Koppen-Geiger system uses colors and shades to classify the world
into five climate zones based on criteria like temperature, which allows for different vegetation
growth. These five main climate groups are Tropical, Dry, Temperate, Continental, and Polar.
Dry zone is defined by little precipitation, with different types being dependent on the percentage
of the precipitation occurring in the spring and summer, and average annual temperatures.
Temperate zone has the coldest month averaging between zero and 18 degrees Celsius and
second coldest month above 10 degrees Celsius; and differentiates into which season is dry

versus wet or same across all seasons.

Using the Australia map (Figure 3.2), the R. toxicus geographic coordinates were within
climate zones B and C, or Dry and Temperate respectively. Rathayibacter toxicus is prevalent
specifically in the “hot desert” (BWh) “cold desert” (BWk), “humid subtropical temperate
oceanic” (Cfa), “hot summer Mediterranean”(Csa), and “warm summer Mediterranean”(Csb),
regions. With QGIS 3.14 geoprocessing tools, a calculation was performed that showed the
percentage of the U.S. in the 5 R. toxicus climate zones (BWa, BWk, CFa, CSa, CSb) being 46%

of the total area of the contiguous states.

It was assumed that R. toxicus occurs in any temperate and arid zones due to its large
range of temperature survivability. It was also assumed that some tropical and continental zones
may be conducive if the temperatures remain above 10 degree Celsius throughout year because
they both have periods of humidity and precipitation, which helps activate R. toxicus galls. Table
8 summarizes the findings of Figure 3.1 and 3.2. The U.S. has similar conducive climates and

environments as Australia, therefore there are widespread opportunities for R. toxicus to survive
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and establish (Indexmundi Factbook, CIA World Factbook, Koppen-Geiger Climate

Classification).

Table 3.8: Summary of Climate parallels between Australia and U.S.

Climate types  U.S.A. Australia R. toxicus
occurance?
Temparate v Mostly temperate v South and east V4
Semiarid v Great plains west of Missippi  Mostly semiarid v
River
Arid v Great Basin, southwest v Mostly arid V4
Tropical v Hawaii and Florida v North

There are 15 reported hosts of R. toxicus, shown by Table 3.9. This may not be an

exclusive list, because there may be other known Poaceae species of grasses that may host R.

toxicus. (CABI Invasive Species Compendium, USDA Natural Resource Conservation Office —

Plant Database, USDA - Fire Effects Information System, Bertozzi and Davies, 2009; Bertozzi

and McKay, 1995; Chatel et al., 1979; Edgar et al., 1994; McKay et al., 1993; Riley, 19923 ;

Riley, 1995; Riley, 1996; Riley et al., 2001; Riley and Barbetti, 2008)

There are at least 4 reported vectors of R. toxicus, all in the Anguina genus (Table 9,

CABI Invasive Species Compendium, Riley 1995; Riley 1992a; Riley et al. 2001; Bertozzi and

Davies 2009). This may not be an exclusive list, because there are likely other Anguina vectors.
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Table 3.9: Geographic distribution of hosts and vectors of Rathayibacter toxicus

#  Host: Plant Species Australia U.S. # of states  U.S. status
1 Lolium rigidum v v 7/50 invasive

2 ey v v S e
3 Polypogon monospelensis v v 41/50 invasive

4 Ehrharta longiflora v v 1/50 invasive

5 Austrodanthonia caespitosa v Not detected

6 Avena sativa v v 50/50 invasive

7 Danthonia caespitosa v v 49/50 native

8 Lolium multiflorum v v 50/50 invasive

9 Lolium perenne v v 50/50 invasive

10 | Lolium persicum v v 6/50 invasive

11 | Lolium strictum v v 7/50 invasive

12 | Lolium temulentum v v 43/50 invasive

13 | Phalaris spp. v v 50/50 native+invasive
14 | Vulpia myuros v v 43/50 invasive

15 | Datylis glomerata v v 50/50 invasive

# Vector: Nematode Species ~ Australia  U.S. # of states U.S. Status
1 Anguina funesta v v 1/50 invasive

2 Anguina tritici v v 8/50 invasive

3 Anguina australis v Not detected

4 Anguina paludicola v Not detected

The U.S. contains fourteen out of fifteen known R. toxicus host species, and two out of

four nematode vector species (Table 3.9). A GIS map of R. toxicus vectors and hosts occurrence

across U.S. states illustrates areas of potential vulnerability for establishment of R. toxicus. Many

of the hosts occur in every state across the U.S., while some are in most or several states.

California has the most R. toxicus host species out of all the other states. Oregon is the only state

that has two R. toxicus nematode species, the maximum number for any one U.S. state. Having

the GIS visualization of vector and host data highlights areas with higher risk for R. toxicus
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establishment; the more components of a pathogen system, such as
pathogen-+host+vector+conducive environment, the more likely the establishment of said

pathogen.
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Figure 3.3: Geographic distribution of Rathayibacter toxicus host and vector species in the U.S. by state
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Data Soutces:
USDA, NRCS. 2020. The PLANTS Database (http://plants.usda.gov) Cartographers: K. Chumachenko, H. Avocat, Kansas State University, 2020
CABI, 2020, Invasive Species Compendium (www.cabi.org/isc) Cartographic projection: Albers Equal Area Conic

Figure 3.3 Notes: Geographic visualization of Rathayibacter toxicus hosts and vectors (Table 3.9).
Comprehensive list of hosts and vectors in each state are provided in Appendices 3.5 and 3.6.
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The geographic characteristics that allow for growth of grass and vegetation can be
another important factor. Similarities between the U.S. and Australia in land usage and
geographic characteristics indicate that both countries have agricultural, arable, and pastureland,
with potentially conducive soil environments for R. toxicus given the correct climate.
Rathayibacter toxicus may potentially survive and become established with its host and vectors
in several environments (Table 3.10), where conducive weather and climates occur (Source:

Indexmundi Factbook, CIA World Factbook).

Table 3.10: Land Use Summary of Australia and U.S.

U.S. Australia
Total area (sq km) 9,833,517 7,741,220
Land (sq km) 9,147,593 7,682,300
Water (sq km) 685,924 58,920
Coastline (km) 19,924 25,760
Agricultural land 44.50% 52.90%
Arable land 16.80% 11.60%
Crops 0.30% 0.09%
Permanent pasture 27.40% 88.40%
Forest 33.30% 16.20%

Because of the likely Australian hay entry port being at the Calexico border crossing due
to proximity, conducive climates in the Western U.S. near that port, the highest number of R.
toxicus host species being present in California, and the highest vector species number in
Oregon, a land use analysis was done after narrowing down to this West Coast area. The land
area in closest proximity to the hay port would contain possible immediate routes of hay bales
being driven to nearby farms or states. The transit dissemination pathway during hay transport
would begin at the port of entry and continue until a destination location is reached. A GIS

analysis of the Western U.S. was performed using United States National Land Cover Database
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(Dewitz 2019, U.S. Geological Survey 2016) where three land cover types were contained in the
U.S. map. These included the land type assumed to be most conducive for grass environments,
“grassland/herbaceous”, “pasture/hay”, and “cultivated crops”, due to the fact that these areas
already support grass or plant growth. Approximately 21-28% of California, Oregon, and
Washington states comprise these three land cover types, and around 15% is hay or grassland.
Additionally, major highways were included as a layer in the GIS map to illustrate transport
routes and the proximity of different land cover to major roads. During this process, an area very
close to the hay port of entry, the Imperial Valley, was found to be one of the largest hay

producing areas of California, where 46% of the 116k ha of hay grown there are Poaceae or

known R. toxicus host species (Riddel 2013).
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Figure 3.4: Land Cover near likely port of entry for Australian hay import
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Presence of farm animals can be another factor supporting establishment. All farm
mammals were considered to be susceptible to R. toxicus poisoning. There are many millions of
cattle, pigs, horses, sheep, goats, and other animals in the livestock industry in the U.S. Hay is
usually received for the purpose of feeding, therefore the destination farm in the U.S. would be
assumed to have animals which would feed on the hay. To optimize the chances of R. toxicus
establishment, the placement of hay within a farm is taken into consideration. A farm with
pasture grazing and hay influx is chosen as a realistic scenario of maximum likelihood
establishment, as it would put the hay bales in contact with the environment — soil and other
grasses growing in the area. Mammals are also assumed to be able to spread R. toxicus

throughout a field in feces with the bacterium remaining viable.
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Figure 3.5: Outline of main pathway components of Rathayibacter toxicus establishment
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Figure 3.7: Focused Flowchart of Pathway Scenario
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Pathway Scenario: Western Australia to U.S.A.
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Pathway Scenario: Western Australia to U.S.A.
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Discussion
Pathogen source/origin

Pathogen status within its geographic origin analyzed in a hypothetical scenario where
the maximum amount of galls (based on previous outbreaks) surpassed detection and was
transported in commodities intended for export. An average Australian farm at around 1
thousand hectares (Australian Bureau of Statistics) was assumed in the scenario. Western
Australia was chosen as the region of origin of our potential escaped R. toxicus galls because of
all Australian regions, it produces the highest percentage of Australian hay. This hypothetical
farm primarily grew hay for export, and any hay field may have had a mixed variety of grasses.
Grass fields are never uniformly one species. Therefore, even if a field is growing oats or

Lucerne (alfalfa) there may be multiple other grass species mixed.

Lolium species and many others in the Poaceae family are known to be highly invasive
and therefore easily established in new places. The hosts of R. toxicus have existed in Australia
for a long time. Therefore, in terms of Australia, invasiveness of grasses is paddock and farm
specific, and not a question of whether those grasses can establish in Australia generally, because
they already occur in the country. Figure 3.3 and Table 3.9 show the occurrence of known R.
toxicus hosts in Australia and US, and its status as native or invasive in the U.S. A hay field
growing oats for export, which is very common in Australia, may have one or more R. toxicus
hosts, and oats itself is within the Poaceae family and a potential host of the bacterium as well.
Even a farm with other crops, not hay related, often has multiple invasive grass species present.
These can also harbor R. toxicus, but this analysis focused on hay fields, for maximum R. toxicus

escape scenario.
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The climate of the Western Australia region is known to be mostly hot and dry (Figure
3.1, Table 3.8). This is a conducive environment for senesced galls of R. toxicus to survive and
overwinter. An arid climate is the most common condition in Australia. Many Rathayibacter
species and plant diseases occur in arid areas where their biological characteristics aid in their
survival including, the production of extracellular polysaccharides (Murray et al. 2017). In the
Western Australian arid environment, Rathayibacter and the nematode vector species may
overwinter for decades. The nematodes drop to the soil surface as plants senesce and survive
anhydrobiotically until the following season (Murray et al. 2017). The freshly hatched juveniles
cannot survive desiccation but mature physiologically to become the survival state as the host
senesces and desiccates (Riley and Barbetti 2008). To summarize, the seed gall nematode vectors
of Rathayibacter spp. (including R. toxicus) feed and reproduce within the developing ovaries of
plant seeds and overwinter in seed galls as anhydrobiotic juveniles or adults, and can survive
within the seed gall for many years in this dormant stage. For example, Anguina tritici did not

lose its ability to invade wheat seedlings after 32 years of dormancy (Limber 1973).

There are other questions that are important to analyzing the pathogen risk. These include
questions of the density of R. toxicus within the field, such as number of galls, and dispersal. One
issue that may arise is if there is a hay paddock with extremely non-uniform spatial distribution
of R. toxicus. Combine this issue with a sampling strategy that does not take into account
pathogen distribution, and detection may be missed by that sampling strategy. One example
would be having clustered sampling coupled with a field where R. toxicus is concentrated in one
corner of 20% size of the whole paddock. In a cluster sample, a population (the paddock) is
divided into subgroups, and those subgroups are used as the sampling units, and combine that

with a requirement of testing 15% of hay. You could have a scenario where a cluster or two are
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chosen from the other side of the R. toxicus occurrence of a farm, equal to 15% of the field, and
R. toxicus goes undetected. The same scenario may happen after hay bales are processed and
prepared for movement out of a paddock. They may be randomly clustered, and the clean ones
are randomly chosen as the testing sample, and then the whole shipment is deemed safe for

export.

Transport/Dissemination

Testing and detection is the crucial step which may prevent spread of a pathogen or have
a false negative which results in failed containment. Major concerns for testing include
capability, robustness, and infrastructure. Australia has a strong biosecurity program across the
country with the Australian Plant Protection and Quarantine setting standards for plant pests and
pathogens. Other important factors include limitations in sampling and testing, as well as the
significant issue of the detection threshold. Knowing the minimum number of R. toxicus galls
needed for detection within a certain weight of grass material is important. There is an ELISA
based test for Rathayibacter toxicus with limit of detection at 4 x 10* cells, or 1 gall per kg
(Luster et al. 2020). However, all diagnostic tests have false negative and false positive error
rates. Additionally, a diagnostic test uses a small sample and if the sample taken from a hay bale
did not have bacterial galls directly in it or bacteria released from galls, that may complicate
detection as well, so the design of the sampling strategy is crucial. Sampling may be an issue
throughout the evaluation and testing process, even within the diagnostic test itself. Therefore, if
a diagnostic test does not detect based on one or several samples from hay bales coming from a

specific field in Australia, R. toxicus could still be there and leave the farm with the commaodity.

When hay is harvested and baled, bacterial and nematode galls as well as grass seeds

cannot be separated from the bales resulting in the possibility that they are disseminated with the
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bales. This is a crucial component of the pathway: export of hay bales from Australia have the
ability to not only carry R. toxicus galls, but also the seeds of the host plants and the vectors
necessary for R. toxicus survival and establishment. This issue only increases the chances of R.
toxicus survival throughout its transport and establishment in a new location such as the United
States. The disease triangle could be potentially completed with every hay shipment, the only

limiting factor being a conducive environment.

Transporting goods, especially plant materials which may or may not be covered on a
transport vehicle presents the possibility of losing portions of that material during transport.
Based on industry standard estimates that 1% of grain/plant material is lost throughout its
transport, R. toxicus, its associated plant host, and vector nematodes may be disseminated in the
U.S. during transport from port of entry to a destination pasture. The calculations in this study
indicate that a truck of 30 50kg bales lose 1% of its material equating to many thousands of seeds
and associated R. toxicus galls (Table 3.6). Potentially from a single transport vehicle, up to 1.5
million seeds and 150k R. toxicus galls could be disseminated at a 4.39% outbreak seed infection
rate. A 1% transit loss from all the 6,294 (50kg) bales imported from Australia, potentially 3,147
(L.O.D.) to 32 million (4.39% outbreak level) galls could be disseminated along the roads. The
roads that a truck travels through are risk areas, and the risk increases if they are rural farm roads
with conducive soil environment close enough to where the seeds and galls may drop. If
nematodes are disseminated simultaneously, then that provides all the factors needed for R.
toxicus establishment (pathogen, host, vector, conducive environment), just from a 1% loss of

hay from a transport truck.

The potential for this scenario happening multiple times is another important aspect.

There are approximately 20,000 hay producers in Australia, and 110,000 truckloads of hay are
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transported each year. The Australian hay industry is constantly expanding, and exports have
doubled in just the last five years, 40% of these exports are from Western Australia, the location
of the scenario of R. toxicus escape. That equates to 44,000 truckloads of hay. When taking into
consideration the transport of R. toxicus infested hay through the U.S. after importation, it is

reasonable to estimate a similar 1% loss of material from transport vehicles.

Trade is complex. Between source and destination many things impact a given
commodity. Imports are often re-traded to other countries depending on market demands. This is
not always tracked, and items can be repackaged obscuring the country of origin. This issue is
sometimes addressed but not always solved, such as the U.S. trying proposed measures for meat
labeling with Canada and Mexico; the latter two countries protested for financial reasons, so the
issue was ultimately not addressed. These issues arise throughout the global trade system.
Therefore, when we consider where Australia exports hay, we must also consider possible
indirect pathways of that hay arriving in the U.S. One of Australia’s largest hay export markets is
China (Table 3.3), and China is #2 on the list of top sources of hay imports into the U.S. (Table
3.4), bringing in around 160k worth of hay in 2019 (WorldCity.com 2020, U.S. Census Bureau).

There are other possible indirect trade routes for hay being re-traded.

Pathogen destination/introduction

An important part of pathway analysis are the many parallels for origin and destination in
terms of the ability of a pathogen to survive. When analyzed, the likelihood of establishment of
the potentially dangerous U.S. Select Agent, Rathayibacter toxicus in the U.S., it became evident
that there are several pathways for this possibility. Despite the complexity of the R. toxicus life

cycle, several ways by which an R. toxicus establishment in the U.S. could result were identified.

110



The U.S. and Australia have many regions with similar climate conditions. The most
likely port of entry into the U.S. for Australian hay is at the Calexico/Mexicali border, which has
the same arid type of climate as Australia. More climate similarities were identified throughout
California and the Western U.S. that also have recorded presence of many R. toxicus host species
and some nematode vectors which would facilitate establishment. Additionally, land cover of
land types already containing grass and crop growth was quantified to determine what
percentage of the land of the nearest states to the hay entry port may help facilitate R. toxicus and
associated host establishment even more. An average of 21-28% of the West Coast states
contained such land, and areas near the port of entry was discovered as a top producer of hay in
California. This contributes to the understanding of risks associated with dissemination during

transport of hay and the potential for establishment of the pathogen.

Even in the absence of vector and host populations at the destination location, the
likelihood of establishment exists since R. toxicus galls are transported with their host and vector.
Establishment of invasive grass species is a common problem in many countries including the
U.S. Almost all R. toxicus host grasses entered the U.S. and became established and invasive in
many states. These invasive species within Poaceae, colonized grasslands and farmland pastures.
In particular, the establishment of invasive ryegrasses in new areas is strong (Fensham et al.
2013). Certain factors facilitate establishment, such as symbiosis with certain
endophytes(Catford et al. 2009), presence of trees nearby and the associated litter fall as nutrient
enrichment for the soil (Fensham et al. 2013), animal grazing (Neto etal 2014), and rainfalls after
dry conditions (Fensham et al. 2013; Bock et al. 2007; Tozer et al. 2008), all of which increase
establishment of invasive grasses. Invasive grasses also often displace native species (Fairfax

and Fensham 2000; Jackson 2005). Invasions of exotic grasses into new areas occurs globally
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and constantly, including in the U.S. To summarize, there are many ways in which the plant
hosts that are co-transported with R. toxicus may also become established and thus help R.

toxicus establish along with it.
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Appendices (Chapter 3)

Appendix 3.1: Summary of Australia and U.S.’s Koppen Geiger Climate classifications
(includes zones common to Australia and U.S.) and zones of R. toxicus occurrence

Specific Zone Zone Classification R. toxicus
Zone  Description Classification description AU U.S. found
A | tropical or  Af Tropical rainforest J v
equatorial  Am Tropical monsoon J Y
As Tropical Savanna, dry V4 V4
winter
Aw Tropical Savanna, dry V4 J
summer
B |aridordry BSh Hot desert V4 V4 V4
BSk Cold desert V4 V4 V4
BWh Hot semi-arid v v
BWk Cold semi-arid V4 V4
C | warm/mild Cfa Humid subtropical V4 V4 V4
temperate  Cfp temperate oceanic J
Cfc subpolar oceanic J v
Csa hot-summer mediterranean V4 V4
Csb warm-summer V4 V4 V4
mediterranean
Csc cold-summer meditrranean v
Cwa monsoon-influenced v V4
subtropical
D | continental Dfa hot-summer humid V4
continental
Dfb warm-summer humid V4
continental
Dfc subtropic climate v V4
Dfd extremely cold subarctic J
Dsa mediterranean-influenced V4
hot-summer humid
continental
Dsb mediterranean-influenced v
warm-summer humid
continental
Dsc mediterranean-influenced V4
subarctic
Dwa monsoon-influenced hot- V4
summer humid continental
Dwb monsoon-influenced warm- V4
summer humid continental
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Appendix 3.2: Roadways — many miles of possible routes for shipments of hay

Type

USA (mi) Australia (mi)

National Highway system
Interstate Highways
Railways (freight)

Total navigatable roadways
Paved

Unpaved

Appendix 3.3: U.S. Animal species susceptible to Rathayibacter toxicus poisoning

160,955
47,432
138,000
4,090,000
2,658,500
1,431,500

Animal How many in the U.S.?
Cattle 93,480,957

Horses 9,670,498

Sheep 5,146,648

Pigs 64,988,711

Goats 2,697,105

Buffalo 1,066,997

Other(mammals)

10,500
8,469
21,014
567,311
219,550
347,762
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Appendix 3.4: Detailed Data of which R. toxicus hosts are in each state for Figure 3.3 GIS

map
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Note: Zero means no detection of the host in the state, 1 means host species have been detected.
No data were found to quantify presence in each state. These data were input into QGIS 3.14 for

subsequent analysis.
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Appendix 3.5. Vectors in U.S. states data used in Figure 3.3 GIS map.

Alabama
Alaska
Arizona
Arkansas
California
Colorado
Connecticut

Delaware
Florida
Georgia
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llinois
Indiana
lowa
Kansas
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Minnesota
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Montana
Nebraska
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New Mexico
New York
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Anguina funesta
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Note: Zero means no detection of the host in the state, 1 means host species have been detected.
No data were found to quantify presence in each state. These data were input into QGIS 3.14 for

subsequent analyses.

124



