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ABSTRACT

Bacterial canker is among the most common bacterial diseases affecting the production
of stone fruit trees in South Africa. As reported in previous studies, the causal agents
associated with bacterial canker of stone fruit trees include Pseudomonas syringae pv.
syringae and P. syringae pv. morsprunorum. Since these studies date back to the1980s,
a current study is required to investigate which causal agents are responsible for bacterial
canker of stone fruit trees in South Africa. In addition, plum tree decline was reported in
the Western Cape late 2015. The cause of the tree deaths was unknown as dying plum
trees were of different ages and cultivars. The assumption was that several factors were
responsible for the plum tree mortality including bacterial canker, drought and ring
nematodes. Anecdotal evidence from a report in Franschhoek in the previous year

suggested that ring nematodes were linked to a bacterial canker outbreak which resulted



in plum tree mortality. Therefore, the overall objective in this study was to determine the
effect of drought and ring nematode stresses in predisposing plum trees to bacterial
canker infection. Firstly, the causal agents of bacterial canker of stone fruit trees in the
Western Cape were identified using a multilocus sequence typing approach based on
four housekeeping loci. The strains isolated from symptomatic plant material of stone fruit
trees were delineated into two phylogenetic groups, namely, P. syringae sensu stricto
and P. viridiflava. The delimitation into the two respective genetic clusters was further
corroborated by whole genome-based analyses. Furthermore, the Pseudomonas strains
in the present study were found to have a relatively increasing pangenome comprising a
small set of core genes and a large accessory genome. These strains also consisted of
a small T3SE repertoire complemented by detection of additional virulence factors, such
as biosynthetic clusters of three phytotoxins, i.e. phaseolotoxin, syringomycin and
syringopeptin. Most of the Pseudomonas strains comprised a locus encoding an
insecticidal toxin indicating a potential entomopathogenic ability in these strains that is
yet to be proven. A disease survey was also conducted in 12 major plum-producing farms
in the Western Cape evaluating the link between high ring nematode densities and
bacterial canker outbreaks. The findings from the survey revealed a weak to no
association between high ring nematode densities and bacterial canker infection. On the
other hand, drought was shown to significantly influence both the ring nematode densities
and the occurrence of bacterial canker infection. In contrast, the greenhouse study
undertaken in this study showed that drought did not influence the occurrence of bacterial
canker infection as lesion development of inoculated plum seedlings of two cultivars did

not significantly progress under soil water deficit. However, the physiology of these plum



seedlings was altered under water stress as illustrated by reduced net rate of CO:
assimilation, which reduces the photosynthetic rate in these seedlings. This study has
shown that drought and ring nematode had very little impact on bacterial canker infection.

It is now apparent that additional factors also contributed to the plum tree decline.
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PREFACE
Stone fruit production in South Africa occurs on approximately 1.75 million ha (23% of 7.6
million ha) of arable land of which the majority occurs in the Western Cape province. The
commonly cultivated stone fruits in the country include apricots, cherries, nectarines,
peaches and plums. The stone fruit industry contributes close to 1.89 billion US dollars in
revenue and creates many employment opportunities. Therefore, pests and pathogens

that threaten their productivity is of economic significance.

Bacterial canker is among the most common bacterial diseases affecting the
production of stone fruit trees in South Africa. The causative agents of this disease
reported in previous studies include Pseudomonas syringae pv. syringae and P. syringae
pv. mosprunorum. However, these studies date back to the 1980s, and thus a current
study is required that will investigate which causal agents are responsible for bacterial
canker of stone fruit trees in South Africa. Additionally, sudden plum tree deaths of
different ages and cultivars in the Western Cape were reported late 2015. The reports
necessitated an investigation into the likely cause of these tree deaths. The consensus
was that several factors could be responsible for the observed plum tree mortality, namely,
bacterial canker, drought stress and ring nematodes. Anecdotal evidence from an
outbreak in Franschhoek, a region in the Western Cape, in the previous year suggested
that ring nematodes might have acted in concert with the causative agents of bacterial

canker in the mortality of plum trees.

In Chapter 1, the influence of predisposing factors on woody host infection by plant
pathogenic bacteria is reviewed. The predisposing factors, in this study, are defined as

those factors, i.e. abiotic or biological stresses, that render a plant host susceptible to



infection it would otherwise be able to overcome in the absence of the stress. The review
begins by providing a general overview of the epidemiology of bacterial diseases and
briefly outlines the various factors that directly and indirectly impact the disease outcome
on plant hosts such as the essential roles played by the environment, insects,
anthropogenic activities and microbial communities in plant bacterial diseases. It also
focusses on a few examples of predisposing factors and their interaction in plant bacterial
diseases as well as the effect that these factors have on the physiology and defense

responses of the plant host.

In Chapter 2, the taxonomic position of the causal agents isolated from plant
material collected from symptomatic stone fruit trees during disease surveys in the
Western Cape province is determined using molecular and phenotypic techniques. In
addition, the pathogenicity of the bacterial strains identified is evaluated on apricots and
plum trees. Chapter 3 briefly describes the genomic features of the draft genomes of the

identified Pseudomonas strains associated with bacterial canker of stone fruit trees.

Chapter 4 presents findings from a pathogenomics approach undertaken to further
elucidate the taxonomic position of the Pseudomonas strains in the Pseudomonas
syringae species complex using whole genome-based techniques. We also assessed the
pangenome as well as the suite of virulence factors harboured by these strains in
comparison to reference genomes of other members in the Pseudomonas syringae

species complex.

A disease survey was conducted in major plum producing farms in the Western
Cape, and thus, Chapter 5 presents the findings from the survey as well as the ring
nematode enumeration conducted as part of the survey. Furthermore, Chapter 6 presents
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findings from a greenhouse study evaluating the physiological effects of the combined
stresses involving individual- and co-inoculations of two plum cultivars with P. syringae

and P. viridiflava strains under normal irrigation and soil water deficit.



Chapter 1: Influence of predisposing factors on infection of woody

hosts by plant pathogenic bacteria

1. Introduction: the role of stress on plant hosts

Plants are immobile and bound to their habitat, thus exposed to many stressful
environmental and anthropogenic stress factors (Atkinson and Urwin 2012; Lichtenthaler
1998; Suzuki et al. 2014). They, thus, require unique mechanisms to adapt and thrive
under these environmental conditions, while simultaneously conserving resources to
facilitate the processes of growth and development (Suzuki et al. 2014). Plants employ
these mechanisms at physiological, molecular and transcriptional levels. They do this by
reducing their photosynthetic rate, decreasing gaseous exchange due to stomatal closure,
activation of hormone signalling pathways, and increasing rates of gene expression to
elicit stress responses (Atkinson and Urwin 2012; Mittler 2006; Mittler and Blumwald
2010). However, slight changes in metabolic pathways such as an increased rate of
gaseous exchange, growth response or development patterns are not always a result of

adaption to stress (Atkinson and Urwin 2012; Lichtenthaler 1998).

Plants have a flexible response toward external stimuli and can rapidly acclimatize
to changing environmental conditions, i.e. diurnal and nocturnal cycles (Lichtenthaler
1998). The acclimation can be achieved through adjusting of cell metabolism and other
physiological activities. For example, they can decrease the rate of photosynthesis by
closing off their stomata during night cycles (Suzuki et al. 2014). However, a sudden short-
or long term exposure to extreme environmental conditions may result in stressed plants

typified by reduced plant cell activity and retardation in growth (Lichtenthaler 1998).



Although there is no unified concept for stress — mainly in the context of plants —
the most accurate description was given by Larcher (1987), which is still relevant today.
He defined plant stress as a condition where external forces are exerted on a plant until it
reaches a resistant threshold, but once this resistant threshold is overcome due to
prolonged stress exposure on a plant, it may lead to severe damage or death (cited by
Lichtenthaler 1998). Examples of such external forces include various natural,
anthropogenic and biological stress factors broadly classified as abiotic and biotic

stresses, collectively (Atkinson and Urwin 2012; Lichtenthaler 1998).

Abiotic stress is defined, in this context, as a deleterious external stimulus exerted
by environmental factors on biological organisms in a given ecological system, e.g.
drought, heat, cold, nutrient deficiency, high light intensity, ozone, salinity, etc. (Suzuki et
al. 2014). In contrast, biotic stress includes biological disturbances such as pests and
pathogens, i.e. insects, fungi, nematodes, viruses and bacteria (Atkinson and Urwin 2012;
Lichtenthaler 1998). These stress factors are reported to play a significant role in the

reduction of plant growth and plant cellular activity (Mittler 2006; Suzuki et al. 2014).

Most stress factors are studied individually under controlled growth conditions, but
natural conditions are different and involve simultaneous exposure of plants to multiple
stresses (Suzuki et al. 2014). Recent research studies have shown that a combination of
stresses is more detrimental to plant health than the occurrence of a single stress
(Atkinson and Urwin 2012; Mittler 2006). Moreover, there is evidence to support
observations of a different host defence response from exposure to multiple stress
combinations, which cannot be inferred from that of single stresses applied individually on

a plant. These observations suggest that combinations of stresses within a plant must be



treated as a new state of stress that requires novel defence responses or adaption (Mittler

2006).

Combinations of abiotic and biotic stresses can have either a positive or negative
impact on a plant host (Suzuki et al. 2014). In the preceding sections, stress factors and
their role on plant host responses at a physiological, molecular and transcriptional level
were outlined. There are many studies on the impact of stress factors on herbaceous or
annual crops regarding bacterial infections. However, in the case of woody host infections,
there are very few, if at all, examples of studies elucidating the role of stress factors acting
in concert to predispose woody hosts to bacterial infection. In this review, the effect of
abiotic factors as predisposing factors that facilitate infection of woody hosts by plant
pathogenic bacteria is evaluated. Recent studies are critically reviewed, in the last few
decades or less, whose main objective was either a focus on the effect of abiotic stresses,
individually or in combination. In addition, where possible, the interaction between abiotic-
and biotic stresses in predisposing woody hosts to infection by plant pathogenic bacteria
are explored by providing case studies involving plant pathogenic bacteria of economic
and agricultural importance. However, as previously noted, not as many significant
examples of studies are available whose primary focus were to investigate the interactions
between plant pathogenic bacteria and woody perennials. Thus, examples of this type of
interaction using herbaceous or annual hosts to illustrate critical points while also making
inferences to woody perennial hosts are provided. This approach allows an elucidation of
the mechanisms behind what is known as disease complexes, by so doing, revealing the

unique host defence responses upon stimulation by these stresses.



2. Understanding the disease epidemiology of plant pathogenic
bacteria

Disease is an unlikely outcome that requires a susceptible host, favourable environmental
conditions and a virulent pathogen (Agrios 2005). The presence of a single component
mentioned above, or lack thereof, does not lead to a disease outcome (Agrios 2005). It is
not surprising that in the past few decades the focus has solely been on understanding
the interactions between these three components and the role each play in plant disease
epidemiology with very little consideration of the fact that there could be more factors,
environmental, biological, physiological and anthropogenic factors, involved (Francl
2001). Typical examples of these stress factors include pests, pathogens, plant
microbiome, nutrient limitation or excess, agricultural practices (e.g. irrigation), soil pH,

freezing, extreme heat, flooding and drought.

2.1 The role of environmental factors and cultural practices in the development of
bacterial diseases

There are more aspects to consider regarding the host-environment-pathogen interaction.
For example, it has become widely known that the specific environmental conditions
necessary for the establishment of plant diseases are, but not limited to, extreme
temperature, rainfall and relative humidity; thus, a shift in these parameters determines
the course of action of a pathogen (Garrett et al. 2015; Thébaud et al. 2006). The majority
of bacteria, fungi and oomycetes too, require the presence of sufficient leaf moisture and
moderate temperatures to successfully colonize their hosts (Firester et al. 2018; Fry et
al. 2013). For instance, the causal agent of bacterial spot of pepper (Capsicum annuum),
Xanthomonas euvesicatoria (previously, X. campestris pv. vesicatoria), was shown to

predominantly occur in fields during rainy seasons and when temperatures were at their
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highest (Areas et al. 2015). Also, the prevalence of bacterial spot outbreaks in nurseries
was high when conditions were favourable, such as increased temperature and relative
humidity (Dutta et al. 2014). High volume of plants and high humidity, created by moisture
generated from sprinkler irrigation, increased the rate of infection and development of
bacterial spot disease in nurseries likely due to the spread of bacterial cells between plant
hosts carried by water droplets (Dutta et al. 2014; Ritchie 2000). However, where optimal
temperature is concerned, there is an effect of temperature on the pathogen and one on

the host plant.

Water cycles and irrigation can both vector pathogens. The evaluation of
underlying mechanisms of crop adaptation and emergence of pathogenic strains showed
that Pseudomonas syringae strains linked to the water cycles, i.e. precipitation and snow,
and epidemic strains isolated from crops in the same disease cycle formed a single
lineage (Monteil et al. 2016; Morris et al. 2008). Similarly, P. syringae pv. aptata, the
causal agent of bacterial blight epidemics on cantaloupe (Cucumis melo), was isolated
from irrigation water retention basins in southwest France (Morris et al. 2000; Riffaud and
Morris 2002). Altogether, these studies support the hypothesis that precipitation and
irrigation water are potential reservoirs of epidemic P. syringae strains in agricultural

systems (Monteil et al. 2013; Morris et al. 2008; Riffaud and Morris 2002).

Contamination through guttation fluid, carried via pruning tools used for cutting
healthy tomato seedlings, spread Clavibacter michiganensis subsp. michiganensis within
fields or greenhouses (Blank et al. 2016). Cl. michiganensis subsp. michiganensis is the
causal agent of bacterial canker and wilt of tomato (Solanum lycopersicum), and it

undergoes an epiphytic phase during its life cycle, which facilitates Cl. michiganensis



subsp. michiganensis persistence on tomato leaves (Davis et al. 1984; Jahr et al. 1999).
The production of guttation fluid involves an interplay between abiotic factors, such as leaf
moisture content and temperature, among other factors (Blank et al. 2016). Thus, there is
a high possibility that epiphytic Cl. michiganensis subsp. michiganensis cells persisting in
guttation fluid result in the dissemination of the pathogen between plants during pruning

(Blank et al. 2016).

2.2 The role of Insects in phytopathogenic bacterial diseases

Some plant pathogenic bacteria are well-known to be vectored by insects, but the role of
insects as vectors in others remains unclear. The role of insects acting as vectors that
deliver plant pathogenic bacteria to their intended primary hosts has been previously
reported (Alvarez et al. 2016; Chatterjee et al. 2008; Roper 2011). However, emerging
evidence in recent studies supports a different and more plausible role of insects as
alternative primary hosts of phytopathogenic bacteria (Nadarasah and Stavrinides 2011).
For example, the Pseudomonas syringae pv. syringae B728a strain was shown to be both
entomopathogenic and vectored by the pea aphid, i.e. Acyrthisiphon pisum, than its
counterpart, the P. syringae pv. tomato DC3000 strain, which was only shown to replicate
and multiply within this insect host without killing it (Nadarasah and Stavrinides 2011;
Stavrinides et al. 2009). The pea aphid was shown to potentially be an alternative host of
a few more phytopathogenic bacteria, namely Pantoea stewartii, Dickeya dadantii and
Erwinia aphidicola (Grenier et al. 2006; Harada et al. 1997; Stavrinides et al. 2010).
Interestingly, although the aphid can survive ingesting these phytopathogens, albeit briefly
during the latent period, it rapidly succumbs to the bacterial infection usually within 72

hours post-ingestion (Stavrinides et al. 2010). However, the dormant period and



entomopathogenicity vary between phytopathogenic bacteria, and the specific virulence

factors that facilitate this interaction are yet to be elucidated.

It is thought the insect-microorganism associations emerged due to the subsequent
encounters of insects with bacteria on the phyllosphere or rhizosphere and co-evolved
over time (Nadarasah and Stavrinides 2011). Presumptive evidence suggests a virulence
factor trade-off made by the phytopathogen to co-exist in both insect and plant host;
however, this is yet to be extensively proven (Newman et al. 2004). Although the
underlying mechanism of this relationship remains unclear, it is crucial in our
understanding of the potential role that this interaction has on plant disease epidemiology.
By acting as alternate hosts, insects are likely to become reservoirs of epidemic strains of
phytopathogenic bacteria. Thus, making them critical ecological players in the disease

cycle and predisposing factors to bacterial infection.

2.3 Anthropogenic activities

The role of humans has received minimal attention to the onset of disease. In contrast,
we know that a significant part of disease incidence in exotic regions has mostly to do with
successful pathogen transmission in which human activities, such as global trade and
cultural practices, have had an impact (Chakraborty et al. 2000; Thébaud et al. 2006).
However, anthropogenic factors are part of the challenge that indirectly affects the
epidemiology of plant disease. An introduction of a pathogen into a new area is only a
problem if there are pre-existing conditions which are favourable for disease incidence
and a susceptible host is present (Francl 2001). Even in the fulfilment of the latter, the
pathogen might still fail to successfully colonize or initiate infection in the foreign host due

to some other unrecognized factor (Garrett et al. 2015).
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2.4 Microbial communities

Another factor to consider in disease epidemiology is the role of microbial communities
and their interaction with the pathogen (Andreote and e Silva 2017; Li et al. 2019;
Plantegenest et al. 2007; Yang et al. 2017). Recent studies made concerted efforts in
understanding the critical role of the microbe-microbe interactions with regards to the
onset of disease (Anderson et al. 2004; Andreote and e Silva 2017; Barrett et al. 2009;
Elad and Pertot 2014; Li et al. 2019; Wei et al. 2015). The presence of other
microorganisms in a specific niche can result in either competitive exclusion or successful
colonization by the pathogen, especially if the recruitment of the pathogen and disease
progression will subsequently benefit the community (Li et al. 2019; Plantegenest et al.
2007). Despite the discovery of the involvement of the microbial community as one of the
major drivers influencing plant host fitness, the role of this interaction in pathogen

colonization remains elusive (Barrett et al. 2009; Li et al. 2019; Yang et al. 2017).

All elements of the disease triangle must be present for an occurrence of disease.
However, some of these factors alter the host physiology to render it susceptible to
infection. On the other hand, these factors can also alter the genetic make-up of the
pathogen, thus, resulting in a more virulent population. These are just a few of the same

elements that regulate the disease triangle.

3. Effect of stress on plant physiology and defence responses

The primary stress factors, namely, freezing or chilling, extreme heat, drought and
flooding, are known to influence the responses of the plant host at both the physiological
and molecular levels (Atkinson and Urwin 2012; Schoeneweiss 1975; 1986). These

factors tend to play a significant role in signal transduction of the host defence systems
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against pathogen invasion at a transcriptional level resulting in the crosstalk between

hormone signalling pathways (Atkinson and Urwin 2012).

Drought and heat stress cause detrimental effects on plant growth and fertility;
these two stress factors frequently occur together in the field. For example, a recent study
evaluated the impact of high temperature, drought and their combined effect on
reproduction and yield traits in spring wheat (Triticum aestivum) (Prasad et al. 2011). The
main observations were that high temperature, and the combined effect of high heat and
drought, reduced plant biomass, leaf photosynthetic rate and caused infertility of the
reproduction organs, i.e. pollen and ovule of spring wheat, but more so when both stresses
occurred in combination (Prasad et al. 2011). Interestingly, the study also proved an
overexpression of the chloroplast elongation factor protein (Ef-Tu) known to accumulate
inside the chloroplast as a heat tolerance mechanism of the plant against high-
temperature stress, and the authors reported a similar phenomenon in winter wheat

(Prasad et al. 2008, 2011).

In a separate study, the effect of a combination of abiotic and biotic stresses on
Arabidopsis thaliana was investigated (Prasch and Sonnewald 2013). These authors
observed a reduction in plant biomass when the stresses were applied individually on the
plant host; however, the effect was significantly higher when the multiple stresses were
combined (Prasch and Sonnewald 2013). Additionally, they found that the expression of
resistance genes decreased while simultaneously observing an increase of RNA
transcripts corresponding to genes associated with response to heat stress. Under these
conditions, the deduction was that when plants respond to abiotic stresses, it results in

alterations of signalling pathways responsible for the perception of pathogen-related
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effector molecules thus rendering the plants susceptible to pathogen infection (Prasch

and Sonnewald 2013).

Examples of positive interactions between abiotic stress combinations include that
of drought and ozone (lyer et al. 2013; Lo6w et al. 2006). In both studies, the main effect
of combined stresses resulted in the tolerance of barrel clover (Medicago truncatula) and
beech trees (Fagus sylvatica) to ozone due to stomatal closure as a consequence of
drought stress in the combination (lyer et al. 2013; L6w et al. 2006). The effect of ozone
stress alone resulted in chlorosis and necrotic lesions with potential damage to the
photosynthesis apparatus under prolonged exposure. Whereas, wilting and defoliation
were typical results of the effect of drought on M. truncatula, but when the stresses were

combined, the authors did not see the mentioned observations (lyer et al. 2013).

The behaviour of plants in response to a combination of stresses is highly complex.
These responses are controlled by signalling pathways that can either be synergistic or
antagonistic (Atkinson et al. 2013; Atkinson and Urwin 2012; Mittler 2006). Molecular
processes that are involved in a plant's response to stress include metabolic and signalling
pathways such as the activation of transcription factors, photosynthesis, hormone
biosynthesis, antioxidant mechanisms, pathogen responses, etc. (Atkinson and Urwin

2012; Suzuki et al. 2014).

The abscisic acid (ABA) signalling pathway primarily controls the response to
abiotic stresses, and the crosstalk between salicylic acid (SA) and jasmonic acid
(JA)/Ethylene (ET) signalling pathways defines defence against biotic stresses (Mittler
2006; Mohr and Cabhill 2003). The ABA signalling pathway is both synergistic and
antagonistic with biotic signalling pathways depending on signal perception and
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transduction, thus creating an interwoven network of signalling pathways (Mohr and Cahill
2003). In addition, a plant will prioritize and adjust its response according to the stresses

when multiple stress factors are simultaneously exerted upon it (Mittler 2006).

4. Predisposing factors affecting plant pathogenic bacterial diseases

We broadly define predisposing factors as elements present in an environment that
directly or indirectly impacts on the physiology of woody hosts towards a stress state by
so doing increasing the likelihood of infection by weakly virulent or avirulent bacterial
pathogens or virulent pathogens under conditions which they would not normally cause
disease (Schoeneweiss 1975). As noted above, the scope ranges from, but not limited to,
environmental, biological, physiological and anthropogenic factors. Examples of well-
studied predisposing factors include nutrient availability, agricultural practices, varying
climatic conditions (freezing/chilling and extreme heat), soil type, soil pH and water stress
variation (flooding and drought) (Elad and Pertot 2014; Gupta et al. 2016; Lamichhane
2015; Lamichhane et al. 2014; Pandey et al. 2017). Moreover, biological agents such as
fungi, nematodes, viruses, and in certain instances, bacteria, singly or in combination with
other stress factors, have been shown to predispose woody hosts to infection by weakly
pathogenic or latently present bacteria (Audebert et al. 2000; Firester et al. 2018; Prasch

and Sonnewald 2013; Sinha et al. 2016; Suzuki et al. 2014).

4.1 The effects of water deficiency on bacterial infections within plant hosts

Several studies have shown the impact of water stress in predisposing plant hosts to high
disease severity. For example, a combination of drought and Xylella fastidiosa infection
was shown to increase leaf scorch appearance on woody vines, i.e. Parthenocissus

qguinquefolia (McElrone et al. 2001; 2003), thus adversely affecting the growth and vigour
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of P. quinquefolia due to its photosynthetic machinery being impaired. Similarly, two
mature landscape Quercus (oak) species, i.e. Q. rubra and Q. palustris, developed severe
leaf scorch symptoms as a result of the obstruction caused by X. fastidiosa proliferation

in the xylem vessels, which weakened their hydraulic conductivity (McElrone et al. 2008).

Vascular wilt causing bacteria are mostly recruited from the soil through wounds
and cracks in the roots, while others are insect vectored (Chatterjee et al. 2008; Roper
2011; Yadeta and Thomma 2013). These bacteria find their way to the xylem vessels
where they reproduce and spread to the aerial parts of their hosts (Genin 2010; Pérez-
Donoso et al. 2010). By multiplying and increasing in number, they occlude the xylem
vessels, thus constricting movement of water and nutrients throughout the host (Choat et
al. 2008; Daugherty et al. 2010; De Boer and Volkov 2003). The obstruction is caused
by the copious amounts of exopolysaccharides that are produced as the bacterial cell
density increases within the xylem vessels (Genin 2010; Roper 2011). In addition, these
bacteria produce cell wall degrading enzymes that damages the plant cell wall, thus
forming a viscous mass as a result of tissue maceration (Pérez-Donoso et al. 2010). This
obstruction has detrimental effects on the host physiology and is symptomatically
expressed as chlorosis, necrosis, the characteristic wilting, and can result in the death of

the plant host (Daugherty et al. 2010; Genin 2010; Roper 2011).

Ralstonia solanacearum, the causal agent of bacterial wilt, is a soilborne bacterium
that also has an affinity for the xylem vessels of its numerous hosts, which includes woody
perennials (Carstensen et al. 2017; Genin 2010). This bacterium can survive for long
periods in moist soils due to its versatile lifestyle, i.e. its saprophytic life stage (Genin

2010). However, it has been shown that its multiplication to high cell densities within the
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xylem vessels is in direct proportion to the production of EPS, which results in the
blockage of lateral movement of water and nutrients within the host plant (Genin 2010).
Interestingly, though EPS production is shown to be a consequence of high bacterial cell
density, there is evidence to support the fact that its production is also a strategy used by
bacteria to spread to adjacent tissues within their hosts (Genin 2010; Roper 2011; Yadeta

and Thomma 2013).

Pantoea stewartii subsp. stewartii, though not a woody-host infecting bacterium, is
known to colonize the xylem vessels of corn (Roper 2011). Its production of EPS in
biofilms causes the occlusion of the xylem vessels, which prevents the transportation of
water and nutrients throughout the plant host (Roper 2011), hence the characteristic
wilting symptom. Interestingly, the overproduction of EPS as the cell density increases
within the host is the same strategy employed by X. fastidiosa during pathogenesis inside
its host, apart from the fact that both bacterial pathogens are insect-vectored (Nadarasah

and Stavrinides 2011).

4.2 The effects of soil moisture saturation levels (and temperature) on bacterial
infection on plant hosts

Soil saturation compounded by high temperatures is known to increase disease incidence
and severity of pectolytic enterobacteria. For instance, a high rate of soft rot caused by
Dickeya dadantii (= Erwinia chrysanthemi, Pectobacterium chrysanthemi, and D.
chrysanthemi) was reported in carrot fields in San Joaquin Valley, California during a
period where this region experienced increased summer temperatures (Farrar et al. 2000;
Samson et al. 2005). The high soil temperatures together with poor soil drainage as a
result of a faulty sprinkler system led to record high incidences and severity of soft rotting

in these carrot fields (Farrar et al. 2000). Furthermore, irrigation frequency is usually
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increased during hot and windy periods. These irrigation schedules last longer than on
average days, which attribute to the extended soil saturation periods to which the carrots
would be exposed. These extended periods of exposure provide the required moisture,
and temperature, around the carrot tubers necessary for the establishment of soft rot
infection caused by D. dadantii (Farrar et al. 2000; Pérombelon 2002). Similarly, in potato
fields where exposure to irrigation was prolonged created temporary anaerobic conditions
that were sufficient to predispose potato crops to blackleg infection caused by
Pectobacterium spp. (mainly P. atrosepticum) and Dickeya spp. (D. dianthicola and D.
solani) (Aleck and Harrison 1978; Gill et al. 2014; Pérombelon 2002). Interestingly,
oxygen-poor conditions were also shown to be a predisposing factor of carrot soft rot

infections caused by D. dadantii in San Joaquin Valley fields (Farrar et al. 2000).

A similar phenomenon was reported in nurseries propagating calla (Zantedeschia
spp.) crops. These nursery-grown ornamental plants had severe soft rot symptoms
caused by P. carotovorum subsp. carotovorum (= E. carotovora subsp. carotovora) which
were further exacerbated by increased soil temperatures (28 °C) and anaerobic conditions
resulting from waterlogging (i.e. poor soil drainage) (Ni et al. 2010; Wright et al. 2008).
However, wounding or some form of host resistance impairment was found to influence
calla soft rot incidence significantly (Wright et al. 2008). Altogether, these studies illustrate
typical examples of bacterial invasion of the host, either through wounds or natural
openings. Bacterial colonization is then followed by prolonged periods of exposure to soil
moisture and optimum soil temperature conditions, leading to increased bacterial

multiplication inside the host.

5. Therelationship between predisposing factors and their role in plant-
pathogen interactions
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Plants do not reside in a static environment but one which is fluid as many abiotic factors
simultaneously act on them (lyer et al. 2013; Suzuki et al. 2014; Thébaud et al. 2006). A
high plant density in an environment, the presence of diverse microbial communities
residing in these hosts, and the influence of environmental factors on plants provide a
dynamic gene pool for microbe-microbe interaction, which is likely to accelerate the
emergence of new virulent strains (Green et al. 2010; McCann et al. 2013). For example,
a comparison between Pseudomonas syringae pv. aesculi genomes from different
geographic regions revealed that gene clusters encoding aromatic degrading compounds
were on a plasmid suggesting lateral movement of this genetic element among strains
occupying the same niche (Green et al. 2010). This observation has only been made in
P. syringae pv. aesculi and has yet to be elucidated in any other P. syringae pathovar.
Further genome analyses revealed high amino acid identities of the proteins encoded on
this cluster to those of soil-inhabiting bacteria, namely, Actinobacteria spp. and
Pseudomonas putida (Harwood and Parales 1996). The genes encoding the aromatic
degrading compounds in these soil-inhabiting bacteria occur on plasmids, suggesting that
the mechanism of action of this gene cluster in P. syringae pv. aesculi isolates is
potentially the same as that in Actinobacteria spp. and Pseudomonas putida. Altogether,
this evidence indicates that the P. syringae pv. aesculi isolates may have, at some point
in their life cycle, shared a niche with these soil-inhabiting bacteria and recently acquired

the plasmid through horizontal gene transfer.

Overwintering habitats provide a niche that supports persistence of virulent strains
creating a localized inoculum reservoir that could potentially spread to neighbouring
environments (Donati et al. 2014; Stefani and Giovanardi 2011; Vanneste et al. 2011).

For example, the citrus canker causing xanthomonads, namely, X. axonopodis pv.
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aurantifolii and X. axonopodis pv. citri persist for many years in branch cankers of Citrus
spp. and close relatives in the Rutaceae, resulting in the recurrence of citrus canker
outbreaks (Graham et al. 2004). Likewise, the persistence of endophytic populations of
Pseudomonas savastanoi pv. savastanoi within knots and the systemic movement of
these strains through the host act as inoculum reservoir for subsequent infection of olive

(Olea europaea) trees (Lamichhane and Varvaro 2013).

Given that overwintering habitats act as inoculum sources, in the possible event of
favourable temperature conditions bacterial pathogens proliferate within these niches,
which can lead to disease symptoms development. Temperatures between the 28-30°C
range are optimal for growth and proliferation of X. axonopodis pv. citri (Cesbron et al.
2015; Verniere et al. 2003). Verniere et al. (2003) showed that symptom expression of
citrus canker, i.e. lesion formation, was dependent on temperature. Lesion formation was
further exacerbated by wounding caused by the larvae of a leaf miner (Phyllocnistis citrella
Stainton) known to vector X. axonopodis pv. citri (Gottwald et al. 1997 cited by Verniere
et al. 2003). Moreover, Xiong and Yang (2003) discovered that plant resistance was
negatively affected in rice as a result of the combination of drought, salt and cold stresses.
This negative combinatorial effect occurs because exposure to ozone stress results in
incomplete stomatal closure, which exacerbates the impact of drought on the plant host
(Grulke et al. 2003). These are a few examples of studies illustrating the negative

interactions between abiotic and biotic stress combinations.

However, abiotic factors do not always cause a detrimental effect on the plant host;
sometimes, they have a positive impact on the plant. For example, the exposure of

Arabidopsis thaliana to high levels of ozone demonstrated increased tolerance against
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infection by Pseudomonas syringae strains (Sharma et al. 1996). The tolerance against
P. syringae occurred through increased production of reactive oxygen species activating
the salicylic acid pathway known to induce the host's hypersensitive response (HR) and
systemic acquired resistance (SAR) (Sharma et al. 1996). Altogether, this study and the
examples mentioned above demonstrate the vulnerability of the host defence mechanism
to the pre-existing environmental conditions that are present at the time of pathogen

infection.

6. Concluding remarks

Plants are bound to their environment and thus require specialised mechanisms to adapt
and thrive under continually changing conditions. They typically achieve this acclimation
through an adjustment in their metabolism and physiological activities. However,
prolonged exposure to stress factors predisposes them to various abiotic and biological
disturbances, in particular, pathogen invasion due to compromised host defence

responses, thus resulting in reduced plant productivity and growth.

There is a dynamic shift in our understanding of the role of human activities, insect
vectors, microbial communities and several environmental conditions in disease
epidemiology. Whereas we used to think of these factors as separately affecting plant
production, over the years, studies have demonstrated that there is an interaction between

them. We now recognize their significant ecological role in influencing plant diseases.

A change in climatic conditions and increasing food production demands due to a
rise in the human population are urgent, but not new, challenges needing collective
research efforts. Now, more than in the past, crops with enhanced tolerance to multiple
stress factors have become crucial, particularly with regards to bacterial infections on
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woody perennials. Therefore, elucidating and understanding the mechanisms that plants
use to respond to the rapid and/or cumulative changing environment provides continued
collaborative research opportunities in fields such as disease epidemiology, ecology and
breeding programs. These research endeavours will facilitate the development of broad-

spectrum stress tolerance crops.
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Abstract

Bacterial canker is a common bacterial disease of stone fruit trees. The
causal agents responsible for the disease include several pathovars in
Pseudomonas syringae sensu lato and newly described Pseudomonas
species. Pseudomonad strains were isolated from symptomatic stone fruit
trees, namely apricot, peach, and plum trees cultivated in spatially sepa-
rated orchards in the Western Cape. A polyphasic approach was used to
identify and characterize these strains. Using a multilocus sequence typ-
ing approach of four housekeeping loci, namely cts, gapA, gyrB, and
rpoD, the pseudomonad strains were delineated into two phylogenetic
groups within P. syringae sensu lato: P. syringae sensu stricto and Pseu-
domonas viridiflava. These results were further supported by LOPAT di-
agnostic assays and analysis of clades in the rep-PCR dendrogram. The

pseudomonad strains were pathogenic on both apricot and plum seed-
lings, indicative of a lack of host specificity between Pseudomonas
strains infecting Prunus spp. This is a first report of P. viridiflava isolated
from plum trees showing symptoms of bacterial canker. P. viridiflava is
considered to be an opportunistic pathogen that causes foliar diseases of
vegetable crops, fruit trees, and aromatic herbs, and thus the isolation of
pathogenic P. viridiflava from twigs of plum trees showing symptoms
of bacterial canker suggests that this bacterial species is a potentially
emerging stem canker pathogen of stone fruit trees in South Africa.

Keywords: Pseudomonas syringae, Pseudomonas viridiflava, stone fruit
trees

Prunus species are of economic importance globally. Approxi-
mately 23% of cultivated land in South Africa is used to produce
peaches, nectarines, apricots, and plums, with an estimated generated
income of $1.89 billion in stone fruit market sales. However, pests
and diseases are two factors that have contributed to a reduction in
stone fruit production and yield.

Bacterial canker is a commonly reported bacterial disease of stone
fruit trees (Wilson 1953). The number of causal agents identified for
this disease has increased dramatically in the past few decades, with
majority being pathovars of Pseudomonas syringae or recently de-
scribed Pseudomonas species. These include P. syringae pv. syrin-
gae (on Prunus spp.), P. syringae pv. avii (on Prunus avium), P.
syringae pv. morprunorum (on P. avium and Prunus domestica),
P. syringae pv. persicae (on Prunus spp.), and Pseudomonas cerasi
(on P. avium) (Bultreys and Kaluzna 2010; Katuzna et al. 2016;
Ménard et al. 2003; Roos and Hattingh 1983; Wilson 1953; Young
1988). The symptoms expressed by these hosts are blighting of dor-
mant buds resulting in the formation of small cankers on twigs,
branch and stem cankers, oozing or gummosis, branch and twig die-
back, and occasionally complete tree death (Crosse 1966; Hattingh
et al. 1989; Wilson 1953).
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Pseudomonas syringae consists of a complex of strains that
have a wide host range, which include herbaceous and woody
crops as well as ornamental plants (Lamichhane et al. 2014,
2015). Pseudomonas syringae sensu lato is broadly defined as a
bacterial group of species that cannot be distinguished phenotypi-
cally from P. syringae. Organisms in this group represent the
majority of the fluorescent phytopathogenic pseudomonads
(Young 1991). Currently, >50 pathovars are defined in this bacte-
rial group (Bull et al. 2010).

The classification of organisms within P. syringae sensu lato
(also referred to as the P. syringae species complex) involves phe-
notypic characterization, whereby physiological and biochemical
properties are used to differentiate between pseudomonad strains,
and genotypic characterization based on genome relatedness be-
tween strains in this complex. For example, repetitive element pal-
indromic PCR (rep-PCR) is a rapid tool that has been used to
identify strains into respective clonal lineages based on the similar-
ity of their genomic structure (Louws et al. 1994). Pseudomonas
syringae sensu lato was also delineated into nine genomospecies
via DNA-DNA hybridization (Gardan et al. 1999), of which seven
have been described and validly named: P. syringae (van Hall
1902), P. viridiflava (Burkholder 1930), P. amygdali (Psallidas
and Pamagopoulos 1975), P. coronafaciens (Dutta et al. 2018),
P. caricapapayae (Robbs 1956), P. avellanae (Janse et al. 1996),
and P. cannabina (Gardan et al. 1999). The P. syringae species
complex can also be delineated into 13 phylogenetic groups, com-
prising 23 subgroups, based on a multilocus sequence typing of
four housekeeping genes (Berge et al. 2014). Many of the 13 phy-
logenetic groups described by Berge et al. 2014 represent the val-
idly named species presented above and others (Bull and Koike
2015). Furthermore, the use of whole genome sequences has
allowed a further delimitation of this bacterial group into 19 phylo-
genomic groups (Gomila et al. 2017).

The main objective of this study was to identify bacterial strains
isolated from symptomatic twigs, leaves, and fruits of stone fruit
trees in the Western Cape province of South Africa, using both
phenotypic and genotypic methods. We also determined the
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pathogenicity of representative pseudomonad isolates on apricot
and plum seedlings.

Materials and Methods

Sample collection and isolation of bacterial strains. A disease
survey was undertaken in the Western Cape province of South Africa
during the summer and spring seasons of 2014 to 2015 and 2016 to
2017 to assess the prevalence of bacterial canker of stone fruit trees
in Bonnievale, Ceres, Franschhoek, Groot Drakenstein, Klapmuts,
Montagu, Napier, Riviersonderend, Robertson, Simondium, Tul-
bagh, and Wellington. The samples collected were of diseased twigs,
branches, and leaves of stone fruit trees (i.e., apricots, peaches, and
plums). Typical bacterial canker symptoms observed were mainly
gum oozing from closed buds, bark discoloration of branches, and
leaves with shot holes (Fig. 1). The symptomatic plant materials were
placed in brown paper bags and kept in a cold storage container with
a temperature of 4°C until the samples were processed.

Isolations were made from symptomatic twigs and leaves as follows:
small pieces of twigs and 5 mm? of leaf tissue were surface sterilized in
10% (vol/vol) sodium hypochlorite solution for 1 min and 70% (vol/
vol) ethanol for 30 s and rinsed three times in sterile distilled water
(Sabax Pour water, Adcock Ingram, South Africa). The leaf tissue
was macerated in sterile 10 mM of potassium phosphate buffer at pH
7.0, and 30 .l of the resulting suspension was streaked onto nutrient
agar (NA) (Merck, Germany) and a semi-selective medium, King’s
B medium (KMB) (King et al. 1954). Small pieces of twigs, displaying
internal discoloration of the tissue, were soaked in sterile distilled water

for 1 h to allow the bacteria to exude from the cuttings into solution.
The resulting suspension was plated onto NA and KMB via the streak
plate technique. All plates were incubated at 28°C for 48 h.

Yellow fluorescent and nonfluorescent bacterial isolates on KMB
were obtained. Pure cultures obtained by successive streaking of sin-
gle colonies onto KMB (Supplementary Table S1) were stored at
—80°C in Microbank vials (Pro-Lab Diagnostics, Canada) containing
20% (vol/vol) glycerol until molecular and phenotypic characteriza-
tion could be performed.

Phenotypic characterization via LOPAT diagnostic assays.
Isolates from stone fruit trees were identified as P. syringae based on
molecular analyses (multilocus sequence typing [MLST] and
rep-PCR, described below). For a subset of these isolates, pheno-
typic characteristics were determined via LOPAT (levan production,
oxidase activity, potato soft rot, arginine dihydrolase activity, tobacco
hypersensitivity) diagnostic assays (Lelliott et al. 1966). For the levan
production assay, nutrient agar plates supplemented with 5% sucrose
were prepared, and single colonies from pure cultures of pseudomonad
strains from this study were streaked onto them and incubated at 28°C
for 3 to 5 days. A positive reaction was considered to be the production
of convex, white, domed, and mucoid colonies as a result of the action
of the levan sucrase enzyme. The arginine dihydrolase assay involved
stab-inoculating arginine medium (1.0 g of peptone, 5.0 g of NaCl,
0.3 g of K,HPO,, 10.0 g of L-(+) arginine-HCI, 0.01 g of phenol red,
and 15.0 g of agar; pH 7.2) with colonies of pseudomonad strains
and sealing the inoculated area with mineral oil. The inoculated test
tubes were incubated at 28°C for 24 to 48 h. A positive reaction was

Fig. 1. Characteristic symptoms of bacterial canker on stone fruit trees. a, Blighting of dormant buds resulting in the formation of small cankers at the base of the bud; b, dark brown
to black sunken lesions develop on the fruit with irregularly shaped margins; ¢, branch and stem cankers accompanied by gummosis; d, watersoaked leaf spots that later become
necrotic and fall out, resulting in a characteristic shot-hole appearance.
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determined by a change in color from yellow to red/pink. In the potato
soft rot assay, 8-mm-thick potato slices were cut from peeled whole po-
tato tubers that were sterilized in 70% (vol/vol) ethanol before peeling.
The potato slices were placed on top of plastic films inside two medium-
sized plastic containers that were lined with moistened paper towels.
The potato slices were stab-inoculated with single colonies of pseudo-
monad strains with sterilized toothpicks. The inoculated potato slices
were left to incubate at room temperature inside the containers for 24
h. Decayed potato tissue was observed as water-soaking that extended
beyond the site of inoculation. To determine the ability of the pseudo-
monad strains to induce a hypersensitive reaction, tobacco (Nicotiana
tabacum) seedlings that were grown from seeds were inoculated with
bacterial inocula prepared in 10 mM of phosphate buffer, resulting in
final concentrations of 1 x 108 CFUs/ml. The tobacco leaves were infil-
trated with bacterial suspension by using a blunt end of a 1-ml syringe.
Three leaves were infiltrated per pseudomonad strain.

DNA extraction and 16S rRNA sequencing. Genomic DNA was
extracted from single colonies of bacterial strains that were stored at
—80°C by using the Quick-gDNA MiniPrep DNA extraction kit (Zymo
Research, Ingaba Biotech, South Africa) according to the manufac-
turer’s instructions. The quality and quantity of the DNA were verified
via gel electrophoresis and spectrophotometry, respectively. The small
ribosomal subunit was amplified for each bacterial strain with previ-
ously described universal primers 27F (5-GAGTTTGATCC
TGGCTCAG-3’) and 1429R (5-GGTTACCTTGTTACGACT-3")
(Supplementary Table S2) (Lane 1991). In each 25-pl reaction, the
final concentrations were as follows: 1x reaction buffer, 2.0 mM of
MgCl,, 200 uM of each nucleotide (dATP, dGTP, dTTP, and dCTP)
(Thermo Fisher Scientific, U.S.A.), 0.2 uM of each primer (Inqaba
Biotech, South Africa), and 1.5 U Supertherm Taq polymerase
(JMR Holdings, London) added to sterile distilled water, and as final
step 10 to 50 ng of template DNA was added to the reaction mix. The
cycle conditions were as previously described by Hongoh et al.
(2003), with modifications made to the conditions. The initial dena-
turation was 94 °C for 10 min, followed by 30 cycles of denaturation at
94°C for 1 min, annealing at 55°C for 1 min, elongation at 72°C for
1 min, and a final elongation step at 72°C for 5 min.

The amplified products were visualized on a 1% (wt/vol) agarose
gel and purified with the exonuclease—alkaline phosphatase (Thermo
Scientific, U.S.A.) enzyme reaction mix. The resulting purified
amplicons were sequenced on a genetic analyzer (Thermo Fisher Sci-
entific) at the DNA sequencing facility at the University of Pretoria
(South Africa) using only the forward primer, 27F, for rapid identi-
fication at the genus level.

The sequence data of the small ribosomal subunit of the bacterial iso-
lates were manually edited in Chromas version 2.6.4 (Technelysium Pty
Ltd, Australia). The partial sequences for the /6S rRNA gene region
were compared against the references in the GenBank database with
the BLAST tool (National Centre for Biotechnology Information
[NCBI], U.S.A.). The BLAST search hits of 99% sequence similarity
and E-values of zero were the criteria used to allocate the bacterial iso-
lates into their respective genera (Supplementary Table S1).

Genotypic characterization via MLST. To place the pseudomo-
nad isolates into their respective phylogroups (Berge et al. 2014), multi-
locus sequence typing of four housekeeping loci, namely, cts, gapA,
gyrB, and rpoD, was conducted with previously described primers
(Hwang et al. 2005; Parkinson et al. 2011; Sarkar and Guttman
2004) (Supplementary Table S2). The final concentrations in each
25-pl reaction were as follows: 1x reaction buffer, 2.0 mM of MgCl,,
200 wM of each nucleotide (dATP, dGTP, dTTP, and dCTP), 0.2 uM
of each primer (Inqaba Biotech), and 1.5 U of Supertherm Taq poly-
merase (JMR Holdings, London) added to sterile distilled water, and
as a final step 10 to 50 ng/ul of template DNA was added to the reac-
tion mix. The cycle conditions were as previously described (Sarkar
and Guttman 2004), with modifications as follows: initial denaturation
at 94°C for 2 min, 30 cycles of denaturation at 95°C for 30 s, annealing
at varying temperatures for 1 min, and elongation at 72°C for 1 min.
The annealing temperature varied for each locus, that is, 55°C for
gyrB and rpoD, 56°C for cts, and 62°C for gapA. A further exten-
sion step was added at 72°C for 5 min.
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The purification of amplified products, sequencing, and sequence
editing were as described earlier. Because both orientations were se-
quenced for each locus, consensus sequences were obtained from the
forward and reverse sequences of each pseudomonad strain in
MEGA 7 (Kumar et al. 2016). The consensus sequences were com-
pared against reference sequences in the GenBank database in
BLAST. A multi-sequence alignment including the partial sequences
of pseudomonad strains from this study together with sequences of
reference strains in P. syringae sensu lato retrieved from the Plant
Associated and Environmental Microbes Database (PAMDB, http://
genome.ppws.vt.edu/cgi-bin/MLST/home.pl) was performed with the
CLUSTALW algorithm of the online version of MAFFT (Katoh
et al. 2002; Katoh and Standley 2013) with default settings. The result-
ing multi-sequence alignment was exported to BioEdit version 7.0.9.0
(Hall 1999), and overhangs on both ends of the sequences were
trimmed. The partial sequences of the three additional loci were
476, 502, and 371 nucleotides (nt) in length. The partial sequences
of four protein-coding genes were used to generate a concatenated
dataset, which was based on the results of a partition homogeneity
test elucidating their congruency (P > 0.05). A maximum likelihood
phylogeny was constructed from the concatenated dataset of 1,600 nt
in sequence length. Maximum likelihood phylogenies of sequences
of the four protein-coding genes and concatenated dataset were con-
structed in MEGA 7 (Kumar et al. 2016), applying the general time
reversible model with a proportion of invariable sites and rate varia-
tion between sites. Bootstrap analysis of 1,000 replicates was per-
formed for each maximum likelihood analysis to estimate the level
of support at each node.

Genotypic characterization using rep-PCR. To determine ge-
netic variability, the pseudomonad strains from symptomatic twigs
of stone fruit trees were compared with the different pathotype strains
of P. syringae sensu stricto and P. viridiflava (Table 1) with rep-
PCR. The BOX, ERIC, and REP elements were amplified with pre-
viously described primers (Supplementary Table S2) (Versalovic
et al. 1991, 1994). Each 20-pl reaction comprised the following:
10 pl of 2x GoTaq Green Master Mix (Promega, Madison, WI,
U.S.A.), 1.0 uM of each primer pair, for ERIC and REP primers,
and 2.0 uM of the BOX primer (Inqaba Biotech) (Supplementary Ta-
ble S2) and 20 ng template DNA were added to nuclease-free water
(Invitrogen, Life Technologies, U.K.). The cycle conditions for all
primer sets, except for BOXAI1R, used as a single primer in the reac-
tions, were as previously described by Rademaker et al. (1998). The
reactions were visualized via agarose electrophoresis according to
the protocol by Rademaker et al. (1998) with slight modifications,
which included conducting electrophoresis for approximately 4 h
at a constant voltage of 60 V, 25 to 30 mA with a 2% (wt/vol) agarose
gel. The banding patterns resulting from the DNA fragments were vi-
sualized, and the dendrograms were generated in Bionumerics ver-
sion 6.6 (bioMérieux, Belgium) using the unweighted pair group
method with arithmetic mean clustering algorithm based on the de-
gree of similarity between the genotypic fingerprints of the pseudo-
monad strains. The pairwise comparisons were calculated via
Jaccard’s similarity coefficient (Jaccard 1901).

Pathogenicity assays on P. domestica (Plum) and Prunus arme-
niaca (Apricot) seedlings. Prunus domestica cultivars ‘Sapphire’ and
‘Songold’ and P. armeniaca cultivar ‘Soldonna’ were sourced as cer-
tified pathogen-free 1-year-old scions grafted onto Maridon rootstock,
from a nursery (Stemmet Kwekery, Montagu, SA). The seedlings were
planted in loamy soil in 30-cm pots (Plastilon, Pretoria, SA). The seed-
lings were kept in a greenhouse at the Hatfield Experimental Farm
(University of Pretoria, 25° 47" 7.38” S, 28° 15" 30.44” E). The temper-
ature in the greenhouse was approximately 28 °C with natural day/night
cycles, usually 13 h day and 11 h night conditions in summer. Supple-
menting of nutrients of the seedlings was done once per week with an
organic fertilizer containing 80 g/kg of N, 20 g/kg of P, and 58 g/kg of
K (4:1:3) (Nitrosol, Efekto, SA).

The ability of the pseudomonad strains to cause disease was eluci-
dated through pathogenicity assays performed under glasshouse con-
ditions. Eleven representative strains were selected based on the host
of origin (in our study we focused mainly on those isolated from
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symptomatic plum trees but included some strains isolated from
symptomatic apricot trees) and the different clades within P. syringae
sensu lato that were identified in this study, namely, BV14-1 and
A002 (phylogroup 2d), BDAP12 and BV14-2 (phylogroup 2b),
K005(3)1, K005(3)2d and R11-1(phylogroup 2a), R13-1, K0O05(3)
1c, and PmO05 and K005(2)2e (phylogroup 7a). A comprehensive
list of strains used in this study is shown in Table 1.

The preparation of bacterial inocula and inoculation of trees was
performed as previously described by Hulin et al. (2018) 3 months
after planting. Single colonies of pure cultures of each representa-
tive Pseudomonas isolate were grown in nutrient broth (Merck) in
100-ml volumetric flasks and placed in a shaking incubator at
150 rpm for 18 h. The bacterial suspensions were adjusted to a con-
centration of 2 x 107 CFUs/ml (ODgg, approximately 0.02) with
sterile 10-mM phosphate buffer. Whole trees were inoculated
through stem wounding, whereby superficial wounds were created
from the trunks of the trees with sterile scalpels and 200 pl of in-
oculum pipetted into the wounds. The inoculated wounds were
sealed with self-sealing film and covered with masking tape. Three
trees of each cultivar were inoculated per representative strain.
Trees inoculated with sterile 10-mM phosphate buffer served as
negative controls. The inoculated seedlings were kept in the green-
house under 13 h day and 11 h night conditions at 65% relative hu-
midity for approximately 2 months before the pathogenicity trial
was terminated.

Reisolation procedure. Reisolation of bacteria was done from the
leading edges of lesions on the main stem of apricot and plum seed-
lings. Small pieces of apricot tissue were directly plated onto KMB,
or in the case of plums, tissue was macerated in 10-mM phosphate
buffer, after surface sterilization in 10% (vol/vol) sodium hypochlo-
rite and rinsed three times in sterile distilled water with a mortar and
pestle. A volume of 30 pl of the resulting suspension was streaked
onto KMB. All plates were incubated at 28°C for 48 h.

Bacteria exuding from the symptomatic pieces of apricot tissue were
subcultured onto new plates of KMB via a streak-plate technique and
incubated as previously described. Single colonies, suspended in sterile
distilled water, of bacterial isolates recovered from apricots and plums
were analyzed via rep-PCR of the BOX element together with the orig-
inal inoculum strain. The similarity of the banding patterns of the re-
covered isolates and inoculum strain were compared visually.

Results

Phenotypic characterization via LOPAT diagnostic assays.
Pseudomonad strains isolated from symptomatic stone fruit trees
were characterized with the five determinative tests previously de-
scribed (Lelliott et al. 1966): levan production, oxidase reaction,
pectolytic activity on potato, arginine dihydrolase activity, and
hypersensitivity response on tobacco. Based on these tests, the ma-
jority of the pseudomonad strains in this study were found to have
similar characteristics as LOPAT group la strains, P. syringae pv.

Table 1. List of strains isolated from symptomatic twigs of stone fruit trees in the Western Cape province and reference type and pathotype strains of P. syringae

and P. viridiflava®

MLSA
Species Strain ID Host Year Location group Citation
Pseudomonas syringae ABDO007 Prunus armeniaca 2014 Simondium 2d This study
A001 P. armeniaca 2014 Simondium 2d This study
A002 P. armeniaca 2014 Simondium 2d This study
A012 P. armeniaca 2014 Simondium 2d This study
A019 P. armeniaca 2014 Simondium 2b This study
BDAPI2 P. armeniaca 2015 Simondium 2b This study
BV14-1 P. domestica 2017 Simondium 2d This study
BV14-2 P. domestica 2017 Simondium 2b This study
K005(3)1 P. domestica 2016 Simondium 2a This study
K005(3)2a  P. domestica 2016 Simondium 2a This study
K005(3)2d  P. domestica 2016 Simondium 2a This study
PL002 P. persica 2014 Simondium 2d This study
R11-1(A) P. domestica 2017 Simondium 2a This study
R11-1(B) P. domestica 2017 Simondium 2a This study
R11-1(C) P. domestica 2017 Simondium 2a This study
Pseudomonas viridiflava K005(2)2e  P. domestica 2016 Simondium 7a This study
KO005(3)1a  P. domestica 2016 Simondium 7a This study
K005(3)1b  P. domestica 2016 Simondium Ta This study
KO005(3)1c  P. domestica 2016 Simondium 7a This study
PmO005 P. domestica 2014 Groot Drakenstein Ta This study
PmO006 P. domestica 2014 Groot Drakenstein Ta This study
R13-1 P. domestica 2017 Simondium Ta This study
P. syringae pv. syringae™ CFBP1392  Syringa vulgaris 1902 UK. 2b van Hall 1902
P. viridiflava™ CFBP2107  Phaseolus vulgaris 1927 Switzerland 8 Billing 1970
P. syringae pv. dysoxyli™ ~ CFBP2356  Dysoxylum spectabile 1949 New Zealand 2a Hutchinson 1949; Young et al. 1978
P. syringae pv. pisi®T NCPPB2585 Pisum sativum 1916 New Zealand 2b Sackett 1916; Young et al. 1978
P. syringae pv. coryli¥T NCPPB4273 Corylus avellana 2001 Ttaly 2b Scortichini et al. 2005
P. congelans™ CFBP21466 Phyllosphere grass 2001 Germany 2c Behrendt et al. 2003
P. syringae pv. solidagae®™ 1CMP16925 Solidago altissima 1998 Japan 2d Sato et al. 2001
P. syringae pv. aptata®’ CFBP1617  Beta vulgaris 1913 U.S.A. 2b Brown and Jamieson 1913; Young et al. 1978
P. syringae pv. CFBP2213  Triticum aestivum 1920 New Zealand 2b McCulloch 1920; Young et al. 1978
atrofaciens®"
P. syringae pv. aceris®T CFBP2339  Acer palmatum 1939 Japan 2d Ark 1939; Young et al. 1978
P. syringae pv. lapsa®" CFBP1731  Zea mays 1940 New Zealand 2b Ark 1940; Young et al. 1978
P. syringae pv. papulans®™ LMG5076  Malus pumila 1917 U.S.A. 2a Rose 1917; Dhanvantari 1977
P. syringae pv. syringae B728a Phaseolus vulgaris 1987 U.S.A. 2d Loper and Lindow 1987
P. syringae pv. tomato® DC3000 Solanum lycopersicum 1933 U.S.A. la Young et al. 1978; Cuppels 1986

a Type strains are denoted by superscript T, pathotype strains are denoted by superscript PT, and alternative synonymous nomenspecies within a given genomo-

species are denoted with a superscript C.
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syringae B728a and P. syringae pv. tomato DC3000 (supplied by
Dr Carrie Brady, University of the West of England, Bristol, U.K.).
(Table 2), except for ABD0O07, PL002, R11-1(A), and R11-1(B)
strains, which had varied reactions of arginine dihydrolase activity.
Additionally, three pseudomonad strains, BDAP12, BV14-2, and
K005(3)1, were nonfluorescent on KMB, similar to the P. syringae
pv. syringae B728a isolate used in this study.

Seven of the pseudomonad strains had similar phenotypic traits as
LOPAT group II strains previously reported by Lelliott et al. (1966).
Two of the seven strains, Pm005 and R13-1, displayed varied reactions
of arginine dihydrolase activity (Table 2), comparable to some of the
LOPAT group la strains. Interestingly, four of the strains, K005(2)2e,
K005(3)1a, KO05(3)1b, and KO05(3)1c, did not induce a hypersensitive
response on tobacco leaves but showed pectolytic activity on potato sli-
ces (Table 2). Also, five of the LOPAT group II strains, KOO5(2)2e,
K005(3)1a, KOO5(3)1b, Pm005, and Pm006, did not fluoresce on KMB.

Genotypic characterization via 16S rRNA sequencing and
MLST. Of the 118 bacterial strains that were isolated from symptom-
atic stone fruit trees, 41 were identified as Pseudomonas based on the
similarity of 99% of their partial /6S rRNA sequences with reference
sequences in the GenBank database (Supplementary Table S1). The
remaining isolates were identified as various other bacterial genera,
viz. Pantoea (32), Bacillus (17), Erwinia (8), Curtobacterium (7),
Xanthomonas (2), Paenibacillus (2), Yersinia (2), Psychrobacillus
(1), Nocardiodes (1), Brevibacillus (1), Arthrobacter (1), Microbac-
terium (1), and Variovorax (1). Partial sequences of query length 291
nt of the cts gene revealed that 20 of the 41 Pseudomonas strains were
potential P. syringae strains and eight were potential P. viridiflava
strains based on 99% sequence similarity with reference sequences
in the GenBank database (Supplementary Table S1). Three house-
keeping genes were sequenced, namely gapA, gyrB, and rpoD, in

Table 2. Phenotypic characterization of Pseudomonas isolates obtained from
symptomatic twigs of stone fruit trees in the Western Cape province, South
Africa®

Fluorescent
Strain ID Groupno. L O P A T on KB
ABDO007 Ta + - - +/- + +
A001 Ta + - - - + +
A002 Ia + - - - + +
A012 Ia + - - - + +
A019 Ia + - - - + +
BDAPI12 la + - - - + _
BV14-1 Ta + - -+ +
BV14-2 Ia y - - - ¥ _
K005(2)2e 1| + -+ - - _
K005(3)1 o+ - - - o+ _
K005(3)1a 1| + - + + - _
K005(3)1b I + - 4+ o+ - _
KO005(3)1c I + -+ - - +
K005(3)2a Ia + - - - o+ +
K005(3)2d Ia + - - - + +
PL002 Ia + - - 4= 4+ +
Pm005 I + - + +- + -
Pm006 11 + - + - + —
R11-1(A) Ia + - - H- o+ +
R11-1(B) Ia + - - -+ +
RI11-1(C) Ia + - - - 4 +
R13-1 I + - + +- + +
P. viridiflava CFBP2107"Y I - -+ - % +
Ps. pv. syringae B728a* Ia + - - - + —
Ps. pv. tomato DC3000# Ta + - - - + +

2 + indicates a positive reaction; — indicates a negative reaction; A, arginine
dihydrolase; L, levan; O, oxidase; P, potato soft rot; T, hypersensitive re-
sponse on Nicotiana tabacum; ¥, positive control for LOPAT group II (P.
viridiflava); %, positive control for LOPAT group la (P. syringae). P. syrin-
gae pv. syringae B728a and P. syringae pv. tomato DC3000 isolates were
supplied by Dr. Carrie Brady (University of the West of England, Bristol,
United Kingdom).
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addition to the cts gene, for the strains that were identified as potential
P. syringae and P. viridiflava (Supplementary Table S1).

In the concatenated phylogeny, the taxonomic positions of the
pseudomonad strains in this study were determined within P. syrin-
gae sensu lato. The pseudomonad strains in this study were delin-
eated into two major groups, namely, P. syringae sensu stricto
(phylogroup 2) and P. viridiflava (phylogroup 7) (Fig. 2). The major-
ity of the pseudomonad strains grouped in three phylogroup 2 clades
(i.e., phylogroups 2a, 2b, and 2d). A few strains clustered in a single
clade in phylogroup 7a.

Phylogroup 2a (PG02a) strains included K005(3)1, K005(3)2a,
K005(3)2d, R11-1(A), R11-1(B), and R11-1(C), which clustered with
strain PsyCit7, isolated from an asymptomatic orange tree (Fig. 2).
Three P. syringae strains, A019, BDAP12, and BV14-2, grouped in
phylogroup 2b together with P. syringae pvs. avellanae Pavlsa-
Pave013 and pisi H5E1 (Fig. 2). Five P. syringae strains, A001,
A002, ABD007, BV14-1, and PL002, grouped in phylogroup 2d in
the same groups as three P. syringae pv. syringae strains: B728a
(bean), HGI-W 7872 (plum), and CC0301 (cantaloupe) (Fig. 2).

A P. syringae strain from apricot, AO12, grouped as a singleton on
a separate branch adjacent to the phylogroup 2d clade. The remaining
seven pseudomonad strains, K005(2)2e, K005(3)1a, K005(3)1b,
KO005(3)1c, Pm005, Pm006, and R13-1, were in the phylogroup 7a
clade with a P. viridiflava strain, BS002, which was isolated from
a Kiwi tree showing symptoms of bacterial canker (Fig. 2). Interest-
ingly, these strains were isolated on three separate occasions, only
from plum trees on farms located close to each other (Table 1).

Genotypic characterization via rep-PCR. We performed rep-
PCR of BOX, ERIC, and REP elements for the pseudomonad strains
isolated from symptomatic stone fruit trees. The clustering of the
pseudomonad isolates in the BOX-PCR fingerprint profiles were
not congruent to that of the MLSA, that is, the pseudomonad strains
in this study did not cluster with members of the same phylogroup but
rather clustered by relatedness of their fingerprint profiles (Fig. 3).
However, there were a few exceptions whereby clustering was based
on phylogroup. For example, the majority of the P. viridiflava (phy-
logroup 7a) strains except for R13-1 and CFBP21077 clustered in the
same clade and were more closely related to P. syringae CFBP13927
(94% similarity) (Fig. 3). Interestingly, the topology of the P. viridiflava
strains in this clade was congruent to that of the MLSA (Fig. 2).

Similarly, the topology of two of the phylogroup 2a strains, R11-
la and R11-1b, was shown to be congruent to their topology in the
MLSA. However, these strains clustered with phylogroup 2d strains,
A001, ABDO07, and B728a (Fig. 3, 94% similarity), in the BOX-
PCR dendrogram. Additionally, the other phylogroup 2d strains,
A002, BV14-1, and PL002, were closely related to P. syringae pv.
lapsa CFBP1731FT, a pathotype of phylogroup 2b, rather than path-
otypes in the same phylogroup, P. syringae pvs. aceris CFBP2339FT
and solidagae ICMP16925°T (Fig. 3).

In contrast to the BOX-PCR fingerprint profiles (Fig. 3), the topol-
ogy of the ERIC-PCR fingerprint profiles was congruent with that of
the MLSA for two of the phylogroups previously identified (Fig. 4).
The clustering of pseudomonad strains reflected genome relatedness
for P. syringae sensu stricto and P. viridiflava. However, the cluster-
ing of the remainder of the pseudomonad and reference strains
reflected the similarity of the fingerprint patterns.

All strains identified as phylogroup 2a strains, K005(3)1,
K005(3)2a, K0O05(3)2d, R11-1a, R11-1b, and R11-1c, formed a
separate cluster from known pathotype strains in P. syringae sensu
stricto (Fig. 4, 83% similarity). Furthermore, the P. viridiflava
strains split into two clusters, wherein both clusters were distantly re-
lated to the P. viridiflava type strain CFBP2107T. The first cluster
comprised K005(2)2e, K005(3)1a, KO05(3)1b, and K005(3)1c, and
the second cluster included Pm005, Pm006, and R13-1. The second
cluster was more closely related to a phylogroup 2d pathotype, P.
syringae pv. aceris CFBP2339"T (Fig. 4, 82% similarity) than to
other P. viridiflava strains and the type strain CFBP2107". Interest-
ingly, the topology of the strains in the respective clades was congru-
ent to the topology of the P. viridiflava clade in the MLSA but only
when combined (Fig. 2).



Likewise, the topology of the REP-PCR fingerprint profiles was
congruent to the topology of three of the phylogroups in the MLSA
(Fig. 2; phylogroups 2a, 2d, and 7a). All phylogroup 2a strains, with
the exception of pathotype P. syringae pv. dysoxyli CFBP2356F7,
clustered together on a separate clade with 81% similarity (Fig. 5).
Also, the majority of P. viridiflava strains clustered together, except
Pm006, which was more closely related (100% similarity) to

pathotypes P. syringae pv. solidagae ICMP16925FT and P. syringae
pv. lapsa CFBP1731FT, both P. syringae sensu stricto strains.
Despite the P. viridiflava strains sharing a 91% similarity, these
strains formed two subgroups within this clade (Fig. 5). The first sub-
group contained K005(2)2e, K005(3)1a, and K005(3)1b with close
relatedness of 98% similarity. The second subgroup comprised
PmO005, R13-1, and K005(3)1c, which were more closely related to
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P. syringae pv. syringae CFBP13927, albeit with a low similarity of
61%, than to P. viridiflava CFBP2107T, which is more closely re-
lated to a P. syringae sensu stricto strain, A002 (Fig. 5).

Three pseudomonad strains in this study, A001, ABD007, and
BV14-1, that were identified as P. syringae sensu stricto strains in
the MLSA (Fig. 2; PG02d) clustered together with a reference
P. syringae sensu stricto, P. syringae pv. syringae B728a (Fig. 5,
78% similarity). Similarly, BV14-2, identified as a P. syringae sensu
stricto phylogroup 2b strain, clustered with 100% similarity with
two pathotypes of the same phylogroup, P. syringae pv. pisi
NCPPB2585%T and P. syringae pv. coryli NCPPB4273FT (Fig. 5).
In contrast, two of the P. syringae sensu stricto strains, A0O19 and
BDAP19, grouped in a separate clade that was distant from any of
the known P. syringae sensu stricto pathotypes (Fig. 5, 86%
similarity).

Pathogenicity assays on P. domestica and P. armeniaca
seedlings. The pathogenicity of 11 representative pseudomonad
strains from the two major phylogroups identified in this study
(Fig. 2; phylogroups 2 and 7) was determined on apricot seedlings,
‘Soldonna’ and plum seedlings, ‘Sapphire’ and ‘Songold’. We found
that all representative pseudomonad strains were pathogenic on both
apricot and plum seedlings (Fig. 6A to 6D and Fig. 7A to 7D). The
pseudomonad strains were able to induce symptoms of bacterial
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Fig. 3. Unweighted pair group method with arithmetic mean (UPGMA) tree
representing the BOX-PCR fingerprint profiles of stone fruit and pathotype strains in
P. syringae sensu stricto and P. viridiflava. The dendrogram was produced from
distance matrix of BOX fingerprint profiles calculated via Jaccard similarity
coefficient. The cophenetic correlation was used to calculate the consistency of the
clusters, and the values are indicated as percentages on the branches of each
cluster. Type strains are denoted by superscript T, pathotype strains denoted by
superscript PT. Color scheme: Pseudomonas syringae sensu stricto strains are
shown in teal (phylogroup 2a), blue (phylogroup 2b), purple (phylogroup 2c), brown
(phylogroup 2d), and black (unidentified clade in phylogroup 2); P. viridiflava strains
are shown in pink (phylogroup 7a), and P. syringae pv. tomato (phylogroup 1a) is
shown in dark green.
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canker such as brown discoloration of the inner tissue and gummosis
(Fig. 6D and Fig. 7A, C, and D). Interestingly, shoot dieback was ob-
served for all inoculated apricot seedlings (Supplementary Fig. S1),
and complete dieback was observed in only a single apricot replicate
inoculated with pseudomonad strains, A0O2 (phylogroup 2d, P.
syringae) and K005(2)2e (phylogroup 7a, P. viridiflava), indepen-
dently. Also, no symptoms were observed for the negative control
replicates. Furthermore, the pseudomonad strains recovered from le-
sions of the inoculated apricot and plum seedlings had the same
BOX-PCR fingerprint profiles as the inoculum strains, proving
Koch’s postulates (result not shown).

Discussion

The objective of this study was to identify bacterial strains isolated
from stone fruit trees showing symptoms of bacterial canker in the
Western Cape province of South Africa. Based on the MLSA maxi-
mum likelihood tree, two species groups within P. syringae sensu
lato were found to be associated with bacterial canker of stone fruit
trees, namely P. syringae sensu stricto and P. viridiflava. To the best
of our knowledge, this is the first report of P. viridiflava isolated from
plum trees showing symptoms of bacterial canker.

The only known causal agents of bacterial canker on stone fruit
trees in South Africa have been P. syringae pv. syringae and P. syrin-
gae pv. morsprunorum (Roos and Hattingh 1983, 1986). Pseudomo-
nas viridiflava associated with bacterial canker has been reported
only on kiwifruit (Actinidia deliciosa) and apricot (Bartoli et al.
2014; Parisi et al. 2019). Pseudomonas viridiflava is considered to
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Fig. 4. UPGMA tree representing the REP-PCR fingerprint profiles of stone fruit and
pathotype strains in P. syringae sensu stricto and P. viridiflava. The dendrogram was
produced from distance matrix of REP fingerprint profiles calculated via Jaccard
similarity coefficient. The cophenetic correlation was used to calculate the
consistency of the clusters, and the values are indicated as percentages on the
branches of each cluster. Type strains are denoted by superscript T, pathotype
strains denoted by superscript PT. Color scheme: Pseudomonas syringae sensu
stricto strains are shown in teal (phylogroup 2a), blue (phylogroup 2b), purple
(phylogroup 2c), brown (phylogroup 2d), and black (unidentified clade in phylogroup
2); P. viridifiava strains are shown in pink (phylogroup 7a), and P. syringae pv.
tomato (phylogroup 1a) is shown in dark green.
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Fig. 5. UPGMA tree representing the ERIC-PCR fingerprint profiles of stone fruit and
pathotype strains in P. syringae sensu stricto and P. viridiflava. The dendrogram was
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similarity coefficient. The cophenetic correlation was used to calculate the
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strains are shown in pink (phylogroup 7a), and P. syringae pv. tomato (phylogroup
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be an opportunistic pathogen that causes foliar diseases of vegetable
crops, fruit trees, and aromatic herbs (Billing 1970; Burkholder 1930;
Jakob et al. 2002; Wilkie et al. 1973).

The co-occurrence of isolates from other bacterial genera along-
side Pseudomonas isolates, in symptomatic twigs of stone fruit trees,
suggests that there could be an interaction between these populations,
whose mechanism has yet to be studied. Previous studies have reported
the existence of such pathogen—pathogen or pathogen—nonpathogen
(i.e., endophytes) interactions in infections sites of plant hosts
(Lamichhane and Venturi 2015). For example, bigger knots and in-
creased severity of the olive knot disease were observed in the pres-
ence of the pathogen Pseudomonas savastanoi pv. savastanoi and
the predominant endophytes, namely Pantoea agglomerans, Erwinia
oleae, and Erwinia toletana, in the same ecological niche (Buonaurio
etal. 2015). Similarly, bacterial species such as Pseudomonas corru-
gata and Pseudomonas mediterranea, associated with tomato pith
necrosis, though able to cause disease symptoms alone, were shown
to act synergistically in exacerbating pith necrotic lesions on tomato
fruits (Moura et al. 2005).

The occurrence of two phylogenetic groups within P. syringae
sensu lato affecting stone fruit trees in South Africa was further cor-
roborated by the phenotypic characteristics based on the LOPAT di-
agnostic assays (Lelliott et al. 1966). These assays have become a
standard practice to rapidly distinguish between fluorescent pseudo-
monad strains, with the pectolytic activity on potato being the pri-
mary distinguishing factor (Gonzalez et al. 2003; Sarris et al. 2012;
Timilsina et al. 2017a, 2017b). Some pseudomonad strains are un-
able to produce fluorescent pigments on KMB, as was the case with
eight Pseudomonas isolates in this study (Table 2). Also, the original
strain of P. syringae pv. syringae B728a is known to produce pyover-
dine, a fluorescent pigment, on KMB, but the particular isolate used
in this study did not fluoresce on KMB (Feil et al. 2005), indicating
that the isolate used was a mutant that probably no longer produces
the fluorescent siderophore. Interestingly, the peptone, gelatin, su-
crose (PGS) medium supplemented with iron-binding substances at
lower concentrations was shown to increase fluorescent pigment pro-
duction of Pseudomonas isolates that were otherwise nonfluorescent
on KMB and casaminic, sucrose, gelatin agar (Lamichhane and
Varvaro 2013). Taken together, the regular use of PGS medium, in-
clusive of chelating agents that can bind metal ions in the medium,
will provide accurate detection of fluorescent pigments produced
by Pseudomonas spp.

The Pseudomonas isolates from this study separated into two
LOPAT groups: LOPAT group Ia, the true P. syringae strains, and
LOPAT group 11, a group of P. viridiflava strains. The majority of
the pseudomonad strains identified as LOPAT group la (P. syringae
sensu stricto) could not cause soft rot on potato slices, whereas the
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Fig. 6. Symptoms caused by pseudomonad isolates infiltrated through wounding into 1-year-old apricot stems of cultivar ‘Soldonna’. a and b, Gummosis exuding from stems
inoculated with P. syringae K005(3)2d and P. viridiflava K005(3)1c, respectively. ¢ and d, Brown discoloration of the bark with water-soaked margins caused by P. syringae
BDAP12 and P. syringae A002, respectively. Pictures were taken at 30 days after inoculation.
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Fig. 7. Symptoms caused by pseudomonad isolates infiltrated through wounding of the stems of 1-year-old plum seedlings of cultivars ‘Sapphire’ and ‘Songold’. a, Brown
discoloration accompanied by gummosis exuding from the inoculation site, caused by Pseudomonas syringae R11-1a. b and ¢, Brown discoloration of the inner bark, caused
by P. syringae BV14-2 and P. viridiflava K005(3)1c, respectively. d, Brown discoloration of the inner bark only at the site of inoculation P syringae BV14-1. e, Light brown
discoloration on the negative control is a result of wounding. Pictures were taken at 30 days after inoculation.

strains identified as LOPAT group II (P. viridiflava) were able to in-
duce soft rot on potato slices (Table 1). However, it has been previ-
ously shown that the induction of pectolytic activity on potato is not a
stable feature of all P. viridiflava strains; that is, some P. viridiflava
strains are known not to induce soft rot on potato (Bartoli et al. 2014).
The lack of pectolytic activity among P. viridiflava strains has been
attributed to the occurrence of phase variation, which is likely to in-
terfere with the expression of pectolytic activity, thus making soft rot
on potato an unpredictable diagnostic feature in this group (Bartoli
et al. 2014; Jakob et al. 2007).

Interestingly, four LOPAT group II (P. viridiflava) isolates did not
induce a hypersensitive response on tobacco, despite their ability to
induce pectolytic activity on potato and bacterial canker symptoms
on apricot and plum seedlings (Figs. 6 and 7). It has been reported
that P. viridiflava strains harbor two types of T3SS pathogenicity is-
lands (S-PAI and T-PAI) known to encode a functional T3SS hrc/hrp
cluster (Araki et al. 2006). It has been previously shown that a lack of
the hrpL gene, which is present on both S-PAI and T-PAl, attenuates
pathogenicity on Arabidopsis (Jakob et al. 2007). However, some P.
viridiflava strains were shown to still induce symptoms on canta-
loupe despite a lack of a complete set of hrc/hrp effectors on S/T-
PAIs to render a functional T3SS, except for three effectors, avrE,
hopAl, and shcF, which appear to abolish pathogenicity if absent
(Bartoli et al. 2014). Moreover, the P. viridiflava strains that were
shown to have the avrE effector had pectolytic activity, indicating
that the virulence of the four P. viridiflava strains identified in this
study is independent of the presence of a complete T3SS.

The clustering of ERIC and REP fingerprint profiles showed congru-
ency with MLSA phylogeny, whereas the BOX fingerprint profiles did
not. However, only in the REP dendrogram were two clusters of pseu-
domonad strains isolated from symptomatic stone fruit trees grouped
correctly with previously identified pathotypes. In both the ERIC
and BOX dendrograms, the type strain of P. syringae pv. syringae,
CFBP13927, was shown to cluster with P. viridiflava strains. Previous
studies have shown the BOX and ERIC elements to be useful diagnos-
tic tools for providing evidence to support phylogenetic delimitation of
pseudomonad strains into respective P. syringae groups (Ahmadi et al.
2017; Bull et al. 2011; Newberry et al. 2016). In this study, we showed
that the REP element was instead a more robust diagnostic tool to rap-
idly identify pseudomonad strains isolated from symptomatic stone
fruit trees in South Africa.

We showed that the pseudomonad strains isolated from symptom-
atic stone fruit trees were able to induce bacterial canker symptoms
on both apricot and plum seedlings, indicating that these strains
may potentially lack host specificity on Prunus hosts. Pathogenicity
has been tested with laboratory-prepared inoculum of a large number
of P. syringae strains on both annual and perennial plants. These tests
demonstrated a lack of host specificity for strains in the P. syringae
species complex in laboratory studies (Morris et al. 2019). A few
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examples include P. syringae pv. morsprunorum race 1 causing bac-
terial canker on plum and sweet cherry (Hulin et al. 2018) and P.
syringae pvs., aptata, atrofaciens, coryli, lapsa, pisi, and syringae,
known to cause angular leaf spots on cucurbit hosts (Morris et al.
2019; Newberry et al. 2016). However, comprehensive host range
tests on other Prunus spp. are needed to prove our hypothesis of non-
host specificity among pseudomonad strains infecting Prunus hosts.
In conclusion, we have shown that two Pseudomonas species are as-
sociated with bacterial canker of stone fruit trees in South Africa,
namely P. syringae sensu stricto and P. viridiflava. This study is the
first report of P. viridiflava isolated from plum trees showing symp-
toms of bacterial canker, suggesting that this bacterial species is a po-
tentially emerging pathogen of stone fruit trees in South Africa. The
findings of this study contribute to our understanding of the epidemi-
ology of bacterial canker of stone fruit trees in South Africa, which has
implications for disease surveillance and management practices.
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Chapter 3: Draft genomes of Pseudomonas syringae and Pseudomonas

viridiflava strains associated with bacterial canker of stone fruit trees

in the Western Cape

Abstract

Pseudomonas syringae is a species group comprising economically significant plant
pathogenic strains. Here, we report 17 draft genomes of P. syringae and P. viridiflava
strains isolated from symptomatic twigs, leaves and fruits of stone fruit trees, namely,
apricot, peach and plum, showing symptoms of bacterial canker in the Western Cape,
South Africa. This work is part of an ongoing study which aims to elucidate host specificity
and virulence determinants in the Pseudomonas strains shown to infect Prunus spp. in

South Africa.

1. Introduction

Pseudomonas syringae is a species complex comprised of fluorescent phytopathogenic,
rod-shaped bacteria (Young 1991). This species complex is an economically significant
group known to infect a broad range of crops (Lamichhane et al. 2014). Over 60 pathovars
are reported in Pseudomonas syringae sensu lato, based on the host of isolation and the
ability to cause similar disease symptoms (Bull et al. 2010). The delineation of this group
of bacteria involves phenotypic- and genotypic characterization (Young 2010). However,
it has become widely known that physiological and biochemical traits among members in
this group are insufficient to resolve boundaries within this species group (Bartoli et al.
2014; Bulletal. 2011; Newberry et al. 2016). Based on genome-based identification, the

Pseudomonas syringae species complex is subdivided into nine genomospecies, 13
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phylogroups, and 19 phylogenomic species (Berge et al. 2014; Gardan et al. 1999;

Gomila et al. 2017).

2. Materials and Methods

2.1 Bacterial strains and genomic DNA extraction

Here we report 17 draft genomes of Pseudomonas syringae and P. viridiflava strains
isolated from symptomatic twigs, leaves and fruits of stone fruit trees, namely, apricot,
peach and plum, showing symptoms of bacterial canker in the Western Cape, South
Africa. High-quality DNA was extracted from 48h bacterial cultures grown on King's B
medium (Lelliott et al. 1966) using a previously described protocol (Pitcher et al. 1989)
with the RNase modifications described in Cleenwerck et al. (2002). Purified DNA was re-
suspended in sterile, nuclease-free water (Invitrogen, Thermo Fisher Scientific, US). The
DNA was quantified using a spectrophotometer (NanoDrop-2000, Thermo Fisher

Scientific, US).

2.2 Genome sequencing, assembly and annotation

The Pseudomonas genomes were sequenced using two next-generation sequencing
platforms, namely, lllumina Miseq and PacBio, at the Yale Center for Genome Analysis

(https://medicine.yale.edu/keck/ycga/). Paired-end libraries of 13 Pseudomonas genomes

with insert sizes of 300 bp were generated using the Nextera XT DNA library preparation

kit, following the manufacturer's protocol (https://www.illumina.com/). Genomic libraries,

of four additional Pseudomonas strains, with insert sizes of >10kbp, were generated using
the SMRTbell Express Template Preparation kit 2.0, following the manufacturer's protocol

(www.pach.com/support/documentation/). The FastQC software program (Andrews 2018)

was used to check the quality of all the raw reads. Low-quality lllumina reads were
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trimmed using Trimmomatic v0.36 (Bolger et al. 2014). Assemblies of high-quality contigs
of lllumina reads were performed based on a reference genome of Pseudomonas
syringae pv. syringae B728a (GCA_000012245.1) using ABACAS v1.3.1 (Assefa et al.

2009), with MUMmer v4.0beta (Kurtz et al. 2004) implemented in the analysis.

The PacBio raw reads of the four Pseudomonas strains, namely, BV14-1, BV14-2,
K005(3)1c and K005(3)2a were concatenated to act as references for their respective
genome assemblies using Canu v1.7.1 (Koren et al. 2017). Pairwise alignment of PacBio
raw reads for each strain was mapped to the individually concatenated reads per
respective strain using Minimap2 v2.17 (Li 2018). The PacBio genome assemblies were
refined using Racon v1.4.3 (Vaser et al. 2017) to generate high-quality consensus
assemblies, and quality assessed using QUAST v4.6.3 (Gurevich et al. 2013). All the
genome assemblies were annotated using Prokka v1.14.5 (Seemann 2014).

Characteristic features of the genome assemblies are shown in Table 1.

3. Results and Discussion

The draft genomes comprised contigs ranging from 7 to 462, with estimated genome
coverages between 73X to over 200X. The %G+C content ranged between 59.09 to
60.50, with Pseudomonas syringae PL002, a strain isolated from peach, having the
lowest, and P. syringae A002, a strain isolated from apricot, having the highest %G+C
content. The genome sizes ranged between 5.7 to 6.2. Mb in length, with the Nso ranging
from 253 727 to 6 040 107 bp in length. The genome annotations using Prokka identified
4961 to 7706 protein-coding regions (CDSs), with the strains whose genomes were

sequenced on the PacBio sequencing platform yielding the highest number of CDSs.
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Overall, these characteristic features were similar to those of publicly available reference

genomes of members in the Pseudomonas syringae species group.
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Tables

Table 1. Characteristic features of draft genomes of Pseudomonas strains associated with bacterial canker of stone fruit trees in the
Western Cape, South Africa.
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Table 1. Characteristic features of draft genomes of Pseudomonas strains associated with bacterial canker of stone fruit trees in the Western Cape, South Africa

i 0
Species Strain ID  PG? Host Year® Region of G_enome contigs Genome N50 HGC No. of
species isolation size (bp) coverage content CDS
Pseudomonas A002 2 Prunus 2014 Western Cape 5,913,792 271 84X 290,754 60.50 5,080
syringae armeniaca (Bien Donne)
Pseudomonas A012 2 Prunus 2014 Western Cape 5,991,328 135 106X 290,657 59.36 5,060
syringae armeniaca (Bien Donne)
Pseudomonas A019 2 Prunus 2014 Western Cape 5,766,442 115 108X 253,727 59.40 4,961
syringae armeniaca (Bien Donne)
Pseudomonas ABDOO7 2 Prunus 2014  Western Cape 6,151,419 239 97X 316,050 59.18 5,215
syringae armeniaca (Bien Donne)
Pseudomonas  BDAP12 2 Prunus 2015 Western Cape 6,003,929 216 146X 570,075 59.25 5,150
syringae armeniaca (Bien Donne)
Pseudomonas BV14-1 2 Prunus 2017 Western Cape 6,175,323 7 >200X 6,040,107 59.16 6,774
syringae domestica (Simondium)
Pseudomonas BV14-2 2 Prunus 2017 Western Cape 6,039,302 5 >200X 4,451,115 59.10 7,706
syringae domestica (Simondium)
Pseudomonas KO005(3)2a 2 Prunus 2016 Western Cape 5,824,903 6 128X 3,541,110 59.40 7,126
syringae domestica (Simondium)
Pseudomonas K005(3)2d 2 Prunus 2016 Western Cape 5,784,214 57 144X 623,208 59.45 4,994
syringae domestica (Simondium)
Pseudomonas PLO02 2 Prunus 2014 Western Cape 6,234,468 252 89X 316,050 59.09 5,320
syringae persica (Bien Donne)
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i 0

Species Strain ID  PG? Hos_t Year® Reg'of‘ of G_enome contigs Genome N50 HGC No. of

species isolation size (bp) coverage content CDS

Pseudomonas R11-1B 2 Prunus 2017 Western Cape 5,893,162 149 117X 459,032 59.29 5,038
syringae domestica (Simondium)

Pseudomonas R11-1C 2 Prunus 2017 Western Cape 5,902,432 173 137X 459,032 59.29 5,042
syringae domestica (Simondium)

Pseudomonas KO005(3)1c 7 Prunus 2016 Western Cape 6,053,698 26 >200X 3,096,410 59.23 7,240
viridiflava domestica (Simondium)

Pseudomonas KO005(2)2e 7 Prunus 2016  Western Cape 6,214,746 318 73X 652,079 59.19 5,442
viridiflava domestica (Simondium)

Pseudomonas PmO005 7 Prunus 2014 Western Cape 6,032,598 158 81X 579,968 59.35 5,283
viridiflava domestica (Alleé Bleue)

Pseudomonas PmO006 7 Prunus 2014  Western Cape 6,154,702 426 90X 579,968 59.34 5,303
viridiflava domestica (Alleé Bleue)

Pseudomonas R13-1 7 Prunus 2017 Western Cape 6,058,140 219 86X 394,903 59.17 5,347
viridiflava domestica (Simondium)

a Phylogroup according to Berge et al. (2014); b Year strains were isolated
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Chapter 4: Pathogenomics of Pseudomonas strains associated with

bacterial canker of stone fruit trees in the Western Cape, South Africa,

within the Pseudomonas syringae species complex

Abstract

The stone fruit industry in South Africa consists of approximately 22% of cultivated land
with the majority occurring in the Western Cape. Pests and diseases on stone fruit
production are of major concern and economic significance. Previously, a multilocus
sequence analysis of four housekeeping genes revealed that Pseudomonas strains
isolated from symptomatic Prunus hosts, i.e. apricot, peach and plum, associated with
bacterial canker, belonged to two phylogenetic groups in the Pseudomonas syringae
species complex, namely, P. syringae sensu stricto (PG2) and P. viridiflava (PG7). Here,
we used a comparative genomes approach to determine the position of these strains in
the P. syringae species complex and to provide insight into the underlying mechanisms
of host adaptation of these strains on Prunus spp. A phylogenetic tree constructed using
genome-wide single nucleotide polymorphisms, and pairwise nucleotide comparisons of
the coding gene regions (CDSs) between Pseudomonas strains isolated from
symptomatic stone fruit trees, and reference strains in the P. syringae species complex
highly supported the delineation of Pseudomonas strains in P. syringae sensu stricto and
P. viridiflava, collectively. Specific T3SS effector proteins, such as AvrE, HopM1 and
HopAAl-1 found in the conserved effector locus (CEL) of the canonical T3SS were
among a few T3SEs detected in the Pseudomonas strains, together with HopBE1,

HopBH1, HopH3 and HopZ5 known to confer pathogenicity and adaptation on woody
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hosts among some strains in the P. syringae species complex. Several other virulence
factors, such as phytotoxins, were shown to not only be involved in pathogenesis of
Pseudomonas strains but to also contribute to their fitness during colonization of the
Prunus host. The findings in this study provide a theoretical framework of candidate genes
of potential virulence factors of Prunus-infecting Pseudomonas spp whose function during

pathogenesis is yet to be elucidated.

1. Introduction

Pseudomonas syringae is a complex of species known to cause disease on various hosts
of economic and agricultural importance. The symptoms caused by this bacterial group
include speck, leaf spots, galls, knots, dieback and cankers on herbaceous and woody
hosts (Hirano and Upper 1990; Mamoru et al. 2001; Ménard et al. 2003; Psallidas and
Panagopoulos 1979; Scortichini et al. 2005; Webber et al. 2008). As technology
advances so does the taxonomy of the Pseudomonas syringae species complex, which
has seen many revisions over the years. Currently, and based on genotypic and
phenotypic traits, P. syringae can be delimited into eight species and one genomospecies
(based on DNA-DNA hybridization), thirteen phylogenetic groups (based on multilocus
sequence typing), and 19 phylogenomic groups (based on core-genome based
phylogeny) (Berge et al. 2014; Gardan et al. 1999; Gomila et al. 2017). Previously, P.
syringae was delineated into more than 50 pathovars — a strain or strains known to cause
different symptoms on the same host or have a distinct host range from that of the type
strain of the species (Bull et al. 2010; Dye et al. 1980). Different pathovars were found to

be synonyms within a species, i.e. different pathovars assigned to the same species
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within the P. syringae complex (Gomila et al. 2017) as previous studies did not perform

extensive host range experiments or do comparisons between pathovars.

Often the host range overlaps between genetically distinct strains in the different
species within the Pseudomonas syringae species complex. For example, P. syringae
strains in PG1 (Gsp. 3 and 8), specifically P. syringae pv. coryli (causal agent of hazelnut
bacterial twig dieback), P. syringae pv. avellanae and P. avellanae are known to infect
European hazelnut (Corylus avellana) (Scortichini 2002; Scortichini et al. 2016; Wang
et al. 2007). The latter two strains are causal agents of bacterial canker and decline of
European hazelnut. Furthermore, those Pseudomonas strains from the different species
within the P. syringae species complex infecting Prunus spp. have also been shown to
overlap in their host range (Katuzna et al. 2016; Kamiunten et al. 2000; Ménard et al.

2003).

Several characteristic features are known to be responsible for this convergent
evolution in host adaptation among P. syringae strains. These include virulence factors
such as the structural components of the bacterial cell, i.e. lipopolysaccharides (LPS),
flagella, or phytohormones, phytotoxins and T3SS secreted effectors (T3SES) utilized by
strains during pathogenesis (Baltrus et al. 2011; Nowell et al. 2014; O'Brien et al. 2011;
Ruinelli et al. 2019). In particular, many of the P. syringae strains that infect woody hosts
are known to harbour the WHOP (Woody Hosts and Pseudomonas spp.) region, which
confers an ability to metabolize phenolic compounds, thus, not only contributing to
virulence but also to strain fithess within this lignin-rich environment (Caballo-Ponce et al.
2017; Nowell et al. 2016; Ramos et al. 2012). Furthermore, the composition and

diversification of T3SEs, which is commonly displayed by Pseudomonas strains,
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contribute to host adaptation (Lindeberg et al. 2009; Ma et al. 2006; Pitman et al. 2005).
The majority of these T3SEs are located on the exchangeable effector locus (EEL) of the
Hrp (hypersensitive response and pathogenicity) system, i.e. the type Il secretion system
(T3SS) (Alfano et al. 2000; Deng et al. 2003). The T3SEs vary in number and composition
across strains in the P. syringae species complex, are acquired via horizontal gene
transfer (HGT) or mutations leading to diversification of effector molecules, and can either
function interdependently or overlap in their function (Deng et al. 2003; Monteil et al.
2016; Nowell et al. 2014; 2016). Nowell et al. (2014) demonstrated that seven T3SEs
were exclusively associated with Pseudomonas strains occupying a woody niche.
Similarly, both AvrPto and AvrPtoB were shown to overlap in their function of inhibiting
PAMP (pathogen associated molecular patterns) perception, and subsequently, signal
transduction of host defence responses (Kvitko et al. 2009; Marcelletti and Scortichini
2019). In addition, the two Pseudomonas syringae pv. tomato (Pst) strains, namely, Pst
DC3000 and Pst T1, known to cause bacterial speck symptoms on tomato, were
discovered to only share 14 T3SEs, but individually had 15 and 11 unique effectors
secreted by each strain, respectively, revealing that strains infecting the same host can
differ in the composition and quantity of T3SEs (Lindeberg et al. 2012). Thus, acquisition
of specific T3SEs can confer a selective advantage of Pseudomonas syringae strains in

their respective habitats.

Pseudomonas strains isolated from symptomatic plant tissues of stone fruit trees
in the Western Cape, South Africa, were found to cross-infect apricot and plum seedlings
(Bophela et al. 2020), which demonstrated a potential convergence in host adaptation of

these Pseudomonas strains on to Prunus spp. trees. Therefore, the objectives of this
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study were to, firstly, confirm the overall taxonomic position of these strains in the species
within the P. syringae species complex using whole genome-based techniques, and
secondly, to determine the underlying genetic basis of Pseudomonas syringae and P.

viridiflava virulence on Prunus hosts.

2. Materials and Methods

2.1 Bacterial strains

The draft genomes of 17 previously described Pseudomonas strains isolated from
symptomatic twigs, leaves and fruits of stone fruit trees, namely, apricot, peach and plum
trees showing characteristic bacterial canker symptoms in the Western Cape, South
Africa (Bophela et al. 2020) were used in the current study. Also, these were the same
17 Pseudomonas strains whose characteristic draft genome features were elucidated in
the previous chapter. Additionally, the pathogenicity assay on plum seedlings in Chapter
2 were performed using the following isolates: KO05(3)1, KO05(3)2d and R11-1A (PG2a),
BDAP12 and BV14-2 (PG2b), BV14-1 (PG2d), KO05(2)2e, KO05(3)1c, Pm005 and R13-
1 (PG7a) together with AO02 whose phylogroup status is unclear. Reference genome
assemblies and annotations of strains within the Pseudomonas syringae species complex
that are publicly available on the National Center for Biotechnology Information website,
through RefSeq

(https://ftp.ncbi.nIm.nih.gov/genomes/refseqg/bacteria/Pseudomonas syringae/latest as

sembly versions/) were included in downstream analyses. The reference genomes were

selected based on a study by Hulin et al. (2018). However, preliminary SNP phylogenetic
analyses revealed no differences in clustering of the phylogroup 2d strains when all or

some of the reference genome assemblies in Hulin et al. (2018) were used (See Annex:
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Chapter 4 on page 201). Thus, the one with fewer reference assemblies in phylogroup
2d was used as the final version (see Annex: Chapter 4 — preliminary SNP phylogeny on

page 203). A comprehensive list of all strains used in this study is shown in Table 1.

2.2 Bacterial genome extraction

High-quality DNA was extracted from 17 previously described Pseudomonas strains
(Bophela et al. 2020). A CTAB (cetyltrimethylammonium bromide) DNA extraction
protocol (Pitcher et al. 1989) was used with RNase modifications from Cleenwerck et al.
(2002). Briefly, pure cultures for each Pseudomonas strain were grown on King’'s B
medium (KMB) (King et al. 1954) and incubated for 48 h. The bacterial cells were scraped
from the set of 10 KMB plates per strain, and placed, in pellet form, inside a 15 ml
Cellstar® tube (Greiner Bio-One, Austria) before the first wash step. The RS buffer (0.15
M NaCl, 10 mM EDTA, pH 8.0) was added to each Greiner tube containing a
representative Pseudomonas strain. The bacterial cells were lysed through suspension
in Tris-EDTA buffer (10 mM Tris-HCI with up to 200 mM EDTA, pH 8.0) containing 400
pg/mL RNase A (VWR International, USA), 2% (w/v) SDS (Sigma-Aldrich, USA) and 200
pg/mL Proteinase K (VWR International, USA). Sodium chloride (5 M stock solution) and
CTAB-NaCl solutions [10% (w/v) hexadecyltrimethylammonium bromide in 0.7 M NacCl]
were added to final concentrations of 1 M and 13.3% (v/v), respectively. The RNase A
step was repeated to obtain solutions that were free of RNA by adding 100 g/mL RNase
A to the DNA solutions and incubated at 37°C for 1 h. The resulting degraded RNA was

removed by chloroform extraction.
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Purified genomic DNA was re-suspended in nuclease-free water (Invitrogen,
Thermo Fisher Scientific, USA). The integrity and quantity of the purified DNA were
measured using gel electrophoresis and a spectrophotometer (NanoDrop-2000, Thermo
Fisher Scientific, USA), respectively. Stringent criteria were used to assess the quality of
the purification step, i.e. to quantify the level of potential contaminants such as excess
amino acids, aromatic compounds, ribosomal RNA molecules, salts, etc. A purified DNA
sample was considered high-quality if it met the following criteria: a concentration of at
least 1.0 pug/uL (absorbance set at 260nm), a 1.7 — 2.0 Azso/Azs0 ratio and an Azzo/Aze0

ratio that is greater than 1.6.

2.3 Genome sequencing and assembly

Thirteen Pseudomonas genomes were sequenced using the lllumina Miseq (lllumina Inc,
San Diego, CA, USA) sequencing platform. Paired-end libraries of insert sizes of 250 bp
for the 13 genomes were generated using the Nextera XT DNA library preparation kit

following the manufacturer’s protocol (https://www.illumina.com/). The genome libraries

of the remaining four Pseudomonas isolates, with insert sizes of more than 10 kbp were
generated using the SMRTbell Express Template Preparation kit v2.0

(https://www.pacb.com/support/documentation/), following the manufacturer’s

instructions. These genomes were sequenced on the Pacific Bioscience RS Il (Pacific
Biosciences, Menlo Park, CA, USA) sequencing platform. All genome samples were sent

to the Yale Center for Genome Analysis (https:/medicine.yale.edu/keck/ycga/)

sequencing facility housing the two next-generation sequencing platforms mentioned

above.
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The quality of the raw reads from the sequencing platform was assessed using
FastQC v0.11.7 (Andrews 2018). Low-quality Illumina reads, i.e. reads that did not meet
the set criteria — such as reads with minimum sequence lengths of 200 bp and adaptors
were trimmed using Trimmomatic v0.36 (Bolger et al. 2014). The quality of the sequence
reads post-trimming was re-assessed using FastQC (Andrews 2018). The trimmed
lllumina reads were de novo assembled using the genome assembler SPAdes v3.11.1
(Bankevich et al. 2012) into contigs and then scaffolded with varying k-mer lengths 21,
33, 55, 77, 99, and 127. The quality of the genome assemblies was analysed by QUAST
v4.6.3 (Gurevich et al. 2013) using the nucmer aligner in MUMmer v4.0beta (Kurtz et al.
2004) to align the assembled contigs to the reference genome, i.e. P. syringae pv.

syringae B728a.

Briefly, MUMmer identified regions of synteny by aligning nucleotide positions of
assembled contigs against the reference genome. The generated output comprised
pseudomolecules with ordered contigs taking into account the overlap between contigs
and gaps within the genomes. The genome assemblies underwent a final quality-check
using BUSCO v2.0 (Siméao et al. 2015), which included assessing the completeness and
accuracy of the genome assemblies. The pseudomolecules were subsequently used as

input data in Prokka v1.14.5 (Seemann 2014) for genome annotation and gene prediction.

The raw reads of the four genomes sequenced on the PacBio sequencing platform
were de novo assembled using the single-molecule genome assembler CANU v1.7.1
(Koren et al. 2017). Briefly, the paired-end sequence reads of an individual strain were
pooled to generate a reads database from which an assembly was constructed. The

sequence reads were indexed to create the all-versus-all overlaps, with the best overlaps
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used to construct corrected reads. The corrected reads were then assessed for
unsupported regions, and these regions were trimmed from the reads. The resulting
corrected reads were evaluated for possible errors, and the best overlap graph was

generated to show completeness of an assembly.

Verifying the quality of the genome assemblies was a reiterative process, which
included error-correction and generating consensus genome assemblies as the output.
The quality of the genome assemblies was first assessed by re-aligning the raw sequence
reads to the corrected ones using Minimap 2 v2.17 (Li 2018). The corrected reads served
as a reference sequence database that was used to map back the raw reads to detect
possible overlap between contigs. The consensus genome assemblies were refined by
mapping the assemblies to the corrected and raw sequence reads using Racon v1.4.3
(Vaser et al. 2017). The resulting refined genome assemblies were used as input data for

downstream analyses, including genome annotation and gene prediction.

2.4 Genome annotation

The draft genome assemblies were used as input data for genome annotation using
Prokka v1.14.5 (Seemann 2014) with default parameters. Briefly, the protein-coding
regions (CDS) were predicted and hierarchically assigned function using the BLASTp
algorithm in the BLAST+ suite v2.2.30 (Camacho et al. 2009) with a sequence similarity
e-value threshold of 1e-6 to search for the best significant match against the protein family
database. Thereafter, a series of searches were performed against UniProt (The UniProt
Consortium 2016) using the BLASTp algorithm in the BLAST+ suite for similar protein

matches, in Refseq for genus-specific protein similarities, and using hidden Markov model
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profile databases via hmmscan from the HMMER 3.1 package (Eddy 2011). Hypothetical

proteins were inferred when the protein searches yielded no matches.

2.5 Whole-genome alignment and single nucleotide polymorphism (SNP)
phylogeny

The raw short-sequence reads of the 17 taxa from the current study were mapped to
merged genomes of 26 reference taxa using the webserver version of REALPHY (Bertels
et al. 2014). The resulting concatenated multiple sequence alignment comprised single-
nucleotide polymorphic (SNP) sites derived from aligning homologous sites of all taxa in
the dataset. The SNP-based multiple sequence alignment was used to construct a
phylogenetic tree using the maximum likelihood method through PhyML 3.0 (Guindon et
al. 2010) with a general time-reversal (GTR) model and gamma shape (+G) parameters
implemented in the analysis. A bootstrap analysis with 100 replications was performed to

provide node support.

2.6 Sequence comparisons based on average nucleotide identities (ANI)

Pairwise sequence-based comparisons were performed by calculating the average
nucleotide identities (ANI) using the BLASTN algorithm (Altschul et al. 1997) in EDGAR
v2.3 (Blom et al. 2016). Briefly, the assembled genomes in the current study were used
as query sequences, and the draft genomes of the reference strains were treated as the
reference genomes. The query sequences were initially cut into a series of smaller DNA
fragments of 1020 bp in length. These smaller DNA fragments were subsequently used
as input sequences to search against whole genomes of the reference sequences using
the BLASTN algorithm. The BLASTN parameters were set according to Goris et al.

(2007).
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Only the BLASTN searches reaching a cutoff value of 90% nucleotide identity were
considered when calculating the percentage of the conserved DNA between the query
and reference sequences, regardless of the alignable region. For each query sequence,
the alignable region for the BLASTN searches was summed and the sum divided by the
total length of the genomic DNA of the query genome to provide genome-size dependent
measurement of the percentage of the query’s DNA that was conserved in the reference
genome. Only homologous DNA fragments were considered in the ANI calculations.
Reciprocal ANI calculations were also performed in which the query sequence was used

as the reference sequence and vice versa.

2.7 Pangenome, core- and accessory genome analyses

A pangenome analysis, comprising Pseudomonas strains in the current study and
reference strains, was performed using Roary v3.13.0 (Page et al. 2015). The
pangenome analysis was done to determine the composition and diversity of genes
present in a few representative Pseudomonas strains inclusive of strains in the current
study relative to other members in the Pseudomonas syringae species complex. The
annotated assembled genomes in generic feature format version 3 (GFF3) (Stein 2013
as cited by Page et al. 2015), which were the output files generated by Prokka (Seemann
2014), were used as input data in Roary. Briefly, the coding regions were extracted from
the nucleotide sequences embedded in the GFF3 files and converted into protein
sequences. Partial- and truncated protein sequences were filtered before the pre-
clustering step using CD-HIT (Fu et al. 2012); this process was done repetitively. By so
doing, the sets of protein sequences were significantly reduced at the end of the pre-

clustering process to decrease the computational processing power required during
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downstream analysis. An all-against-all comparison was performed using the BLASTp
algorithm on the reduced sets of protein sequences using a defined percentage identity,
i.e. 80%. The resulting protein sequences were subsequently clustered with MCL (Enright

et al. 2002).

The pre-clustered protein sequences identified using CD-HIT were then merged
with protein sequence clusters derived from MCL. Thereafter, homologous groups
containing paralogs were split into groups of true orthologs by using conserved gene
neighbourhood information. A graph of the interspecies relationships between clusters
was generated based on the order of occurrence in the input sequences. Also, it allowed
for the ordering of gene clusters as well as provided context for each gene. Then finally,
the Pseudomonas isolates were clustered based on gene presence in the accessory

genome, with the contribution of each strain weighted per cluster size.

2.8 T3SE repertoire and other virulence factor detection

2.8.1 T3SE repertoire

Local BLAST nucleotide and protein databases were created using the list of already
identified Pseudomonas syringae type three secreted effectors (T3SES) retrieved from
the online Hrp outer protein (Hop) effectors and type three secretion system (T3SS)

helper protein databases (http://www.pseudomonas-syringae.org/). The local BLAST

databases were designed to determine the T3SEs present in the draft genomes of
Pseudomonas strains in the current study in comparison to reference assemblies
retrieved from RefSeq in GenBank (see Table 1). The BLAST+ suite v2.2.30 (Camacho
et al. 2009) was used to create the local T3SE databases, with the BLASTN algorithm

(Altschul et al. 1997) used for generating the local nucleotide database and the BLASTp
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algorithm used for creating the local protein database. The input files were nucleotide-
and amino acid sequences in FASTA format generated during the annotation step using
Prokka (Seemann 2014). These files were used as query sequences for the subsequent

BLAST searches.

BLAST searches of Hop effectors and T3SS helper proteins were performed
against the local BLAST nucleotide- and protein databases using an e-value of le-3.
Significant hits were obtained when searches yielded at least 280% identity over 280%
guery sequence lengths. The BLAST searches were done in a batch series. In each
round, the Hop and T3SS helper proteins in FASTA format were generated as the output
(.txt) files. Thereafter, a heatmap R script was created, which comprised of matrices for
either presence (1) or absence (0) of Hop and T3SS helper genes per Pseudomonas
genome assembly used as the query genome. The following libraries were used in the
construction of the heatmap R script, namely, ‘reshape?2’, ‘aded’, ‘gplots’ and
‘viridis’. A species tree was constructed using the neighbour-joining method (Nei and
Tajima 1985), which is required when mapping gene gain and loss per branch in the
phylogenetic tree using GLOOME (Cohen et al. 2010). GLOOME used the phyletic
patterns that were produced in matrix format using R plus the user-defined phylogenetic
tree to map gene gain and loss events onto each node in the phylogenetic tree (Nielsen

2002).

2.8.2 Other virulence factors

The T3SEs are only part of the weaponry that a bacterium uses during pathogenesis.
Thus, the primary objective for this particular analysis was to determine other virulence

factors that the Pseudomonas strains in this study possessed. The virulence factor
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database (VFDB, http://www.mgc.ac.cn/VEs/) was used for this purpose (Liu et al. 2018).

Briefly, the raw sequences of Pseudomonas strains in the current study used as query
genomes were subjected to protein-coding region prediction search using GLIMMER3
(Delcher et al. 2007) in self-training mode as an initial step. Thereafter, OrthoMCL (Li et
al. 2003) was used with default parameters to identify orthologous groups (OGs) from the
guery genomes against two genus-specific references, namely, P. syringae pv. syringae
B728a and P. syringae pv. tomato DC3000 (both chromosome and plasmid were included
in the analysis for the DC3000 strain). Potential virulence factors (VFs) were tagged

based on shared OGs with the reference genomes as assigned by OrthoMCL.

The untagged collection of genes was subjected to an iterative BLAST process
against hierarchical VF datasets available within the VFDB using less stringent cutoff
similarity indices. The process was done this way because some BLAST searches
involved comparisons with references from other bacterial genera to identify potentially
unidentified VFs within the query genomes. The untagged genes were further evaluated
for conserved protein domain using the hmmsearch program in the HMMER3 package
(Eddy 2011). Before this step, protein domain searches were performed for all VFs in the
VFDB to generate a list of conserved protein domains by implementing the hidden Markov

models in hmmbuild in the HMMERS3 package.

3. Results

3.1 Genome overview and characteristics

The overall genome sizes (Mbp) of strains in this study ranged from 5.766 (A019, apricot

strain, PG2b) to 6.234 (PL0O02, peach strain, PG2d). Although these genome size per
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strain were not reflective of their corresponding amount of contigs in the assemblies; the
latter ranged between 5 (BV14-2, plum strain, PG2b) and 426 (PmO006, plum strain,
PG7a) contigs. Also, the %G+C content represented by the Pseudomonas genomes was
between 59.09 (PL002) and 60.50 (A002, apricot strain, PG2), in the usual range for
strains in the Pseudomonas syringae species complex. Furthermore, the protein-coding
regions (CDS) ranged from 4961 (A019) and 7706 (BV14-2) CDSs. The main
characteristic features of the Pseudomonas genomes in this study and reference strains

in the P. syringae species complex are shown in Table 1.

3.2 Whole genome sequence-based phylogeny

Overall, the topology of the Pseudomonas phylogeny based on whole genome sequences
corroborated the clustering observed in the concatenated phylogeny that was based on
four housing-keeping genes, namely, cts, gapA, gyrB and rpoD (Figure 2 in Bophela et
al. 2020). The Pseudomonas strains were delineated into two phylogenetic groups, P.
syringae sensu stricto (phylogroup 2) and P. viridiflava (phylogroup 7) (Figure 1). In
addition, they were further subdivided into four clades within the two phylogroups,
collectively, PG2a (K005(3)2a, K005(3)2d, R11-1B, and R11-1C), PG2b (A019, BDAP12,
and BV14-2), PG2d (ABD007, A012, BV-14-1, and PL002), and PG7a (K005(2)2e,
K005(3)1c, Pm005, Pm006, and R13-1) (Figure 1). However, the exception was the
pathogenic A002 strain, which did not cluster in any of the aforementioned phylogenetic
groups, nor did it group within any previously identified phylogroups (Figure 1).
Surprisingly, the clustering of A0O02 and A012 strains in the current genome-based
phylogeny is in contrast with the multilocus sequence typing (MLST) phylogeny (Figure 2

in Bophela et al. 2020). While the latter strain still clustered within phylogroup 2, it
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appeared to be representing a separately evolving lineage within phylogroup 2.
Interestingly, the AOO2 strain grouped within the phylogroup 2d clade. The delineation
into the respective phylogroups and further subdivision into the four distinct clades were
supported by the pairwise comparison of the average nucleotide identities (ANIb) (Figure
2). However, there were variations in the percentage identities resulting from the pairwise
comparisons between strains in the same clade. Intra-clade pairwise ANI values ranged
between 96 to 100%. In addition, the pairwise comparisons including the A002 strain

yielded ANI values that were < 78% (Figure 2).

3.3 Pangenome, core- and accessory genome analyses

In general, a total of 42 946 gene clusters were observed in the pangenome analysis of
the 41 Pseudomonas strains representing six of the 13 phylogroups in the P. syringae
species complex (Figure 3). These gene clusters were subdivided into cloud, shell, soft-
core and core genes. The majority comprised the cloud genes at 34 968, and these were
only present in less than six strains, i.e. approximately 15% of the Pseudomonas
genomes in the analysis. However, the number of shared genes significantly decreased
as more genomes were added to the pangenome analysis. Only 6779 shell genes were
observed as shared by at least six, but no more than 37 Pseudomonas strains. Also, the
cloud and shell genes constitute the flexible genome. Furthermore, there were 673 gene
clusters identified as the soft-core genes, and these were genes present in 38 to 40
Pseudomonas strains in the analysis, and 526 core genes were present in all 41
Pseudomonas strains (Figure 3). Both the soft-core and core genes were considered to

comprise the core genome.
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3.4 T3SE repertoire

The Pseudomonas strains in the current study had different complementary suites of type
three secretion (T3SS) helper proteins and Hrp outer proteins (Hop) based on the protein-
prediction analysis that was conducted (Figures 4 to 7). The conserved T3SS helper
proteins, i.e. those T3SS helper proteins that were identified in the genomes of all
Pseudomonas strains in the analysis, were HopAJ1, HrpAl, HrpH, HrpK1, Hrpw1 and
HrpZ1 (Figure 4). HopP1 was identified in most of the genomes of Pseudomonas strains
except for those of P. viridiflava strains. Similarly, HopAK1 was detected in the majority
of the Pseudomonas genomes except for the A002 strain. Additionally, the two HrpAl
homologues, i.e. HrpA2 and HrpA3, were identified in the majority of the Pseudomonas
genomes, except for AO02 and most P. viridiflava strains, namely, K0O05(2)2e, KO05(3)1c,

PmO005 and PmO0O06.

The T3SS helper gene prediction results based on the tBLASTn algorithm were
contradictory to the protein predictions based on the BLASTp algorithm (Figure 5). The
predicted conserved T3SS helper proteins were reduced to hopAJl, hrpK1, hrpZ1l and
hrpH, (Figure 4). The hrpAl gene was predicted in the majority of Pseudomonas strains
except for P. viridiflava strains. Similarly, hrpW1 and hopAK1 genes were predicted in all
Pseudomonas genomes except for A002. Interestingly, both hrpAl and hrpW1 were
predicted as conserved in all strains based on the BLASTp results. Furthermore, the
hopP1 gene was only identified in the genome of AO02. The hrpAl homologues, i.e. hrpA2
and hrpA3 were predicted in the majority of Pseudomonas genomes with the exceptions
of A002, and a few P. viridiflava strains - hrpA2 was predicted in Pm006 and R13-1

strains, and hrpA3 was predicted in R13-1 only.
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There were fewer predicted conserved Hop proteins, i.e. those Hop proteins that
were identified in all Pseudomonas genomes in the current study, than T3SS helper
proteins (Figure 6). The conserved Hop proteins were AvrEl, HopAG1l, HopAGISPssy,
HopB1, and Hopll. HopM1 was identified in most Pseudomonas genomes except for
A002. Similarly, HopAE1 was identified in the majority of Pseudomonas genomes in the
current study, except for the P. viridiflava strains, namely, KO05(2)2e, KO05(3)1c, PmO005,
PmO006 and R13-1. In contrast, HopX1 and HopY1 were only identified in the genome of
the A002 strain. Furthermore, HopAAl, HopAll, HopW1, HopW1-1, HopW1-2, and
HopZ5 were detected in most Pseudomonas genomes except for AO02 and P. viridiflava
strains. Moreover, there were Hop proteins that were clade-specific and others only
missing from individual clades. HopBH1 was not detected in all genomes of phylogroup
2d strains, i.e. A0O12, ABD007, PLO02 and BV14-1. Conversely, the following Hop proteins
were identified in phylogroup 2d but with a few exceptions, i.e. HopAR1, HopC1,
HopAW1, HopAY1l (all absent in A012). Also, HopH1, HopH2, HopH3, AvrRpml,
HopAF1, HopAF1l-1 and HopAF1-2 (all absent in A0O12 and BV14-1). HopALl1 was
detected only in the genome of A012, HopAV1 in PL002, and HopBC1 was not identified
in the genomes of PLO02 and ABDOO7 strains. Similarly, HopBF1 and HopBN1 were
identified only in phylogroup 2b strains (A019, BV14-2 and BDAP12) except for the latter,
i.e. HopBN1 was not detected in the genome of BDAP12. Interestingly, the HopZ1 and
its homologues, i.e. HopZ2, HopZ3 and HopZ4, were identified in the genomes of the
apricot strains, namely, A019 and BDAP12. However, HopZ1 was also detected in the
genome of a single P. viridiflava strain, i.e. KOO5(3)1c; this strain was isolated from a

symptomatic plum twig. Several Hop proteins were detected in genomes of phylogroup
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2a strains, namely, K005(3)2a, K005(3)2d, R11-1B and R11-1C. These Hop proteins
include HopBM1, which was present in all PG2a strains. Also, HopO1, HopF1, HopBB1,
HopBB1-1, HopBB1-2, HopO1-1 and HopF3, were all absent in the genomes of R11-1B
and R11-1C strains. Similarly, a few Hop proteins were specific to P. viridiflava strains
(PG7a), i.e. KO0O5(2)2e, KO05(3)1c, Pm005, Pm006 and R13-1, but with exceptions.
These proteins included HopT1, which was detected only in the genomes of KO05(2)2e
and R13-1 strains. HopT1-2 was only identified in the genome of KO05(2)2e, and HopR1
and HopAA1l, detected only in the genome of R13-1. There were also Hop proteins that
were shared between Pseudomonas strains in different phylogenetic clades. These Hop
proteins comprised HopBE1, which was detected in the genomes of PG2d strains and
two PG2a strains, namely, R11-1B and R11-1C. Similarly, AvrRpm2 was shared among
genomes of two PG2a (K005(3)2a and K005(3)2d) and two PG2d (ABD0O0O7 and PL002)
strains. Additionally, HopBK1 (absent in A019, BDAP12, KO02(2)2e, KOO5(3)1c and R13-
1) and HopF2 (absent in A019, BV14-2, KO05(2)2e and R13-1) were two Hop proteins

shared by a few strains in clades PG2a, 2b and 7a.

The tBLASTn hop gene prediction results were also different as were the T3SS
helper proteins (Figure 7). The number of conserved hop genes detected was reduced to
three, namely, avrE1, hopB1 and hopll. Similarly, the P. viridiflava strains had truncated
hop effector repertoire than previously identified with the BLASTp algorithm (Figure 6).
Additionally, several hop effectors were detected with the tBLASTn algorithm that were
not detected with BLASTp. These included hopBD1 and hopBD2, which were present in
three Pseudomonas strains, i.e. ABDO0O7, PLO02 and R13-1. AvrB3 was also detected in

three Pseudomonas strains, namely, A019, BDAP12 and R13-1. AvrB4 and its
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paralogues, avrB4-1 and avrB4-2 were detected in the genomes of the two apricot strains
in PG2b, i.e. A0O19 and BDAP12. HopS2 was identified in the genomes of P. viridiflava
strains except for KOO5(3)1c. Lastly, hopV1 was detected in genomes of all PG2d and P.

viridiflava strains except for R13-1.

3.5 Other virulence factors

The virulence factors in the virulence factor database (VFDB) are classified into 21
labelled virulence factor classes and two that are yet to be labelled (Table 2; Suppl. Table
S1). These virulence factor categories comprise, for example, adherence, toxin, secretion
system, regulation and quorum sensing, etc. Each of these categories included major
virulence factors that may have potentially been utilized by the Pseudomonas strains as
survival and pathogenicity strategies on the stone fruit hosts. The results of each virulence

factor class will be discussed separately.

a) Adherence

The majority of the Pseudomonas strains had a complete set of genes encoding
functional flagella. However, there were a few strains where some flagella loci were not
detected, and these included BV14-1 (fliA), KOO5(3)2a (motC), BV14-2 (figH, fliN and
motA), and K005(3)1c (flgD, flgG, flgL, flgM, fliD, fliN, motA and motY). Also, an
unidentified locus homologous to the lipopolysaccharide (LPS) O-antigen of P.
aeruginosa was detected in the Pseudomonas strains. This P. aeruginosa-like LPS O-
antigen was recognized as either a single copy (BV14-1 and BV14-2) or multiple copies

ranging from two to four. Whereas K005(3)1c had two copies of the locus identified, three
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copies were detected in KO05(3)2a and the remaining strains had four copies of the locus

each.

Similar to the flagella gene cluster, an almost complete set of genes required for
the biosynthesis of a functional type IV pilus was observed in the majority of the
Pseudomonas strains. The exceptions noted were that fimT, pilA and pilY2 loci were not
detected in all strains. Furthermore, two or more pil-related genes were not identified in
the following strains: BV14-1 (pilP, pilU, pilV, pilW and pilX), BV14-2 (pilE, pilO, pilU, pilV,

pilW and pilX), KOO5(3)1c (pilP, pilV and pilW), and KO05(3)2a (pilF and pilP).

There were variations observed among the Pseudomonas strains regarding the
presence or absence detected in proteins related to type IV twitching motility. The majority
of the Pseudomonas strains had two copies of chpA, while KO05(3)1c and K005(3)2d had
three copies and K005(3)2a had a single copy of the gene. Additionally, chpB, chpD,
chpE and pilK were not detected in all Pseudomonas strains; pill was also not identified

in BV14-2 and K005(3)2d.

b) Antimicrobial activity

The Pseudomonas strains were missing a phenazine biosynthetic gene cluster, which
comprised 17 loci (Suppl. Table S1). A complete set of genes would have meant that

some antimicrobial- and drug resistance was possible in these strains.

c) Antiphagocytosis

The gene cluster for the production of alginate was observed in all Pseudomonas strains

(Table 2). Although in some strains, two copies of three loci in the alginate operon were
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detected, namely, algA (A012, A019, ABD0O07, BDAP12, KO05(3)2d and PL002), algC
(BV14-1 and BV14-2), and algl (A019, BDAP12, K005(3)1c, K005(3)2a, K005(3)2d, R11-
1B and R11-1C). Also, some strains were missing a few alginate regulatory genes,
namely, algP/algR3 (BDAP12, BV14-2, K005(3)2a), algQ and mucA (both loci not
detected in BV14-2), algR (BV14-1), mucB (K005(3)2a), and mucD (K005(3)lc).

Furthermore, mucC and mucE were not detected in any of the Pseudomonas strains

There were also homologues of polysaccharides found on the capsule of other
bacterial genera observed in the Pseudomonas strains. The loci encoding the Vibrio
capsular polysaccharides, i.e. rmIB/rmIC were detected in the majority of the
Pseudomonas strains except in BV14-1 and BV14-2. Interestingly, the wbfV/wcvB loci
were identified only in the apricot strains, namely, A002, A012, A019, ABDOO0O7 and

BDAP12.

Moreover, an unidentified locus of the Burkholderia-like polysaccharide capsule
was detected in A019, BDAP12, K005(2)2e, KO05(3)1c, K005(3)2d, PL0O02, PmO0O05,
PmO006 and R13-1. The gmd-1 homologues of the Burkholderia capsule polysaccharide
were detected in the majority of the Pseudomonas strains except for BV14-1, BV14-2 and
K005(3)2a. Similarly, homologues of the wbaZ locus encoding Klebsiella capsule

polysaccharides were not identified in the same strains.

d) Biosurfactant

An incomplete gene cluster for the rhamnolipid biosynthesis was seen for the majority of
the Pseudomonas strains. The rhlA locus was detected in BDAP12, and most P.

viridiflava strains, i.e. KO05(2)2e, KO05(3)1c, Pm005 and Pm006. Additionally, the rhiB
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and rhiIC loci were not detected in any of the Pseudomonas strains.

e) Enzymes

The eno locus encoding the Streptococcal enolase was detected in two apricot strains,

i.e. AOO2 and BDAP12.

f) Iron uptake

An operon comprising eight loci encoding the achromobactin production and translocation
was observed in the majority of the Pseudomonas strains. However, there were a few
exceptions, such as the A002 strain where the eight loci of the achromobactin operon
were not detected. Also, several loci were missing in a few strains, including those missing
in A002, i.e. acsA, cbrA, cbrD and cbrB were not detected in KO05(3)1c. Similarly, acsA,

acsC, acsD, and cbrB were also not identified in KO05(3)2a.

The locus encoding the pyochelin receptor, i.e. fptA, was not detected in any of the
Pseudomonas strains. Only a few of the loci encoding the operon for the pyochelin
production were detected in Pseudomonas strains. The pchE locus of this siderophore
biosynthesis was identified in A019, K0O05(3)2d, R11-1B and R11-1C. Furthermore, pchF
was detected, albeit in varying gene copy numbers, in 11 of the Pseudomonas strains.
Whereas a single copy was observed in nine Pseudomonas strains (A012, ABD007,
K005(2)2e, KO05(3)1c, KO05(3)2d, PL002, R11-1B, R11-1C and R13-1), two copies were

identified in BV14-1 and K005(3)2a.

In contrast to the pyochelin receptor, multiple copies of the pyoverdine receptor

locus, i.e. fpvA, were observed in the majority of the Pseudomonas strains. The gene
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copy number ranged from one (BV14-2) up to six (A002, ABD0O07, KO05(2)2e, PL0O02,
PmO0O05, Pm006 and R13-1) copies of the fpvA locus per strain. Similarly, multiple copies
of several loci encoding the production of pyoverdine were detected in the Pseudomonas
strains. For example, the pvdD (pyoverdine synthetase) locus, though not identified in
four strains (A002, KO05(3)2d, R11-1B, and R11-1C), seven to 11 copies of this gene
were observed in another four strains, i.e. BV14-1 (11), BV14-2 (7), KO05(3)1c (8) and
K005(3)2a (9). The rest of the Pseudomonas strains had single copies of the gene.
Additionally, whereas a single copy of pvdl (non-ribosomal peptide synthetase |) was

detected in A002, KO05(3)2a had 37 copies of the same locus (Table 2).

Moreover, the presence of gene clusters encoding siderophores from other bacterial
genera was also evaluated. Of these gene clusters, none of the loci in the operon
encoding the biosynthesis of yersiniabactin were found in any of the Pseudomonas
strains. Also, the mbtH locus encoding the siderophore, mycobactin, typically found in

Mycobacterium spp. was only detected in A002.

g) Proteases

Of the three proteases that the draft genome assemblies were searched against, the
alkaline protease was detected in all Pseudomonas strains based on the presence of the
aprA locus. The elastase and protease IV were two of the three proteases that were not

detected in any of the Pseudomonas strains.

h) Quorum sensing
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The Pseudomonas genomes were compared against three types of quorum sensing
systems typically found in Pseudomonas spp. and other bacterial genera, namely, the N-
(3-oxo-dodecanoyl)-L-homoserine lactone, N-(3-oxo-hexanoyl)-L-homoserine lactone,
and N-(3-butanoyl)-L-homoserine lactone quorum-sensing systems. A putative N-acyl-
homoserine lactone synthase locus, i.e. hdtS, was detected in most Pseudomonas
strains, except for KO05(3)2a. Also, an additional two loci, i.e. ahll and ahIR, of the N-(3-
oxo-hexanoyl)-L-homoserine lactone quorum sensing system were identified in A012,

ABDO007, BV14-2 and PL0O02.

i) Regulation

There were three types of regulatory systems detected in the Pseudomonas strains;
however, at varying degrees. The most predominant among the Pseudomonas strains in
this study was the GacS/GacA two-component system. Also, the carbon storage regulator
A locus, i.e. csrA, which is commonly observed in Legionella was detected either as a
single copy (K005(3)2a) or two copies in the majority of Pseudomonas strains except for
BV14-1 and BV14-2 strains. Moreover, two copies of one of the loci of the Bordetella two-
component system, bvgA was identified in most Pseudomonas strains except for the

previously mentioned strains, namely, BV14-1 and BV14-2.

j) Secretion

Apart from the typical type three secretion system, additional secretion systems from
other bacterial genera were detected. Fourteen unidentified loci comprising the Hcp
secretion island-1 encoded type VI secretion system (H-T6SS) were observed in

Pseudomonas strains, but at varying levels of presence and absence (Suppl. Table S1).
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Also, several named loci, clpV1, hcpl, icmF1 and vrgG1l comprised within the H-T6SS
were present in multiple copies of two or four in the majority of the Pseudomonas strains.
Moreover, secretion systems from other bacterial genera were detected in a few
Pseudomonas strains. For instance, two loci were identified, i.e. pcrD (not detected in
A002, A012, ABDO007, BV14-2 and PL002) and pscN (not detected in A002, A012,
ABDO007, BV14-1, BV14-2, KO05(3)2a and PL002) that are typically found in the P.
aeruginosa T3SS. The aecl6 locus of the ACE T6SS found in Escherichia was also
observed in A012, ABD0O07, BDAP12, BV14-1, BV14-2, K005(3)2a, K005(3)2d and
PLO02. Also, three more T6SS clusters commonly found in Klebsiella were detected in

some Pseudomonas strains; all three were present in A002.

k) Toxins

The genes involved in the biosynthesis of major phytotoxins, namely, phaseolotoxin,
syringomycin and syringopeptin, commonly found in P. syringae, were observed in
Pseudomonas strains in this study (Table 2). However, specific loci required for the
biosynthesis of these phytotoxins were missing in several strains. For example, three
phaseolotoxin loci, i.e. argD, cysC1 and dcd2 were only detected in A0O02, A012, A019,
ABDO007, BV14-1, KO05(3)2a, KO05(3)2d and PL002, collectively. Similarly, two of the
three genes in the syringopeptin gene cluster, namely, sypB (detected in ABD0O07, BV14-
1 and PL002) and sypC (not detected in any strains) were missing in most, if not all
strains. Additionally, an unidentified locus of the TccC-type insecticidal toxin was
observed in high copy numbers ranging from two to eight, in the majority of the

Pseudomonas strains except in KO05(2)2e, KO05(3)1c and K005(3)2a.
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) Acid resistance

The three gene cluster comprising ureA, ureB and ureG required for urease synthesis in
Helicobacter was present in the majority of Pseudomonas strains. The ureA locus was
mainly detected in P. viridiflava strains, i.e. KO05(2)2e, Pm005, Pm006 and R13-1.
However, ureB and ureG were not detected in KO05(3)2d and K005(3)1c, respectively.
Three of the Pseudomonas strains, namely, A002, BV14-1 and BV14-2, did not contain

the urease gene cluster at all.

m) Efflux pump

Similar to the urease cluster, the three loci AcrAB cluster typically found in Klebsiella was
detected in the majority of Pseudomonas strains except in BV14-1, BV14-2 and
K005(3)2a. The unidentified locus of the AcrAB was not identified in PLO02 and R13-1.
In contrast, a few strains had two copies of this locus, namely, KO05(3)1c, R11-1B and
R11-1C. Furthermore, the acrA was identified in KO05(2)2e, PL002, PmO005, Pm006, R11-

1B, R11-1C and R13-1, and the acrB was missing in only R13-1.

n) Glycosylation system

The locus required in the synthesis of the O-linked flagellar glycosylation system in

Campylobacter, i.e. pseB, was only detected in A002.

0) Immune invasion

A few loci from other bacterial genera that are required in the production of
polysaccharides and appendages used for host invasion were observed in Pseudomonas

strains as either single or multiple copies. Whereas an unidentified locus essential for the
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biosynthesis of Acinetobacter capsule was detected as a single copy in A012, A019,
ABDO007, BDAP12 K005(3)1c and PL002, the locus was identified in multiple copies in

the remaining strains. However, the locus was missing in BV14-1, BV14-2 and KO05(3)2a.

Moreover, galE required for the exopolysaccharide production in Haemophilus was
detected in A012, ABDO0O0O7, KO05(2)2e, PL0O02, Pm005, Pm006 and R13-1. Similarly,
manCcore/wbpZ crucial for the synthesis of the lipopolysaccharide (LPS) in Brucella was
identified in the apricot and peach strains, i.e. AO02, A012, A019, ABD007, BDAP12 and
PL0O02. A flagella-based locus, i.e. cheB, commonly found in Burkholderia was also
detected in the majority of the Pseudomonas strains except in BV14-1, BV14-2 and

K005(3)2a.

p) Lipid and fatty acid metabolism

The isocitrate lyase (icl) gene found in Mycobacterium spp. was observed in most

Pseudomonas strains, except in BV14-1, BV14-2 and K005(3)2a.

g) Magnesium uptake

The mgtB required for the synthesis of the magnesium-transport ATPase in Salmonella

spp. was detected in the A002 strain.

r) Others

The vapA4 locus encoding virulence-associated proteins in Bartonella was detected in
the apricot strain, A019. Similarly, ddhA and manB1 required for the synthesis of the O-

antigen in Yersinia were identified in A002.
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s) Serum resistance and immune evasion

The LPS rfb gene cluster found in Klebsiella and an unidentified LPS locus predominant
in Francisella were detected, albeit at varying copy numbers, in most Pseudomonas

strains.

t) Stress adaptation

Four loci with origins in other bacterial genera encoding proteins used under extreme
environmental conditions were observed in Pseudomonas strains but with exceptions.
These loci included katG encoding the catalase-peroxidase in Mycobacterium spp., which
was detected in most strains except in BV14-1, BV14-2, and K005(3)2a. Also, the katA
locus encoding a catalase enzyme and mntB encoding the Mg?* transport system in
Neisseria were collectively detected in some Pseudomonas strains except in A0O02, A019,
BDAP12, BV14-1, BV14-2 and K005(3)2a. Lastly, sodCl encoding a superoxide
dismutase in Salmonella was detected in the majority of the Pseudomonas strains except

in BV14-1, BV14-2 and KO05(3)2a.

4. Discussion

In general, the whole genome-based phylogeny revealed a clustering of the
Pseudomonas strains in this study that was similar to that of the MLST based on the four
housekeeping loci, i.e. cts, gapA, gyrB and rpoD. The Pseudomonas strains were
delineated in four clades within two phylogroups in the Pseudomonas syringae species
complex, with an exception, namely, phylogroup 2 (P. syringae sensu stricto) and
phylogroup 7 (P. viridiflava) (Figure 1). The exception was the pathogenic A002 strain,

which did not group with any of the strains in known phylogroups in the P. syringae
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species complex but appeared to form a separate lineage of a potentially novel
Pseudomonas species (See Annex: Neighbour-Joining gapA phylogenetic tree on page
204). However, apart from the pairwise comparisons of orthologous genes between
strains confirming the delineation of Pseudomonas strains into the two respective
phylogroups, the analysis further supports the evidence of a separately evolving lineage
within Pseudomonas represented by the A002 strain (Figure 2, ANI values of <£78% from

intra-clade pairwise comparisons).

Whole-genome- (or core-) based phylogenies have been shown to provide
accurate evolutionary histories than phylogenies constructed using single-genes or
multiple loci. For example, through use of a core-genome-based phylogenetic inference,
the P. syringae species complex was delineated into 19 phylogenomic groups (Gomila et
al. 2017). Additionally, Dillon et al. (2019) showed that by utilising evolutionary significant
loci, e.g. such as those genes present in the core genome, the P. syringae species
complex comprised of primary- and secondary phylogroups. Although the broader
classification into primary and secondary phylogroups was maintained, intra-phylogroup
comparisons revealed a change in clustering between primary phylogroups based on
phylogenetic inferences that were constructed using virulence associated loci (e.g. T3SE

gene families).

Noticeably, the taxonomic positions of strains A012 and A002 differed in the
concatenated phylogeny based on the four housekeeping loci from that observed in the
whole-genome SNP phylogeny. Dillon et al. (2019) argued that evolutionary inferences
based on the core genome, or rather in our case, whole genomes, are most likely to

provide accurate taxonomic positions of P. syringae strains because of the unified
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phylogenetic signal levelling the gene-specific biases resulting from evolutionary histories
of individual genes. Thus, the inconsistencies observed in the taxonomic positions of the
A002 and A012 strains can be attributed to the artefacts caused either by varying
phylogenetic signals of the individual loci, or failing to use the correct individual loci in our
analysis (Galtier and Daubin 2008). Furthermore, the pangenome of the 41
Pseudomonas strains included in this study revealed an increasing amount of orthologous
protein-coding genes (CDSs) as was predicted previously (Dillon et al. 2019). The
pangenome was shown to consist of relatively high gene content in the accessory
genome (Figure 3: 6779 shell genes plus 34 968 cloud genes) compared to the core
genome, alluding to the occurrence of possibly high rates of horizontal gene transfer
among strains in this complex, and their versatile lifestyles, i.e. the ability to occupy and
adapt to various niches (Dillon et al. 2019; Marcelletti and Scortichini 2019; Monteil et
al. 2013; 2016; Morris et al. 2009; Nowell et al. 2016). Given that the analysis involved
41 Pseudomonas strains, we hypothesize that the core genome size is likely to
significantly increase when additional Pseudomonas genomes are included in the
analysis, as assumed elsewhere (Baltrus et al. 2011). However, the increase in core
genome size may be unlikely as was revealed by the gene accumulation rarefaction curve
comprising 342 strains in the P. syringae species complex, which showed that at
approximately 50 genomes sampled the core genome size plateaus at 2410 CDSs (Dillon
et al. 2019), not a significant increase to the 1199 CDSs (Figure 3: 673 soft core genes

plus 526 core genes) comprising the core genome in this study.

The Pseudomonas strains in this study had effector repertoires in the same range,

approximately 8 to 33 T3SEs per strain, as those previously described for members of
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the P. syringae species complex (Lindeberg et al. 2012; Marcelletti and Scortichini 2019).
Interestingly, the P. viridiflava strains harboured fewer T3SEs than P. syringae sensu
stricto strains (Figures 6 and 7), except the A0O2 strain, despite the latter strains being
members of a phylogroup generally known to consist of fewer T3SEs (Baltrus et al. 2011,
Lindeberg et al. 2012; Nowell et al. 2016). These findings suggest that the P. viridiflava
strains potentially rely on other yet to be identified virulence factors for colonising, and

subsequent, pathogenesis on Prunus hosts.

Majority of the Pseudomonas strains in this study comprised of the three effectors
found in the conserved effector locus (CEL) of the canonical T3SS, namely, AvrE, HopM1
and HopAA1l-1 (Baltrus et al. 2011; Deng et al. 2003; Dillon et al. 2019; Kuvitko et al.
2009), with a few strains missing one or two of the CEL effectors (Figure 6). The presence
of both avrE, and hopM1 confers an ability of a strain to cause plant tissue death in
compatible and incompatible hosts (Kvitko et al. 2009). These effectors have been shown
to be functionally redundant in inhibiting vesicle trafficking required for recruitment of
antimicrobial factors (Nomura et al. 2006). Additionally, the occurrence of hopR1, as was
seen in the P. viridiflava R13-1 strain, is proposed to overlap with the avrE and hopML1 in
its role to block PAMP triggered immunity (PTI) responses involving antimicrobial

resistance and callose formation in the cell wall (Kvitko et al. 2009).

The composition and structure of T3SE repertoire has been previously reported to
drive host specificity (Deng et al. 2003; Marcelletti and Scortichini 2019; Nowell et al.
2016). In particular, Nowell et al. (2016) identified seven T3SEs (i.e.AvrPto3, HopBE1,
HopBI1, HopBH1, HopH3, HopZ5, PthG) associated with P. syringae strains known to

occupy woody niches. Of these T3SEs, only a few were found to be present in
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Pseudomonas strains in this study, but in varying degrees (Figures 6 and 7). For example,
all strains were missing three of the seven woody host-specific effectors, namely,
AvrPto3, HopBI1 and PthG. Interestingly, a few of the T3SEs were either present or
absent in certain clades and phylogroups only, such as the HopBH1, which was absent
in all PG2d strains (Figure 6: A012, ABD007, BV14-1, PL0O02). Conversely, HopBE1 was
present in ABD0OO7, BV14-1 and PLO0Z2. In addition, the HopZ5 was absent in AO02 and
P. viridiflava strains. Altogether, though these seven T3SEs were shown be exclusive in
strains occupying woody hosts (Nowell et al. 2016), it appears that the distribution of
these loci is not uniform across all woody niche occupying Pseudomonas syringae
lineages. Furthermore, these findings indicate that for most Pseudomonas strains in this
study, there exist T3SEs that confer adaptation on woody hosts, most specifically Prunus

spp., which are yet to be functionally characterised.

Also noticeable was the presence of additional effector genes revealed by the
tBLASTn compared to the BLASTp algorithm (Figure 7). The discrepancy between the
tBLASTn and BLASTp algorithms could be that with regards to the latter it targets
annotated whole genes but the former can include pseudogenes - these include genes
that have their open reading frames disrupted or truncated due to premature stop codons
or missing start codons. Thus, a likely explanation is that pseudogenization may have
resulted in the additional T3SEs detected by tBLASTn similarity searches, as was

previously noted (O’Brien et al. 2012). However, these findings will need to be confirmed.

Apart from the T3SEs produced by several members of the P. syringae species
complex during pathogenesis, major phytotoxins such as phaseolotoxin, coronatine,
syringomycin, syringopeptin, etc., are often utilized independently or in concert with
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T3SEs by strains in this bacterial group (Arai and Kino 2008; Bender et al. 1999; Di
Giorgio et al. 1996; Hutchison and Gross 1997; Ichinose et al. 2013). A few loci involved
in the biosynthesis of phaseolotoxin and syringopeptin were detected in some
Pseudomonas strains, mostly those in phylogroup 2 (P. syringae sensu stricto) (Table 2).
Similarly, a complete set of genes responsible for the biosynthesis of a functional
syringomycin toxin was also detected in phylogroup 2, most specifically in the clade
PG2d, but none in P. viridiflava (phylogroup 7) strains (Table 2). As noted elsewhere,
many P. syringae sensu stricto strains harbour genes for production of one or two
phytotoxins, sometimes even five, which attribute to their more generalist lifestyles (Berge
et al. 2014; Dillon et al. 2019; Lindeberg et al. 2012). Thus, the detection of the
syringomycin gene cluster in PG2d strains alludes to the essential role of this phytotoxin
in fitness and virulence of these strains on to Prunus spp., however, these roles are yet

to be elucidated experimentally.

Interestingly, a TccC-type insecticidal toxin was detected in many of the
Pseudomonas strains, except KO05(2)2e, KO05(3)1c and KO05(3)2a (Table 2). The TccC
protein plays an essential role in the insecticidal activity of the soil-inhabitant P.
taiwanensis, which has an entomopathogenic effect against agricultural pests such as
Drosophila sp. and Plutella xylostella (Chen et al. 2014; Liu et al. 2010; Wang et al.
2010). The ingestion of this bacterium producing a wild type TccC toxin resulted in up to
95% mortality rates of P. xylostella larvae (Chen et al. 2014). Thus, a detection of multiple
copies of the unidentified locus encoding this toxin in strains from clades PG2b and PG2d
indicates that the unnamed TccC locus was likely acquired horizontally, and possibly

confers an entomopathogenic ability in these strains.
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Iron is usually a limiting factor in most habitats, thus the production of siderophores
that have high affinities of chelating ferric iron from the environment is crucial for the
survival of most pseudomonads (Owen and Ackerley 2011; Ravel and Cornelis 2003).
To that end, multiple copies of loci encoding functional pyoverdines were detected in all
the Pseudomonas strains, with KO05(3)2a harbouring 37 copies of the non-ribosomal
peptide synthetase (NRPS) locus, pvdl, indicative of the potential role that this
siderophore might have in fitness and virulence of Pseudomonas strains on Prunus hosts
(Table 2). This locus was absent in the reference genomes of P. syringae pv. syringae
B728a and P. syringae pv. tomato DC3000 (Table 2). Although shown to confer epiphytic
fitness, it is unlikely that pyoverdines contribute to virulence too, as P. syringae. pv.
phaseolicola 1448a mutants, i.e. mutants lacking functional pyoverdines, were still able
to cause blight symptoms on bean pods comparable to the wild type (Owen and Ackerley
2011; Wensing et al. 2010). Other siderophores with low-iron affinity, such as
achromobactin and pyochelin, were non-uniformly distributed among the Pseudomonas
strains (Table 2). Thus, we speculate that pyoverdines, and the two additional
siderophores, possibly attribute more of a survival strategy than virulence to
Pseudomonas strains in iron-deprived environments, which might be the case in stone
fruit trees. However, further investigations will be required as this has not yet been proven

experimentally.

Also required for successful foliar colonization, or adherence to plant tissue
surfaces, is a functional Type IV pilus (Mattick 2002). Interestingly, apart from lacking a
few other loci involved in the biosynthesis of a functional Type IV pilus, all Pseudomonas

lacked the pilA locus encoding a pilin protein that plays an essential role as the major
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subunit of the Type IV pilus (Table 2, Roine et al. 1998). As noted previously, P. syringae
pv. tomato DC3000 mutant strains with disrupted pilA and pilD loci, though still capable
of causing bacterial speck symptoms on tomato, had significantly reduced growth in
planta (Roine et al. 1998). However, the reduced growth was only observed in spray-
inoculated tomato seedlings and not in those in which infiltration was used as an
inoculation technique. Similarly, tobacco seedlings dip-inoculated with pilA mutant strains
of P. syringae pv. tabaci 6605, plus pilO and fimU mutants, were shown to express fewer
symptoms than the wild type strain, compared to when the tobacco plants were infiltrated
(Taguchi and Ichinose 2011). Altogether, if Type IV pili act as a major virulence factor of
P. syringae pv. tabaci in tobacco infection, a lack of pilA (and other additional loci) in
Pseudomonas strains suggests a redundant function of the Type IV pilus on Prunus
hosts. Furthermore, Pseudomonas strains are only capable of using the Type IV pilus to
successfully invade their plant host, if barriers of entry are already overcome, such as is
the case in cankers formed on tree branches, which provide point of entry for

Pseudomonas strains inside the host.

All the Pseudomonas strains comprised a complete set of loci responsible for
alginate biosynthesis (Table 2). In the animal and plant pathogenic pseudomonads, P.
aeruginosa and P. syringae pv. syringae , alginate is an exopolysaccharide polymer that
acts as an adhesin, protects bacterial cells from antimicrobial activity and desiccation as
well as assist in plant host immune evasion (Keith and Bender 1999; Robles-Price et al.
2004; Yu et al. 1999). Alginate has also been previously shown to play a role in the
epiphytic fitness of P. syringae pv. syringae 3525 in planta as the mutant strain defective

in the production of alginate showed reduced growth than the wild type on tomato, and
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less severe brown spot symptoms on beans (Yu et al. 1999). Altogether, a detection of
the alginate biosynthetic gene cluster in the Pseudomonas strains in the current study
demonstrates its potential role as an adaptive strategy in both strain fitness and virulence

on Prunus hosts.

In summary, this study sought to clarify the taxonomic position of Pseudomonas
strains isolated from stone fruit trees in the Western Cape in the Pseudomonas syringae
species complex using whole genome-based techniques and to uncover the mechanisms
used by these strains as adaptive strategies onto Prunus spp. Overall, the delineation of
Pseudomonas strains in this study into two major phylogenetic groups, namely, P.
syringae sensu stricto (phylogroup 2) and P. viridiflava (phylogroup 7) based on the
multilocus sequence typing of four housekeeping loci was supported by the SNP
phylogeny and pairwise genomic comparisons of the average nucleotides. In addition,
based on the abovementioned analyses, the A002 strains appears to be a member of a
potentially novel lineage within Pseudomonas or another bacterial species altogether.
Moreover, several virulence factors discussed above, inclusive of the T3SEs, were shown
to not only be involved in pathogenesis of Pseudomonas strains but to also contribute to
their fitness during colonization of the Prunus host. Altogether, these findings provide a
theoretical framework of potential candidate genes that warrant further functional
characterization of their role as potential virulence factors of Prunus-infecting

Pseudomonas spp.
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Tables

Table 1. List and characteristic features of Pseudomonas strains associated with bacterial canker of stone fruits in the
Western Cape, South Africa and reference strains in the P. syringae species complex used in this study.

Table 2. Summarized table of major virulence factors identified for Pseudomonas strains associated with bacterial canker
of stone fruit trees in the Western Cape, South Africa.
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Table 1. List and characteristic features of Pseudomonas strains associated with bacterial canker of stone fruits in the Western Cape, South Africa
and reference strains in the P. syringae species complex used in this study.

: . Genbank Genom . Reference
Species Strain ID PG? Host Year Country - e size Contigs CDS
accession S
(Mbp)
Pseudomonas — 5q) 2 Prunus = 5594 South . 5.914 271 5080  This study
syringae armeniaca Africa
Pseudomonas — »g75 2 Prunus = 5594 South . 5.991 135 5060  This study
syringae armeniaca Africa
Pseudomonas 5519 2 Prunus — 5g14  South . 5.766 115 4961  This study
syringae armeniaca Africa
Pseudomonas — \gpgg7 2 Prunus —— 5g14  South . 6.151 239 5215  This study
syringae armeniaca Africa
Pseudomonas  gpapq) 2 Prunus —— 5g15  South . 6.003 216 5150  This study
syringae armeniaca Africa
Pseudomonas  gy/14 4 2 Prunus 55,7 South . 6.175 7 6774 This study
syringae domestica Africa
Pseudomonas g1, 5 2 Prunus 55,7 South . 6.039 5 7706 This study
syringae domestica Africa
Pseudomonas o53)00 2 Prunus 55 South . 5.825 6 7126 This study
syringae domestica Africa
Pseudomonas yo53)0q 2 Prunus 55 South . 5.784 57 4994 This study
syringae domestica Africa
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Genom

Species Strain ID pPGa Host Year  Country Genba.nk e size Contigs CDS Reference
accession s
(Mbp)

Pseudomonas Prunus South .
syringae PLO02 2 persica 2014 Africa - 6.234 252 5320 This study

Pseudomonas .9 1 2 Prunus —,5,,  South ; 5.893 149 5038  This study
syringae domestica Africa

Pseudomonas ;) ;5 2 Prunus 55,7, South ; 5.902 173 5042  This study
syringae domestica Africa

Pseudomonas yo53y1c 7 Prunus = 55 South : 6.054 26 7240 This study
viridiflava domestica Africa

Pseudomonas yo50)06 7 Prunus 516 South : 6.215 318 5442 This study
viridiflava domestica Africa

Pseudomonas 5,15 7 Prunus 541, South i 6.033 158 5283 This study
viridiflava domestica Africa

Pseudomonas 5,456 7 Prunus 55,  South ] 6.155 426 5303  This study
viridiflava domestica Africa

Pseudomonas  pq54 7 Prunus 54,7 South ] 6.058 219 5347  This study
viridiflava domestica Africa

Pseudomonas Baltrus et

syringae pv. M302273PT 2d Acer sp. ND USA AEAO00000000 6.183 1174 6185 al 2011
aceris .
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Genom

Species Strain ID pPGa Host Year  Country Genba.nk e size Contigs CDS Reference
accession S
(Mbp)
Pseudomonas Actinidia Baltrus et
syringae pv. M302091 1b - 1984 Japan AEAL00000000 5.849 941 5626
o deliciosa al. 2011
actinidiae
Pseudomonas Baltrus et
syringae pv. M301020 3 Morus alba ND Japan AEAGO00000000 6.393 3414 7544 al 2011
mori '
Pseudomonas Hordeum Baltrus et
syringae pv. M301027PT 2b ND Japan AEAHO00000000 6.381 4661 8796
. ; vulgare al. 2011
japonica
Pseudomonas
SYNingae pv. - \135080PT 1 PIUNUS 1931 England AEAE00000000  6.039 969 5g37  balius et
morsprunoru domestica al. 2011
m
Pseudomonas Phaseolus Joardar et
syringae pv. 1448A 3 . 1965 Ethiopia CP000058 6.112 ND 5172
; vulgaris al. 2005
phaseolicola
Pseudomonas Pisum Baltrus et
syringae pv. 1704B 2b . ND France AEAIO0000000 6.521 5099 9160
pisi sativum al. 2011
Rodriguez
Pseudomonas  \-pppazgs  Gro Olea ND  France CP008742 6.016 1 5428  Palenzuel
savastanoi pB europaea a et al
2010
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Genom

Species Strain ID PG?2 Host Year Country Genba.nk e size Contigs CDS Reference
accession s
(Mbp)
Pseudomonas Phaseolus Feil et al
syringae pv. B728a 2d . 1987 USA CP000075 6.093 388 5089 '
. vulgaris 2005
syringae
Pseudomonas Solanum Buell et al
syringae pv. DC3000¢ la lycopersicu 1960 England AE016853 6.538 ND 5614 2003 '
tomato m
Pseudomonas Solanum Almeida et
syringae pv. T1 la lycopersicu 1986 Canada ABSM0000000 6.146 122 5702 al. 2009
tomato m '
Pseudomonas o ceair g Coylus 1976 Greece AKBS00000000  6.625 1602 4757 ~ OBrienet
avellanae avellana al. 2012
Pseudomonas - _
; Actinidia AGNOO0000000 Mazzaglia
syringae pv. CFBP7286 1b chinensis 2008 Italy 0 6.125 462 5361 et al. 2012
actinidiae
Pseudomonas | ~\ipagigr 3 Prunus 1967  Greece LKBWO00000000  5.711 331 ags7  Visnovsky
amygdali dulcis et al. 2018
Pseudomonas o senq ND Oryzasativa 1988 Phillipines JSYZ00000000  7.140 134 6342 ~ Quibod et
fuscovaginae al. 2015
Pseudomonas  ~rppasos g Melia ND  Japan  LJQTO0000000  5.098 504 5155  1hakuret
meliae azedarach al. 2016
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Genom

Species Strain ID PG?2 Host Year Country Genba.nk e size Contigs CDS Reference
accession S
(Mbp)
Pseudomonas Grou Nicotiana Thakur et
amygdali pv. N6801 b A9 tabacum 1968 Japan LJQS00000000 5.895 260 5445 al. 2016
mellae
Pseudomonas
syringae pv. CEBP2116 2d Prunus 1974 Erance OLDMO0000000 6.262 ND ND Ruinelli et
morsprunoru cerasus 0 al. 2019
m
Pseudomonas
: NCPPB4273 Corylus Thakur et
syringae pv. T 2b avellana ND Italy LJQC00000000 5.966 1143 5433 al 2016
coryli
Pseudomonas Helianthus Thakur et
syringae pv. ICMP3549 6 ND Mexico LJQMO00000000 6.208 277 5500
: . annus al. 2016
helianthi
Pseudomanas Tagetes Zimbabw Thakur et
syringae pv. ICMP4091PT 6 9 1972 LJRMO0O000000 6.043 208 5383
; erecta e al. 2016
tagetis
Pse“ds‘?)monas UB246 13a  Riverwater  ND France  AVEQO0000000  6.268 1327 5808 let%siit
Pseudomonas 56, 7a Epilithon 2011  France AVDWO0000000 g gag 553 5263  Dallrus et
viridiflava 0 al. 2014
Pseudomonas | ~\ip13104 75 ACnidia 005 pance LKEJOO000000  5.547 208 4390  Visnovsky
viridiflava deliciosa etal. 2016
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Genom

Species Strain ID PG?2 Host Year Country Genba.nk e size Contigs CDS Reference
accession S
(Mbp)
Pseudomonas Primula Baltrus et
viridiflava TA043 7a officinalis 2011 France AVDV00000000 5.946 545 5202 al. 2014

a denotes phylogroup according to Berge et al. (2014) and with additional information from Bull and Koike (2015).
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Table 2. Summarized table of major virulence factors identified for Pseudomonas strains associated with bacterial canker of stone fruit trees in the Western Cape,

South Africa

Virulence factors* Related genes A002 A012 A019 ABDO007 BDAP12 BV14- BV14- K005- K005- K005- K005- PLO02 Pm005 Pm006 R11- R11- R13-1
1 2 2-2e 3-1c 3-2a 3-2d 1B 1C
ﬂ G orf04428 orf02852 orf04596 orf00967 orf03968; orf05142 orf05075 orf01001 orf00219; orf01528 orf04149 0orf00966 orf04826 orf04826 orf04484 orf04271 orf03173
a 0rf05201 orf01913
fleN 0rf04395 0rf02880 orf04569 0rf00940 0rf03995 orf05182 orf05115 orf01028 orf00176 orf01486 orf04122 0rf00939 orf04854 orf04854 orf04457 orf04298 0rf03200
ﬂeQ orf04424 orf02856 orf04592 0rf00963 orf03972 orf05146 orf05080 orf01005 orf00213 orf01523 orf04145 0rf00962 orf04830 orf04830 orf04480 orf04275 orf03177
fleR orf04422 orf02859 0rf04590 orf00961 orf03974 orf05148 0rf05082 orf01007 0rf00209 orf01518 orf04143 0rf00960 orf04833 orf04833 orf04478 orf04277 0rf03179
fles orf04423 orf02858 orf04591 0rf00962 0rf03973 orf05147 orf05081 orf01006 0rf00210 orf01522 orf04144 orf00961 orf04832 orf04832 orf04479 orf04276 0rf03178
ﬂgA orf04458 orf05114 orf04619 orf00993 orf03945 orf05113 orf05043 orf00982 orf00249 orf01565 orf04173 0rf00992 orf04806 orf04806 orf04507 orf04248 orf03154
ﬂg B orf04455 orf02834 orf04613 0rf00986 orf03951 0rf05120 orf05053 orf00985 orf00242 orf01555 0rf04166 0rf00985 orf04809 orf04809 orf04501 orf04254 orf03157
ﬂgc orf04454 orf02835 orf04612 0rf00985 0rf03952 orf05121 orf05054 0rf00986 orf00241 orf01554 orf04165 orf00984 orf04810 orf04810 orf04500 orf04255 0rf03158
Flagella
ﬂg D orf04453 orf02837 orf04611 orf00983 orf03953 orf05123 orf05055 orf00987 - orf01553 orf04164 0rf00982 orf04811 orf04811 orf04499 orf04256 orf03159
ﬂ E orf04451; orf02838; orf04609; 0rf00981; orf03954; orf05125 orf05057 orf00988 orf00238 orf01552 orf04162; 0rf00980; orf04812 orf04812 0rf04497; 0rf04257; 0rf03160
g orf04452 orf02839 orf04610 orf00982 orf03955 orf04163 orf00981 orf04498 orf04258
ﬂg F orf04449 orf02841 orf04607 orf00978 orf03957 orf05129 orf05064 orf00990 orf00236 orf01548 orf04160 orf00977 orf04814 orf04814 orf04495 orf04260 orf03162
fIgG orf04448 orf02842 orf04606 orf00977 orf03958 orf05130 orf05065 orf00991 - orf01547 orf04159 orf00976 orf04815 orf04815 orf04494 orf04261 orf03163
ﬂg H orf04447 orf02843 orf04605 orf00976 orf03959 orf05131 - orf00992 orf00233 orf01546 orf04158 orf00975 orf04816 orf04816 orf04493 orf04262 orf03164
ﬂgl orf04446 orf02844 orf04604 orf00975 orf03960 orf05132 orf05066 orf00993 orf00232 orf01545 orf04157 orf00974 orf04817 orf04817 orf04492 orf04263 orf03165
fl g J orf04445 orf02845 orf04603 orf00974 orf03961 orf05133 orf05067 orf00994 orf00231 orf01543 orf04156 0rf00973 orf04818 orf04818 orf04491 orf04264 orf03166
ﬂg K orf04444 orf02846 orf04602 orf00973 orf03962 orf05134 orf05068 orf00995 orf00230 orf01541 orf04155 orf00972 orf04819 orf04819 orf04490 orf04265 orf03167
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Virulence factors* Related genes A002 A012 A019 ABDO007 BDAP12 BV14- BV14-  KO005- K005- K005- K005- PLO02 PmO005 PmO006 R11- R11- R13-1
1 2 2-2e 3-1c 3-2a 3-2d 1B 1C
ﬂg L orf04443 orf02847 orf04601 orf00972 0rf03963 orf05135 orf05069 0orf00996 - orf01538 orf04154 orf00971 orf04820 orf04820 orf04489 orf04266 orf03168
ﬂg M orf04459 orf05113 0rf04620 0rf00994 orf03944 orf05112 orf05042 orf00981 - orf01566 orf04174 0rf00993 orf04805 orf04805 orf04508 orf04247 orf03153
ﬂg N orf04460 orf05112 orf04621 orf00995 0rf03943 orf05111 orf05041 0orf00980 orf00251 orf01567 orf04175 orf00994 orf04804 orf04804 orf04509 orf04246 orf03152
ﬂ hA orf04397 orf02878 orf04571 0rf00942 0rf03993 orf05178 orf05111; orf01026 orf00178; orf01492 orf04124 orf00941 orf04852 orf04852 orf04459 orf04296 orf03198
orf05113 orf00179
ﬂ h B orf04404 orf02877 orf04572 orf00943 0rf03992 orf05177 orf05110 orf01025 orf00180 orf01493 orf04125 0rf00942 orf04851 orf04851 orf04460 orf04295 orf03197
flhF 0rf04396 orf02879 orf04570 orf00941 0rf03994 0rf05180 orf05114 orf01027 orf00177 orf01488 orf04123 0rf00940 orf04853 orf04853 orf04458 orf04297 0rf03199
fliA orf04394 orf02881 orf04568 0rf00939 0rf03996 - orf05116 orf01029 orf00175 orf01484 orf04121 0rf00938 orf04855 orf04855 orf04456 orf04299 0rf03201
ﬂlC gggﬁgg orf02851 orf04597 orf00968 orf03967 orf05140 orf05074 orf01000 orf01912 orf01529 orf04150 orf00967 orf04825 orf04825 orf04485 orf04270 orf03172
ﬂl D orf04427 orf02853 orf04595 orf00966 orf03969 orf05143 orf05076 orf01002 - orf01527 orf04148 orf00965 orf04827 orf04827 orf04483 orf04272 orf03174
fliE orf04421 0rf02860 orf04589 0rf00960 0rf03975 orf05149 0rf05083 orf01008 0rf00208 orf01517 orf04142 0rf00959 orf04834 orf04834 orf04477 orf04278 0rf03180
fliE orf04420 orf02861 orf04588 0rf00959 orf03976 orf05150 0rf05084; orf01009 orf00207 orf01515; orf04141 0rf00958 orf04835 orf04835 orf04476 orf04279 orf03181
orf05085 orf01516

fli G orf04419 orf02862 orf04587 0rf00958 orf03977 orf05152 orf05087 orf01010 0orf00205 orf01514 orf04140 0rf00957 orf04836 orf04836 orf04475 orf04280 0rf03182
ﬂl H orf04418 orf02863 orf04586 orf00957 orf03978 orf05153 orf05088 orf01011 orf00204 orf01513 orf04139 orf00956 orf04837 orf04837 orf04474 orf04281 orf03183
flil orf04417 orf02864 orf04585 orf00956 orf03979 orf05154 orf05090 orf01012 orf00201 orf01512 0rf04138 orf00955 orf04838 orf04838 orf04473 orf04282 orf03184
fliJ orf04416 orf02865 orf04584 orf00955 0rf03980 orf05155 orf05091 orf01013 0rf00200 orf01511 orf04137 orf00954 orf04839 orf04839 orf04472 orf04283 orf03185
fliK orf04412 orf02869 orf04580 orf00951 orf03984 orf05161 orf05098 orf01017 orf00190 orf01505 orf04133 orf00950 orf04843 orf04843 orf04468 orf04287 orf03189
fliL orf04411 orf02870 orf04579 orf00950 orf03985 orf05167 orf05100 orf01018 orf00189 orf01504 orf04132 orf00949 orf04844 orf04844 orf04467 orf04288 0rf03190
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Virulence factors* A002 A012 A019 ABDO007 BDAP12 BV14- BV14-  KO005- K005- K005- K005- PLO02 PmO005 PmO006 R11- R11- R13-1
Related genes
1 2 2-2e 3-1c 3-2a 3-2d 1B 1C
ﬂ| M orf04410 orf02871 orf04578 0rf00949 0rf03986 orf05169 orf05101 orf01019 orf00188 orf01503 orf04131 0rf00948 orf04845 orf04845 orf04466 orf04289 orf03191
fliN orf04409 orf02872 orf04577 orf00948 orf03987 orf05170 - orf01020 - orf01502 0rf04130 0rf00947 orf04846 orf04846 orf04465 0rf04290 0rf03192
fIIO - orf02873 orf04576 0rf00947 0rf03988 orf05171 orf05105 orf01021 orf00185 orf01501 orf04129 0rf00946 orf04847 orf04847 orf04464 orf04291 orf03193
ﬂ| P orf04407 orf02874 orf04575 0rf00946 0rf03989 orf05172 orf05106 orf01022 orf00183 orf01500 orf04128 0rf00945 orf04848 orf04848 orf04463 orf04292 orf03194
ﬂ orf04406 orf02875 orf04574 orf00945 orf03990; orf05173 orf05107 orf01023 orf00182 orf01498 orf04127 orf00944 orf04849 orf04849 orf04462 orf04293 orf03195
iQ 0rf05215
fliR orf04405 orf02876 orf04573 orf00944 0rf03991 orf05175 0rf05108 orf01024 orf00181 orf01499 orf04126 0rf00943 orf04850 orf04850 orf04461 orf04294 0rf03196
fliS orf04426 orf02854 orf04594 0rf00965 0rf03970 orf05144 orf05077 orf01003 orf00215 orf01526 orf04147 orf00964 orf04828 orf04828 orf04482 orf04273 orf03175
ﬂ|T orf04425 orf02855 orf04593 orf00964 orf03971 orf05145 orf05079 orf01004 orf00214 orf01525 orf04146 orf00963 orf04829 orf04829 orf04481 orf04274 orf03176
motA 0rf03566 0rf01858 orf00811 orf01927 orf03201 orf01837 - orf02103 orf03042 orf07132 0rf00978 0rf01926 orf01677 orf01489 orf02452 orf02452 orf01871
motB orf03565 orf01859 0rf00810 0rf01928 0rf03203 0rf01836 orf01687 orf02102 orf03039 orf07131 orf00977 orf01927 orf01679 orf01488 orf02454 orf02454 orf01872
motC orf04389 orf02886 orf04563 orf00934 orf04001 orf05190 orf05123 orf01034 orf00166 - orf04116 orf00933 orf04860 orf04860 orf04451 orf04304 0rf03206
motD orf04388 orf02887 orf04562 0rf00933 0rf04002 orf05191 orf05124 orf01035 orf00165 orf01470 orf04115 0rf00932 orf04861 orf04861 orf04450 orf04305 0rf03207
motY 0rf00695 orf00152 orf04829 orf03207 orf01736 orf04519 orf04434 orf00550 - orf02184 0rf00187 0rf03205 orf01987 orf02262 0rf00663 0rf00663 orf04581
. 0rf00948; 0rf00418; 0rf00518; 0rf01580; orf01484; orf04899 orf04815 orf00798; 0rf00486; orf01785; orf01832; orf01562; orf02524; orf02525; orf01369; 0rf01016; 0rf03609;
LPS O'antlgen (P U d t . d 0rf00949; orf00419; orf03842; orf04223; orf01485; orf00799; orf00487; orf06493 orf04564; orf04297; orf04062; orf04062; orf04616; orf04667; orf04341;
aeruginosa) naetermine orf00950;  0rf00420;  orf03843;  orf04224; 0rf01486; orf00800;  orf00488 orf04565;  0rf04298;  0rf04063;  orf04063;  Orf04617;  orf04668;  0rf04342;
orf04714 orf02760 orf03844 orf04225 orf03512 orf02859 orf04566 orf04299 orf04064 orf04064 orf04618 orf04669 orf04343
fimT - . . . . . . . . . . . . . . . -
Type IV pili
biosynthesis
fimu orf04107; 0rf03655; orf03691; orf03254; 0rf04780; 0rf01610; orf01461; orf00077; orf05021; orf06921; 0rf04917; 0rf03252; orf02377; orf01871; orf04787; orf04787; 0rf02760;
orf04112 orf03656 0rf03692 orf03255 orf04781 orf01611 orf01462 orf00078 orf05022 orf06922 0rf04918 orf03253 orf02378 orf01872 orf04788 orf04788 orf02761
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Virulence factors* Related genes A002 A012 A019 ABDO007 BDAP12 BV14- BV14-  KO005- K005- K005- K005- PLO02 PmO005 PmO006 R11- R11- R13-1
9 1 2 2-2e 3-1c 3-2a 3-2d 1B 1C
flmV orf01065 orf02562 orf00011 orf00347 0rf00262 orf00471 0orf07002; orf05441 orf06935 orf05736 orf02338 orf00378 orf04205 orf04205 orf00856 orf01529 orf02038
0rf07003
pilA . ; ; ; ; ; ; ; ; ; ; ; ; ; ; ; ;

B I B 0orf01971; orf02235; orf03518; orf02238; orf02948; orf01522 orf05868 orf00187; orf05064; orf01048; orf02820; orf02236; orf02350; orf01899; orf01615; orf01615; orf02735;
pl orf04081 orf03726 orf03628 orf03335 orf04843 orf05113 orf05065 orf06814 orf04994 orf03333 orf04721 orf04658 orf04864 orf04864 0rf02850
pl IC orf04082 orf03725 orf03629 orf03334 orf04842 orf01523 orf05866 orf00186 orf05063 orf06816 0rf04993 orf03332 orf02351 orf01898 orf04863 orf04863 orf02736
pl ID orf04083 orf03724 0rf03630 0rf03333 orf04841 orf01524 orf05864 orf00185 orf05060 orf06817 0rf04992 orf03331 orf02352 orf01897 orf04862 orf04862 orf02737

- I E orf04102; orf03661 orf03686 orf03260 orf04786 orf01603 - orf00083 orf05031 orf06916 orf04923 orf03258 orf02372 orf01877 orf04793 orf04793 orf02755
pi 0rf04108
pl I F orf02121 orf03332 orf00302 orf00658 orf04031 orf00894 orf06552 orf02677 orf02137 - orf02046 orf00067 orf02691 orf02691 orf01157 orf01228 orf02386
pl I M orf03675 orf01692 orf00981 orf01759 orf03033 orf02063 orf01961 orf02308 orf03327 orf07383 orf01141 orf01758 orf01477 orf01690 orf02288 orf02288 orf01663
pl IN orf03674 0rf01693 0rf00980 orf01760 orf03034 orf02062 0rf01960 orf02307 orf03326 orf07382 orf01140 orf01759 orf01478 orf01689 orf02289 orf02289 orf01664
pl |O orf03673 orf01694 orf00979 orf01761 orf03035 orf02061 - orf02306 orf03325 orf07381 orf01139 orf01760 orf01479 orf01688 orf02290 orf02290 orf01665
plIP orf03672 orf01695 orf00978 orf01762 0rf03036 - orf01958 orf02305 - - orf01138 orf01761 orf01480 orf01687 orf02291 orf02291 0rf01666

il orf03671 0rf01696 orf00977 orf01763 0rf03037 orf02057 0rf01956; orf02304 orf03324 orf07377 orf01137 orf01762 orf01482 orf01686 orf02292 orf02292 orf01667
pilQ 0rf01957

iR 0rf04098 0rf01388; orf01914; 0rf01394; 0rf00984; 0rf01601; 0rf00431; orf00085; orf05034 orf06914 0rf03220; 0rf01393; orf02370; orf01879; 0rf02892; 0rf02892; 0rf02753;
pl orf03663 orf03684 orf03262 orf04788 orf06798 orf01450 orf01268 0rf04925 0rf03260 orf03029 orf03187 orf04795 orf04795 0rf03000
pi IS orf04097 orf03664 orf03683 0rf03263 orf04789 0rf01600 orf01447 orf00086 orf05035 orf06910 0rf04926 orf03261 orf02369 orf01880 orf04796 orf04796 orf02752
pl IT orf02642 orf01771 orf00900 orf01838 orf03112 orf01965 orf01847 orf02211 orf03200 orf07275 orf01065 orf01837 orf01575 orf01592 orf02364 orf02364 orf01762
pl U orf00537 orf04815 orf02239 orf02541 orf01453 - - orf01235 orf01201 orf00707 orf02579 orf02538 orf03062 orf03154 orf01862 orf01862 orf03115
p| \V2 orf04106 orf03657 0rf03690 orf03256 orf04782 - - orf00079 - orf06920 orf04919 orf03254 orf02376 orf01873 orf04789 orf04789 orf02759
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Virulence factors* Related genes A002 A012 A019 ABDO007 BDAP12 BV14- BV14-  KO005- K005- K005- K005- PLO02 PmO005 PmO006 R11- R11- R13-1
9 1 2 2-2e 3-1c 3-2a 3-2d 1B 1C
pilw 0rf04105 0rf03658 0rf03689 0rf03257 orf04783 - - 0rf00080 - 0rf06919 orf04920  orf03255 orf02375 orf01874 0rf04790 0rf04790 orf02758
pl IX orf04104 orf03659 orf03688 orf03258 orf04784 - - orf00081 orf05027 orf06918 orf04921 orf03256 orf02374 orf01875 orf04791 orf04791 orf02757
plIYl orf04103 0rf03660 orf03687 orf03259 orf04785 orf01605 orf01457 orf00082 0orf05029; orf06917 orf04922 orf03257 orf02373 orf01876 orf04792 orf04792 orf02756
orf05030

pily2 ) . . . . . . . . . . . . . . . )
pilz 0rf01059 0rf02555 0rf00018 0rf00354 0rf00255 orf00480  0rf06992 orf05435 0rf06927 orf05746 orf02331 0rf00371 0rf04199 0rf04199 0rf00863 0rf01522 orf02044
orf02181; orf01785; orf00243; orf00591; orf00031; orf01947; orf01819; orf02197; orf02056; orf07254 orf01051; orf00134; orf01589; orf01578; orf01096; orf01289; orf01776;
ChpA orf02626 orf02319 orf00886 orf01852 orf03126 orf01948 orf01822 orf02615 orf03179; orf02110; orf01851 orf02752 orf02752 orf02378 orf02378 orf02317

orf03180 0rf04980

ChpB - ° ° - - - - B B B - - ° B . . °
ChpC orf02625 orf01786 0rf00885 0rf01853 orf03127 0rf01945 orf01817 orf02196 orf03177 - 0rf01050 0rf01852 orf01590 orf01577 orf02379 orf02379 orf01777

ChpD - ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) °

Type IV pili twitching chpE ) i i i i i i i i i i i i i i i )

motility related
proteins
p| |G orf02631 orf01781 0rf00890 orf01848 orf03122 0rf01953 0rf01833 orf02201 orf03189 orf07260 orf01055 orf01847 orf01585 orf01582 orf02374 orf02374 orf01772
plIH orf02629 orf01782 orf00889 orf01849 orf03123 orf01952 orf01832 orf02200 orf03188 orf07259 orf01054 0rf01848 orf01586 orf01581 orf02375 orf02375 orf01773
pll | 0rf02628 orf01783 0rf00888 0rf01850 orf03124 orf01951 - orf02199 orf03187 - 0rf01053 orf01849 orf01587 orf01580 orf02376 orf02376 orf01774
pllJ orf02627 orf01784 orf00887 orf01851 orf03125 0rf01949 orf01828 orf02198 orf03186 orf07255; 0rf01052 0rf01850 orf01588 orf01579 orf02377 orf02377 orf01775
orf07256

pilK ) . . . . . . . . . . . . . . . )

al g44 orf03159 orf02790 orf00486 orf01611 orf03544 orf01144 orf06272 orf02816 orf02322 orf06447 orf01864 orf01531 orf02558 orf02559 orf01337 orf01048 orf03574
Alginate biosynthesis

a|98 orf03158 orf02791 0rf00485 orf01612 orf03545 orf01143 orf06274 orf02815 orf02320 orf06446 0rf01865 0rf01530 orf02559 orf02560 orf01336 orf01049 0rf03573

97



Virulence factors* Related genes A002 A012 A019 ABDO007 BDAP12 BV14- BV14-  KO005- K005- K005- K005- PLO02 PmO005 PmO006 R11- R11- R13-1
9 1 2 2-2e 3-1c 3-2a 3-2d 1B 1C

I A orf03168 orf02668; 0rf00495; 0rf01487; 0rf03420; orf01158 orf06257 orf02825 orf02335 orf06464; orf01855 0rf01540; orf02549 orf02550 orf01346 orf01039 orf03583

al g orf02781 orf00608 orf01602 orf03535 orf06465 orf01653
I C orf01321 orf04098 orf01162 orf04965 orf02316 0rf02320; orf02261; 0orf03669 orf03972 orf04269 orf01323 orf05035 orf00828 orf01149 orf02111 orf02111 orf00254

alg 002321 orf07833
algD orf03156 orf02792 orf00484 orf01613 orf03546 orf01142 orf06275 orf02814 orf02319 orf06444 0rf01866 orf01529 orf02561 orf02562 orf01335 orf01050 orf03571
alg E orf03161 orf02788 0rf00488 0rf01609 orf03542 orf01148 orf06269 orf02818 orf02324 orf06453 0rf01862 0rf01533 orf02556 orf02557 orf01339 orf01046 orf03576
alg F orf03167 orf02782 orf00494 0rf01603 0rf03536 orf01156 orf06259 orf02824 orf02334 orf06463 0rf01856 0rf01539 orf02550 orf02551 orf01345 orf01040 0rf03582
algG orf03162 orf02787 orf00489 orf01608 orf03541 orf01151 orf06266 orf02819 orf02325 orf06455 orf01861 orf01534 orf02555 orf02556 orf01340 orf01045 orf03577
| | orf03165 orf02784 orf00492; orf01605 orf03355; orf01154 orf06261 orf02822 orf02331; orf06459; orf01699; orf01537 orf02552 orf02553 orf01343; orf00885; orf03580
alg orf00675 0rf03538 orf02332 orf06680 0rf01858 orf01500 orf01042
ang orf03166 orf02783 orf00493 orf01604 orf03537 orf01155 orf06260 orf02823 orf02333 orf06462 orf01857 orf01538 orf02551 orf02552 orf01344 orf01041 orf03581
ang 0rf03160 orf02789 0rf00487 0rf01610 orf03543 orf01146 orf06270 orf02817 orf02323 orf06449 0rf01863 0rf01532 orf02557 orf02558 orf01338 orf01047 0rf03575
alg L orf03164 orf02785 orf00491 0rf01606 orf03539 orf01153 0rf06262 orf02821 orf02330 orf06458 orf01859 orf01536 orf02553 orf02554 orf01342 orf01043 orf03579
algx orf03163 orf02786 orf00490 orf01607 orf03540 orf01152 orf06264 orf02820 orf02328 orf06457 orf01860 orf01535 orf02554 orf02555 orf01341 orf01044 orf03578
a|g P, /a|g R3 orf01386 orf03959 0rf02920 orf03628 - orf02587 - orf03593 - - orf01481 orf03667 0orf00903 orf01074 orf03424 orf03513 orf00354
ang orf01384 orf03957 orf02922 0rf03626 orf02509 orf02585 - orf03595 orf04054 orf04038 orf01479 orf03669 orf00901 orf01076 orf03422 orf03515 orf00352
al gR orf01377 orf03951 0rf02928 0rf03620 0rf02503 - orf02525 orf03601 orf01889 orf04046 orf01473 orf03675 orf00895 orf01082 orf03416 orf03521 0rf00346
Alginate regulation

al gU orf00627 0rf00086 0rf02688 orf03141 0rf01803 orf04426 orf04322 orf00480 orf05446 orf02277 0rf00260 orf03139 orf02053 orf02196 0rf00598 0rf00598 orf02447
aIgW orf03063 orf04377 orf04728 orf04724 orf01977 orf04162 orf04057 orf00281 orf05158 orf02570 orf00446 orf04776 orf02263 orf01986 orf00424 orf00424 orf02651
alg 7 orf01376 0rf03950 orf02929 0rf03619 0rf02502 orf02575 orf02524 0orf03602 orf04045 orf04047 orf01472 orf03676 orf00894 orf01083 orf03415 orf03522 orf00345
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Virulence factors* A002 A012 A019 ABDO007 BDAP12 BV14- BV14-  KO005- K005- K005- K005- PLO02 PmO005 PmO006 R11- R11- R13-1
Related genes
1 2 2-2e 3-1c 3-2a 3-2d 1B 1C
MUuUcA 0rf00628 orf00087 orf02689 orf03142 orf01802 orf04427 - orf00481 orf05447 orf02276 orf00259 orf03140 orf02052 orf02197 orf00599 orf00599 orf02446
mucB orf00629 orf00088 orf02691 orf03144 orf01801 orf04430 orf04325 orf00482 orf05448 - orf00258 orf03142 orf02051 orf02198 orf00600 orf00600 orf02445
mucD 0rf00630 orf00089 orf02692 orf03145 orf01799 orf04432 orf04326 orf00483 - orf02272 orf00257 orf03143 0orf02050 orf02199 orf00601 orf00601 orf02444
muckE - ° ° - - - - B B B - - ° B . . °
mucP orf02233 orf02362 orf00198 orf00546 orf00075 orf00742 orf06719 orf02567 orf01989 orf05999 orf02155 orf00179 orf02801 orf02801 orf01052 orf01333 orf02269
rm | B/I’m |C* orf01472 orf03147 orf04774 orf04036 orf04410 - - orf05293 orf03531 orf03697* orf04820 orf04072 orf01329 orf01838 orf05004 orf05004 0rf04986
Capsular
polysaccharide(Vibrio)
wbfV/wevB orf03317 orf02647 orf00621 orf01479 0rf03406 - - - - - - - - - - - -
- - orf00637 - orf03393 - - orf01904 orf02539 - orf01729 orf01662 orf02416; orf02417; - - orf04035
orf04494 orf04494
Capsule
I(Burkholderia)
gmd_l orf03315 orf02648 orf00635 orf01480 orf03394 - - orf01903 orf02754 - orf01679 orf01661 orf04495 orf04495 orf01520 orf00865 orf04036
0rf01470; 0rf02657; 0rf00624; orf04037 0rf03403; - - orf04826 orf01730 - - orf04071 orf04330 orf04453 - - orf01131
orf04633 orf03146 orf04773 orf04409
c | (Kl b iell ) probable orf04632 orf05054 orf02333 0rf05180 orf03792 - - orf04825 orf01729 - orf03904 orf05254 orf04329 orf04454 orf04240 orf04515 orf01130
apsule(Klepsiella
wbaZ
Uge orf01863 orf04045 orf02840 orf04105 0rf02586 - - orf00223 - - orf01561 orf04210 orf02316 orf01933 - - orf02701
A - orf01646 orf03028 orf01127 orf01239 orf06444; orf00785 orf01457 - - 0rf02940 orf01126 orf03416 orf03386 orf02619 orf02619 0rf00673
acs. orf06445
Achromobactin
biosynthesis and acsB - orf01645 orf03027 orf01128 orf01238 orf06446 orf00784 orf01458 orf00868 orf00262 orf02941 orf01127 orf03417 0orf03385 0rf02620 0rf02620 orf00674
transport
acsC - orf01644 orf03026 orf01129 orf01237 orf06447 orf00783 orf01459 orf00867 - orf02942 orf01128 orf03418 orf03384 orf02621 orf02621 orf00675
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Virulence factors* Related genes A002 A012 A019 ABDO007 BDAP12 BV14- BV14-  KO005- K005- K005- K005- PLO02 PmO005 PmO006 R11- R11- R13-1
9 1 2 2-2e 3-1c 3-2a 3-2d 1B 1C
acsD - orf01641 orf03023 orf01132 orf01234 orf06450 orf00779 orf01462 orf00863 - orf02945 orf01131 orf03421 orf03381 orf02624 orf02624 orf00678
cbrA - orf01647 0rf03029 orf01126 orf01240 orf06443 0rf00789 orf01456 - orf00265 0rf02939 orf01125 orf03415 orf03387 orf02618 orf02618 0rf00672
Cer - orf01648 orf03030 orf01125 orf01241 orf06442 orf00791 orf01455 - - orf02938 orf01124 orf03414 orf03388 orf02617 orf02617 orf00671
CbrC - orf01649 orf03031 orf01124 orf01242 orf06440 orf00792 orf01454 orf00876 orf00268 orf02937 orf01123 orf03413 orf03389 orf02616 orf02616 orf00670
b D - orf01650 orf03032 orf01123 orf01243; orf06439 orf00793 orf01453 - orf00269 orf02936 orf01122 orf03412 orf03390 orf02615 orf02615 0orf00669
cbr 0rf03303
Pyochelin receptor fptA . : : : : : : : : : : : : : : : .
pChA - ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) °
pCh B - ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) °
pCh D - ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) °
pchE - - orf03004 - - - - - - - orf02963 - - - orf02642  orf02642 -
Pyochelin
hE - orf01630 - orf01143 - orf04777; - orf01479 orf07143 0rf00322; 0rf05050 orf01142 - - orf05064 orf05064 0rf00687
pc 0rf06394 0rf05519
pCh H - ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) °
pCh| ° ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) °
pCh R : ° ° ° ° ° ° ° ° ° ° ° ° ° ° ° -
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Virulence factors* Related genes A002 A012 A019 ABDO007 BDAP12 BV14- BV14- K005- K005- K005- K005- PLO02 PmO005 PmO006 R11- R11- R13-1
9 1 2 2-2e 3-1c 3-2a 3-2d 1B 1C
0rf00010; 0rf00620; 0rf01285; 0rf00077; 0rf00379; orf07363; orf07474 orf03066; 0orf00026; orf05281; 0rf02796; 0rf00502; orf00543; 0orf00092; 0orf01639; 0orf01639; 0rf01458;
0rf00640; 0rf00900; 0rf03123; 0rf00223; 0rf00560; orf07437 0orf03100; orf01528; orf05543 0rf03233; 0orf00647; orf00544; orf00122; 0rf02904; 0rf02904; 0rf02873;
: 0rf02523; 0rf00901; 0rf03493; 0rf02209; 0orf00561; orf03101; orf06598; 0rf03235; 0rf02208; orf00574; orf00123; 0rf02906; 0rf02906; 0rf02931;
Pyoverdine receptors fpvA orf03183;  0rf02208;  0rf04871;  0rf02689; 0rf00856; 0rf04413;  0rf07131 0rf03502;  0rf02758;  orf03241;  orf02975;  orf03178;  orf03178;  0rf03324;
orf03766; orf03587 orf04872 0rf03482; orf02921 orf05087; orf03722 0rf03642; orf03553; orf03553; orf03756 orf03756 orf03361;
orf04524 orf03483 orf05464 orf03643 orf04742 orf04637 orf03362
d A 0rf01228; orf03808 orf02304 orf02402 orf01388 orf06203 orf00872 orf01307 - orf00554 orf02467 orf02400 orf02940 orf03276 orf01919 orf01919 orf04241
pv 0rf04529
- orf00903 orf01513 orf03485 orf00558 0rf00275; orf00743; orf03098 orf00841; orf00216; - orf03645 orf00546 orf00120 - - orf03359
0orf02719; orf00744; orf00850; 0orf00346;
0rf06365; 0orf00752; orf06600; orf00375;
orf06374; orf07464; orf06606; orf00376;
0rf06396; 0orf07466; orf06607; orf00381;
orf06408; orf07467; orf06609; orf05290;
pvd D orf06470; orf07468 orf06610; orf05291;
orf07370; orf07146 orf05292;
orf07371; orf05521
orf07372;
orf07373;
orf07374;
orf07375
Pyoverdine
d E orf04530 orf00899 orf04873 orf03481 orf00562 orf07358 orf07479; orf03103 orf06596 - orf03236 orf03641 orf00542 orf00124 orf02907 orf02907 orf03364
pv 0rf07480
de F orf04519 - - - - - - - - - - - - - - - -
deG - 0rf00919 orf01498 orf00004 orf00543 orf07401 orf07437 orf03081 orf06639 orf05318 orf03872 0rf00720 0orf00563 0rf00103 orf03906 orf03906 orf03342
orf04525 orf00917; orf01500; 0rf00002; 0rf00545; orf07393 orf07444 orf01464; 0rf00862; orf00253; 0rf02353; orf00722; orf00561; orf00105; orf02078; orf02078; orf00679;
pvd H orf01640; orf03022 orf01134; orf01233 orf03083 orf06632 orf05310 0rf02946; orf01133; orf03422 orf03380 0rf02626; 0rf02626; orf03344
orf03912 orf02312 orf03874 orf02310 0rf03908 0rf03908
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Virulence factors* Related genes A002 A012 A019 ABDO007 BDAP12 BV14- BV14- K005- K005- K005- K005- PLO02 PmO005 PmO006 R11- R11- R13-1
9 1 2 2-2e 3-1c 3-2a 3-2d 1B 1C
orf05175 0rf03081; 0rf01298; 0rf00210; 0rf00390; orf02714; 0rf00748; orf00177; orf00839; orf00212; 0rf03643; 0rf00420; 0orf02360; orf01889; orf03676; orf03676; 0rf01453;
0rf03508; 0rf04204; 0rf00305; 0rf04345; 0rf02720; orf07201; orf04408; orf00845; orf00213; orf03734; 0orf00515; orf03558; orf03558; 0orf03768; 0orf03768; 0rf04930
0rf03600; 0orf04636 0rf04136; 0rf04709 orf06371; 0rf07203; orf05519 orf00848; 0orf00220; 0rf04390; 0orf04179; orf05224 orf05224 orf04132; orf04132;
orf05124 orf05195 0orf06372; orf07218; orf00851; orf00221; orf04881 orf05277 orf04531; orf04754;
0rf06378; orf07469 0orf03620; orf00225; orf05062 0orf05062
0rf06382; orf05051; 0orf00226;
0rf06389; orf06601; orf00227;
0rf06392; orf06603; orf00324;
0rf06393; orf06604; orf00329;
orf06405; orf06605; orf00331;
orf06409; orf06619; orf00335;
orf06413; orf07147 orf00336;
orf06414; orf00349;
orf07368; orf00351;
orf07369; orf00353;
orf07377 orf00355;
orf00360;
orf00361;
orf00362;
pvd | 0rf00366;
orf00367;
orf00369;
0orf00370;
orf00373;
0orf00380;
0rf01910;
0orf01912;
orf01913;
orf01915;
orf01917;
0rf01920;
orf05288;
orf05293;
orf05297;
orf05513;
orf05672;
orf05673
- 0rf00902 orf01514 orf03484 0rf00559 0rf04776; orf07462 orf03099 0orf06608; 0orf00383; - orf03644 orf00545 orf00121 - - 0rf03360
pvdJ 0rf06369; orf06617  0rf01918;
orf06464 orf05296
- orf00918 orf01499 orf00003 orf00544 0rf06388; orf07442 orf03082 0rf00849; orf05314; orf03873 orf00721 orf00562 orf00104 orf03907 orf03907 orf03343
orf07394; orf06612; orf05315;
pvd L 0rf07397; orf06633;  0rf05316;
orf07398 0orf06634; orf05518
orf06636
dM - orf00896 orf04876 orf03478 orf00565 orf07355 orf07484 orf03106 orf06591 orf05271; orf03239 0rf03638 orf00539 orf00127 orf02910 orf02910 orf03367
pvi orf05272
de N - orf00897 orf04875 orf03479 orf00564 orf07356 orf07483 orf03105 orf06592 orf05273 orf03238 orf03639 orf00540 orf00126 orf02909 orf02909 0rf03366
pv dO - orf00898 orf04874 0rf03480 orf00563 orf07357 - orf03104 orf06593 orf05275 orf03237 0rf03640 orf00541 orf00125 orf02908 orf02908 0rf03365
de P - orf00895 orf04877 orf03477 orf00566 orf07353 0r¥07485; orf03108 orf07403 orf05268 orf03240 orf03637 orf00538 orf00128 orf02911 orf02911 orf03368
orf07486
pv dQ - 0rf00886 orf04886 orf03473 orf00574 orf07345 orf07501 orf03113 orf07411 orf05255 orf03248 0rf03633 0orf00533 0rf00133 orf02918 orf02918 0rf03373
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Virulence factors* Related genes A002 A012 A019 ABDO07 BDAP12 BV14- BV14-  KO005- KO005- KO005- KO005- PLO02 PmO005 Pm006 R11- R11- R13-1
9 1 2 2-2e 3-1c 3-2a 3-2d 1B 1c

de S orf04531 0rf00920 orf01497 0rf00005 0rf00542 orf07402 - orf03080 orf06640 orf05319 orf03871 orf00719 orf00564 orf00102 0orf03905 0orf03905 orf03341

pvdY

Undetermined

Undetermined

Undetermined

Undetermined

H - orf01615 orf02991 orf01158 - - - - - orf00186 orf02976 orf01157
Undetermined

Undetermined

Undetermined

Phytotoxin

phaseolotoxin Undetermined

Undetermined - orf01607 0rf02983 orf01166 - - - - - orf00175 orf02984 orf01165

Undetermined

H - orf01605 orf02981 orf01168 - - - - - orf00173 orf02986 orf01167
Undetermined

Undetermined - orf01604 0rf02980 orf01169 - - - - - - 0rf02987 orf01168

Undetermined

Undetermined

Undetermined
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Virulence factors* Related genes A002 A012 A019 ABDO007 BDAP12 BV14- BV14-  KO005- K005- K005- K005- PLO02 PmO005 PmO006 R11- R11- R13-1
9 1 2 2-2e 3-1c 3-2a 3-2d 1B 1C
Undetermined - . . . . . . . . . . . . . . . .
Undetermined ° ° - - - - B - - ° ° B - - - -
argD - 0rf01603  0rf02979  0rf01170 - - - - - - orf02988  0rf01169 - - - - -
CySCl orf04332 - - - - orf01355 - - - - - - - - - - -
- 0rf01608  0rf02984  0rf01165 - - - - - orf00176  0rf02983  orfo1164 - - - - -
dcd2 0 0! fi f rf rf
syrB1 - orf04989 - orf04867 - orf06401 - - - 0rf00340 002899 0rf04984 - - orf02578  orf02578 -
syrBZ - orf04988 - orf04868 - orf06402 - - - orf00339 0rf02900 0rf04983 - - orf02579 orf02579 -
syrC - orf04987 - 0rf04869 - orf06403 - - - 0rf00338  0rf02901  o0rf04982 - - orf02580  orf02580 -
Phytotoxm_ syrD - orf04991 - 0rf04865 - orf06398 - - - 0rf00343  0rf02896  orf04986 - - orf02575  0rf02575 -
syringomycin
syrE - - - 0rf01106 - - - - - - orf02902  0rf01105 - - orf02581  orf02581 -
syrF - orf01667 - orf01107 - orf06416 - - - orf00321  0rf02903  0rf01106 - - orf02582  orf02582 -
syrP - orf04990 - 0rf04866 - orf06400 - - - orf00342 002897 0rf04985 - - orf02576  orf02576 -
A - orf01631; orf03005 orf01142; orf01219 - - orf01478 - - 0rf02895; orf01141; orf03436 orf03366 orf02574; orf02574; 0rf00686
Syp orf04992 orf04864 orf02962 orf04987 orf02641 orf02641
. - - - 0rf04863 - 0orf06379; - - - - - orf04988 - - - - -
Phytotoxin B or;ggggg;
. . S or ;
syringopeptin yp orf06387;
orf06391
Spr : ° ° ° ° ° ° ° ° ° ° ° ° ° ° ° -
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Virulence factors* Related genes A002 A012 A019 ABDO007 BDAP12 BV14- BV14- K005- K005- K005- K005- PLO02 PmO005 PmO006 R11- R11- R13-1
9 1 2 2-2e 3-1c 3-2a 3-2d 1B 1C
orf03171 0rf00001; 0rf00496; 0rf01318; 0rf01075; 0rf01160; 0rf01648; 0rf00350; 0rf01317; orf02149 0orf02100 orf02801 orf02801 orf03584
0rf00005; 0orf00784; 0rf01601; 0rf01878; orf01161; 0rf01649; 0rf03130 orf01541;
. . 0rf00006; 0rf02007; 0rf01954; 0rf01879; 0rf01163; 0rf06255; 0rf01953;
TccC-type insecticidal Undet ined orf01458:  0rf02605;  orf03057; orf01883; 0rf01802;  0rf06256 0rf03055;
toxins naetermine 0rf01884;  0rf02606;  0rf03061; 0rf01884; 0rf06700 0rf03059;
0rf02780 0rf02610; 0rf03062 0rf01885; 0rf03060
orf02611 0rf03227;
orf03534

*Only the virulence factors that appear in the discussion sections are shown. ‘- indicates that virulence factor was not detected.
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Figures

Figure 1. Whole-genome phylogeny based on single nucleotide polymorphism (SNP) alignments demonstrating evolutionary relatedness
between genomes of Pseudomonas strains associated with bacterial canker of stone fruit trees in the Western Cape, South Africa and
references in the P. syringae species complex. Bootstrap values after 100 replicates are shown as percentages. Pseudomonas
fuscovaginae IRRI6609 was treated as the outgroup. The scale bar represents the number of substitutions per site

Figure 2. A heatmap representing the degree of similarity among strains in the Pseudomonas syringae species complex based on the
average nucleotide identities of protein coding genes (CDS).

Figure 3. A pie chart showing the distribution of the genetic clusters into core, softcore, shell, and cloud that are represented in the
Pseudomonas syringae species complex pangenome.

Figure 4. A summary of type three secretion system helper proteins based on the BLASTp algorithm identified for Pseudomonas strains
associated with bacterial canker of stone fruits in the Western Cape, South Africa.

Figure 5. A summary of type three secretion system helper genes based on the tBLASTn algorithm identified for Pseudomonas strains
associated with bacterial canker of stone fruits in the Western Cape, South Africa.

Figure 6. A summary of Hrp outer proteins (Hops) based on the BLASTp algorithm identified for Pseudomonas strains associated with
bacterial canker of stone fruits in the Western Cape, South Africa.

Figure 7. A summary of hop genes based on the tBLASTn algorithm identified for Pseudomonas strains associated with bacterial canker
of stone fruits in the Western Cape, South Africa.
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Figure 1. Whole-genome phylogeny based on single
nucleotide polymorphism (SNP) alignments demonstrating
evolutionary relatedness between genomes of Pseudomonas
strains associated with bacterial canker of stone fruit trees in
the Western Cape, South Africa and references in the P.
syringae species complex. Bootstrap values after 100
replicates are shown as percentages. Pseudomonas
fuscovaginae IRRI6609 was treated as the outgroup. The scale
bar represents the number of substitutions per site.
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Figure 2. A heatmap representing the degree of similarity among strains in the Pseudomonas syringae species complex
based on the average nucleotide identities of protein coding genes (CDS).
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Figure 3. A pie chart showing the distribution of the genetic clusters into core, soft core, shell, and cloud that are represented in the

Pseudomonas syringae species complex pangenome
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Figure 4. A summary of type three secretion system helper proteins based on
the BLASTp algorithm identified for Pseudomonas strains associated with
bacterial canker of stone fruits in the Western Cape, South Africa.
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Figure 5. A summary of type three secretion system helper genes based on
the tBLASTn algorithm identified for Pseudomonas strains associated with
bacterial canker of stone fruits in the Western Cape, South Africa.
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Figure 6. A summary of Hrp outer proteins (Hops) based on the BLASTp algorithm identified for Pseudomonas strains associated with

bacterial canker of stone fruits in the Western Cape, South Africa.
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Figure 7. A summary of hop genes based on the tBLASTn algorithm identified for Pseudomonas strains associated with bacterial canker of

stone fruits in the Western Cape, South Africa.
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Chapter 5: Investigating the potential role of ring nematodes

(Mesocriconema xenoplax) in predisposing plum trees to bacterial

canker infection

Abstract

Plant parasitic nematodes are known to be associated with bacterial canker infection. We
hypothesised that this association was responsible for the unexplained sudden decline of
plum trees in the major plum production areas of the Western Cape Province of South
Africa, in 2015. The objective of the current study was to determine if there was a link
between bacterial canker outbreaks and the presence of high ring nematode densities in
plum orchards. Disease surveys were conducted, seasonally, for a period of two years,
i.e. March and October, 2017 and 2018, and soil samples were collected to quantify the
ring nematode densities present in these plum orchards. The internal transcribed spacer
(ITS) region was sequenced for representative ring nematodes, and a phylogenetic tree
was constructed using a maximum likelihood analysis. We found that there was a weak
association between the presence of high ring nematode densities and bacterial canker
infection, as no significant difference was found between an asymptomatic plum tree and
an infected one, and an increase in ring nematode densities resulted in only 1% increase
in the likelihood of bacterial canker infection. Additionally, the majority of the ring
nematode specimens were identified as Mesocriconema xenoplax based on the ITS
phylogeny. These results support previous reports of M. xenoplax as the common ring

nematode species present in plum orchards in the Western Cape. Altogether, our data
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shows no link between ring nematode infestation and the predisposition of plum trees to

bacterial canker infection.

1. Introduction

Plant-parasitic nematodes are not only major limiting factors in the horticultural economy
but also cause complex diseases through interacting with other plant pathogens (Askary
et al. 2012). Disease complexes can be broadly defined as interactions between plant-
parasitic nematodes with other microorganisms such as fungi, viruses and bacteria
(Bertrand et al. 2000; Pinkerton et al. 2008; Siddiqui et al. 2014). The plant parasitic
nematodes, likely act as primary pathogens by altering the physiology of the plant host
thus making it possible for colonization by the secondary pathogens, e.g. bacteria, fungi
and viruses that would otherwise be unable to invade the plant host under normal
conditions; these pathogens together with plant parasitic nematodes elicit a different, and
oftentimes, severe disease infection on the plant host (Back et al. 2002; Brown et al.
1995; Siddiqui et al. 2012). Disease complexes are of concern to fruit growers as they

cause significant yield losses due to an increased rate of tree mortality.

Other factors are known to influence the interaction between plant-parasitic
nematodes with other plant pathogens; these include environmental factors and the
availability of nutrients. For example, co-inoculation of Meloidogyne incognita with either
Ralstonia solanacearum or Pectobacterium carotovorum in potato resulted in a reduction
in nematode densities caused by lack of nutrients due to the damage of their feeding site
(Siddiqui et al. 2014). In addition, an increase in soil temperature was discovered to

reduce the development of the black root rot, a disease complex of cotton (Gossypium
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hirsutum) consisting of Thielaviopsis basicola and M. incognita, due to stringent growth

temperature of the fungus (Walker et al. 2000).

Ring nematodes are economically important plant-parasitic nematodes with a
global distribution. These nematodes are genetically diverse organisms characterised by
a pronounced feeding stylet and numerous body annules (Hussey et al. 1992; Raski
1952). Ring nematodes are migratory nematodes with an ectoparasitic lifestyle (Hussey
et al. 1992). The life cycle of these nematodes follows a typical life cycle of plant-parasitic
nematodes, with four juvenile stages before maturity (See Figure 1 of current study,
Askary et al. 2012). The symptoms caused by ring nematode parasitism include chlorosis,
wilting, patchy or stunted growth, leaf rolling, root necrosis and stubby roots as a result of
the reduction of the feeder roots (Hussey et al. 1992). In addition, water stress is a major

limiting factor in plants parasitised by ring nematodes (Askary et al. 2012).

The most significant species of ring nematodes is Mesocriconema xenoplax, which
was first described in a vineyard in California (Raski 1952). Coincidentally, this species is
known for its role in predisposing peach trees to damage by cold injury and bacterial
canker infection caused by Pseudomonas syringae, resulting in a disease complex
referred to as peach tree short life (Ritchie and Clayton 1981).Since Heyns (1970)
reported M. xenoplax in South Africa, this ring nematode has since been shown to be
most prevalent in orchards, vineyards, forests and plantations in three regions, namely,
Limpopo, Northern Cape and Western Cape provinces (Marais and Swart 1998, 2001,

2002).
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Ring nematodes may also play a role in the disease, sudden death of plum (Prunus
domestica) trees in the Western Cape which was first reported in late December 2015
(Kriel 2016). The cause of the tree deaths was unknown, mainly because trees that were
dead or dying were of different ages and cultivars, and the distribution of symptomatic
trees within an orchard was not uniform. The consensus was that a combination of factors
were potentially responsible for the tree deaths, i.e. drought, ring nematodes, bacterial
canker, etc. In addition, anecdotal evidence suggests that ring nematodes were linked to
an outbreak of bacterial canker in plum orchards in Franschhoek (Western Cape) in the

previous season (Sheila Storey, Nemlab cc, personal communication).

A presence of high densities of plant parasitic nematodes in the soil causes a
deleterious effect on plant growth, which results in poor quality crops and increased yield
losses (Askary et al. 2012). The impact of nematode infestation on plant growth, i.e. a
presence of high nematode population in the soil, typically differs in range based on the
genera and species of nematodes, but also is dependent on the root system of the host
(Simon et al. 2018). It has been previously shown that a range between 4000 and 5000
Mesocriconema xenoplax per 250 cc (~250 ml) of soil suppresses the growth of peach
and walnut trees resulting in subsequent yield reduction (Askary et al. 2012). Interestingly,
Pinkerton et al. (2005) noticed that in the presence of 125 M. xenoplax per 250 cc of saill,
there was a 10-25% reduction in vine yield. However, anecdotal evidence has shown that,
in South Africa, up to 2000 ring nematodes can be present per 250 cc of soil with no

differences observed on crop yield (Sheila Storey, Nemlab, personal communication).

Therefore, the objective of this study was to determine if there was only an

association between bacterial canker outbreaks and the presence of high ring nematode
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densities in soils of plum orchards in major plum producing areas in the Western Cape
province. We hypothesized that there could potentially be an association between high
ring nematode densities and bacterial canker outbreaks. Disease surveys were
conducted, seasonally, for a period of two years, and soil samples were collected to
guantify the ring nematode densities present in these plum orchards. There was only a
weak association between the presence of high ring nematode densities and bacterial
canker infection, as no significant difference was found between asymptomatic plum trees
and symptomatic plum trees, and an increase in ring nematode densities results in only

1% increase in the likelihood of bacterial canker infection.

2. Materials and Methods

2.1 Disease surveys and soil collection

Disease surveys were conducted in 12 major plum producing farms spanning five districts
in the Western Cape, namely, Klapmuts, Simondium, Franschhoek, Wellington and
Robertson, South Africa. The disease surveys were carried out in autumn and spring of
both 2017 and 2018, and soil samples were also collected. Assessments of plum trees
for both bacterial canker symptoms and above-ground symptoms of ring nematode
infestation were done before soil collection. Other characteristic symptoms were noted

when present, such as oozing or gummosis from the cankers as well as tree dieback.

Average rainfall data between January 2014 and December 2018 was obtained
from three meteorological stations, where the disease surveys were conducted, in the
Western Cape. Rainfall data was not available for Klapmuts and Simondium, thus the

rainfall data of the nearest meteorological station, i.e. in Paarl, was used. The data was
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provided by the South African Weather Services (SAWS). This information was used to

extrapolate meteorological drought conditions experienced in the Western Cape.

Soil samples were collected from eight to ten randomly selected dying and
asymptomatic plum trees in each orchard at a depth of 30 cm. The soil samples
comprising of 250 g to 500 g of rhizospheric soil, including the feeder roots, were collected
15 cm away from the tree trunk using a hand trowel. The soil samples were placed inside
plastic bags and labelled with relevant information, namely, the farm name, cultivar,
rootstock and date of planting. The soil samples were taken to a diagnostic laboratory,
Nemlab cc (Klapmuts, South Africa). The eight to ten soil samples collected from the
different trees were pooled into one sample per orchard before the nematode extraction

by Nemlab.

2.2 Nematode extraction

Cobb’s method and the centrifugal flotation technique previously described were used to
extract the nematodes from the soil (Jenkins 1964; Cobb 1918 cited by van Bezooijen
2006). Briefly, the soil particles were separated based on their size in a series of wash
steps. The aqueous solution, which includes nematodes and fine soil particles, was
centrifuged at 1800 x g. The particles with a specific gravity greater than 1 g cm=,
including nematodes, precipitated. The pellet was resuspended in an extraction fluid
comprising of a sugar solution. After centrifugation at 1800 x g, the nematodes remained
in solution, while the soil debris precipitated. The nematode solution was filtered through

a 38 um aperture sieve. The nematodes that were not filtered through were washed into
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a beaker with distilled water to minimise and prevent the osmotic strain of the nematodes

(Marias et al. 2017).

2.3 Nematode enumeration

The extracted nematode suspensions inside 100 ml beakers were left to stand overnight,
for the nematodes to settle at the bottom of the beakers. The suspension was reduced to
20 ml per sample. Each sample was aerated, and a 1 ml subsample of the nematode
suspension was drawn in duplicate from the beaker using a plastic Pasteur pipette and
placed on to Peter’s counting slide. Individual ring nematodes were enumerated under
the UB200i light microscope (PROISER, Spain) per slide. The averages of the two slides
per sample were multiplied by 20 to estimate the number of ring nematodes per 250 ml

of soil.

2.4 Molecular identification using internal transcribed spacer (ITS) region

The internal transcribed spacer (ITS) region was amplified from individual ring nematode
adults as previously described using the wuniversal primer pair, rDNA2 (5
TTGATTACGTCCCTGCCCTTT 3') (Vrain et al. 1992) and rDNA1.58S (3
GCCACCTAGTGAGCCGAGCA 5’) (Cherry et al. 1997). Individual ring nematodes were
picked from each sample, placed on the inside of 0.2 ml sterile tubes in 5 pl drop of 1X
reaction buffer (10 mM (NH4)SO4, 75 mM Tris-HCI| pH 8.8, 0.1% (v/v) Tween-20)
comprising 60 pg/ml Proteinase K (New England Biolabs, USA) and cut once using a
sterile needle. In each 25 pl reaction, the final concentrations were 0.2 mM of each
nucleotide (dATP, dCTP, dGTP, dTTP) (Thermo Fisher Scientific, USA), 0.2 uM of each

primer, 1.0 U DNA Taq polymerase and 2.0 mM MgClz (Separations, SA). The following
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cycle conditions were used: denaturation at 94°C for 2 min, then 40 cycles of denaturation
at 94°C for 45 sec, annealing at 55°C for 45 sec and elongation at 72°C for 60 sec. A final

elongation step at 72°C for 5 min was added.

The amplicons were visualised on a 1% agarose gel and purified using the
exonuclease and alkaline-phosphatase (Thermo Scientific, USA) reaction mix. Direct
sequencing of the purified products was done using the terminator cycle sequencing
ready reaction kit BigDye® Terminator v3.1 (Thermo Fisher Scientific, USA). Sequencing
of both orientations was performed on the ABI3500xI model genetic analyser (Applied

Biosystems, USA) at the sequencing facility at the University of Pretoria (South Africa).

The raw data of the ITS sequences were manually verified and edited using
Chromas v2.5.0 (Technelysium Pty Ltd) to correct for base mismatches. Consensus
sequences were obtained using MEGA v7.0 (Kumar et al. 2016). The ITS sequences
were compared with homologous ITS sequences of references deposited in the GenBank
database using the Basic Local Alignment Search Tool (BLAST) (National Centre for

Biotechnology Information (NCBI), USA), to identify the ring nematode individuals.

2.5 Phylogenetic analyses

Reference sequences of the ITS region for the closely related species in Criconematidae
were retrieved from GenBank (NCBI, USA). A multiple sequence alignment, including the
ITS sequences from this study and reference sequences, was performed using ClustalX
in MAFFT v7.0 (Katoh and Standley 2013). The overhangs of the aligned ITS sequences
were trimmed to 881 nucleotides (nt) in length using BioEdit v7.0.9.0 (Hall 1999). A

maximum likelihood phylogenetic tree was generated using MEGA v7.0 (Kumar et al.
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2016) applying the general time reversal (GTR) model with a proportion of invariable (I)
sites and rate variation among sites (G). Bootstrap analysis of a 1000 replicates was

performed to assess the confidence in branching points.

2.6 Statistical analysis

The survey observations comprising tree assessments and the ring nematode counts
were analysed using logistic regression analysis and general linear model, respectively.
The factors included in modelling the occurrence of bacterial canker were, namely, the
time of the season, drought stress, ring nematode infestation, choice of rootstock and the
location of the farm. Where applicable, 95% Wald confidence limits were reported. The
factors included in the analysis assessing the differences in ring nematode numbers
documented per sampled farm were the same as those for bacterial canker. However,
instead of ring nematode infestation, the occurrence of bacterial canker infection was
included in the analysis. Diffograms, displaying all the pairwise least square means
comparisons and indicating the significant differences, were included to give an overall
picture of all these comparisons. The level of significance for this study is a = 0.05. The

statistical analyses were performed using the SAS v9.4 statistical package.

3. Results

3.1 Bacterial canker disease survey

The observations resulting from the survey were used to model the probability of bacterial
canker infection, whereby the occurrence of a symptomatic plum tree was as a result of
the time of the season, drought stress, location of the farm, choice of rootstock and high

ring nematode densities. The evidence to support the factors above as being associated
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with disease infection was assessed (Table 1). The Wald test was significant (d.f. = 12,
wald = 103.44, p <0.0001, Somers’ D = 0.57), which indicates that there was evidence to
support that the combined factors were associated with disease infection, i.e. the model

best fits the data.

The effect of each factor on the likelihood of a plum tree to have bacterial canker
was determined. All the factors analysed (time of the season, drought stress, location of
the farm, choice of rootstock and high ring nematode densities) significantly influenced
the likelihood of bacterial canker infection at varying levels of significance (Table 2). The
majority of factors were significant predictors of bacterial canker at the 1% level of
significance, i.e. month(year) (Wald, 12) = 10.54, p =0.0051), location of farm (Walda, 12)
= 92.85, p <0.0001), choice of rootstock (Waldw4, 120 = 21.58, p =0.0002) and ring
nematode infestation (Wald, 12) = 11.15, p =0.0008). However, drought stress was a

significant predictor of bacterial canker at the 5% level (Wald(, 12) = 5.58, p =0.0181).

The odds ratio estimates of each factor were determined, and these estimates
indicate the likelihood that a unit change in any factor measured will affect the probability
of a plum tree to have bacterial canker. For example, a plum tree was twice as likely to
have bacterial canker if it experienced drought stress, compared to a plum tree that did
not experience drought stress, if all other factors were kept constant (odds ratio = 2.37,
Cl = 1.16, 4.84). Similarly, regarding ring nematode densities, a unit increase in ring
nematode population was likely to increase the probability of a plum tree to have bacterial

canker, but only by 1% (odds ratio = 1.00, CI = 1.000, 1.001).
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In determining the odds ratio estimates for location and rootstock, specific
reference categories were chosen to compare other locations and rootstocks to, namely
Robertson and Marianna, respectively. Robertson was chosen as a reference location
because fewer symptoms of bacterial canker were observed in this location compared to
the other four locations, thus serving as a control. Marianna, a plum rootstock, was
selected as a reference because it was the predominantly used rootstock in the surveyed
farms. Regarding location, a plum tree in an orchard in Franschhoek was twice as likely
to have bacterial canker, compared to a plum tree in an orchard in Robertson (odds ratio
= 1.90, Cl = 0.64, 5.62) (Table 3). Plum trees occurring in orchards in Klapmuts (odds
ratio = 2.32, Cl = 0.75, 7.15), Simondium (odds ratio = 23.65, Cl = 10.48, 53.36) and
Wellington (odds ratio = 10.43, Cl = 4.25, 25.57) were 2, 24 and 10 times more likely to

have bacterial canker than a plum tree in Robertson, respectively.

A plum tree grafted on to Guardian®, a peach rootstock, was less likely to have
bacterial canker, compared to a plum tree grafted on to Marianna, a plum rootstock, (odds
ratio = 0.29, Cl = 0.10, 0.80) (Table 3). Similarly, a plum tree grafted on to Maridon, also
a plum rootstock, was less likely to have bacterial canker compared to a plum tree grafted
on to Marianna (odds ratio = 0.40, Cl = 0.22, 0.73). In contrast, plum trees grafted on to
Kakamas (odds ratio = 3.38, Cl = 1.18, 9.65) and SAPO778 (odds ratio = 4.0, Cl = 1.43,
11.23), peach rootstocks, were three and four times more likely to have bacterial canker
compared to a plum tree grafted on to Marianna, respectively, regardless of the location

(Table 3).
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3.2 Mesocriconema xenoplax enumeration

The least square means of possible factors that are likely to affect ring nematode densities
were examined. The null hypothesis was that the mean values for ring nematode counts
are equal across the factors surveyed (time of the season, drought stress, location of the
farm, choice of rootstock and bacterial canker infection — to evaluate the inverse
association between the two variables, i.e. would there be a difference in the ring
nematode densities between a healthy (asymptomatic) and an asymptomatic plum tree),
and if the null hypothesis was rejected it would be concluded that at least two mean values
for ring nematode counts differed across one or more of the investigated factors. The
selected model was found to fit the data better than the sample mean of the ring nematode
densities across all the measured factors (R? =0.5124, Fs,507) = 21.31, p <0.0001). Thus,
the null hypothesis was rejected for the alternate indicating that mean values of ring
nematode counts differed across at least one factor (i.e. time of the season, drought
stress, location of the farm, choice of rootstock and bacterial canker infection)

investigated.

The effect of each factor in explaining the differences in the ring nematode
densities were determined by evaluating the type Il sum of squares for all factors. The
majority of the factors were significant in explaining the differences in ring nematode
densities, namely, month (year) (F, so7) = 26.73, p <0.0001), location (F, so7) = 41.27, p
<0.0001), rootstock (F, s07) = 6.20, p =0.0004), cultivar (Fa2, s07) = 6.68, p<0.0001) and
bacterial canker infection (F@, so7) = 17.25, p <0.0001). Drought stress was the only factor
that was not significant in explaining the differences in the ring nematode densities (Fq,

s07) = 0.34, p = 0.5589).
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3.3 Rainfall as an indicator of a meteorological drought in the Western Cape
province

The average annual rainfall recorded for Paarl ranged between approximately 470 — 874
mm, with 2014 having the highest (874 mm) and 2017 the lowest (469.8 mm) recorded
annual rainfall (Figure 2A). A similar trend was observed in Franschhoek (433 — 874 mm)
and Robertson (215 — 458 mm), i.e. the highest average annual rainfall recorded for both
Franschhoek and Robertson was in 2014 and the lowest in 2017 (Figures 2C & 2D).
However, Wellington had its lowest average annual rainfall in 2015 (405.2 mm), while the
highest was also recorded in 2014 (750.2 mm) (Figure 2B). The lower recorded annual
rainfall in 2017 corroborates with the observed decreasing population of ring nematodes
(Figure 3.1) and fewer symptoms of bacterial canker observed in 2017, as the conditions

were not favourable for bacterial disease establishment.

3.4 Pairwise comparisons of least square means of ring nematode densities
between seasons

However, since the data was unbalanced, i.e. the data points in the matrix were not equal
for all the considered explanatory variables (i.e. time of the season, drought stress,
location of the farm, choice of rootstock and bacterial canker infection); the pairwise
comparisons of the least square means and standard errors are reported where the
differences in ring nematodes values occurred. The least square means of ring nematode
densities were significantly different between seasons in the same year, i.e. comparison
between 2017 (var, ocy (440.25 + 32.28, 230 + 31.37, p <0.0001) and 2018 mar, ocy (165 +
29.35, 454.86 + 29.35, p <0.0001). Likewise, the least square means of the ring nematode
densities significantly differed within the same season across both years, i.e. Marcho17,

2018) (440.25 £ 32.28, 165 + 29.35, p <0.0001) and October (2017, 2018) (230 + 31.37, 454.86
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+ 29.35, p <0.0001) (Figure 3.1). Additionally, there were no significant differences
observed in the least square means of the ring nematode densities between March 2017

and October 2018, as well as between March 2018 and October 2017 (Figure 3.1).

3.5 Pairwise comparisons of the least square means of ring nematode densities for
drought and location

Although analysis of the type Il sums of squares result for drought stress was not
significant for nematode densities, the pairwise comparisons of the least square means
of the ring nematode densities differed significantly between drought stress statuses; with
drought stress (194.38 = 35.76, p <0.0001) and with no drought stress (348.11 + 16.87,
p <0.0001) (Figure 3.2). This difference between the type Il sums of squares and the
least square means could be attributed to the fact that the data was unbalanced. With
respect to location, the only significant difference observed in the pairwise comparisons
of least square means of ring nematode densities was between Robertson (936.06 +
36.32, p <0.0001) and the other four locations surveyed in the Western Cape (Figure 3.3).
Fewer symptoms of bacterial canker were observed on plum trees in the surveyed
orchards located in Robertson, but the ring nematode counts were the highest among the

counts from the other surveyed locations (Figure 3.3).

3.6 Pairwise comparisons of the least square means of ring nematode densities
between rootstocks

For the effect of rootstock cultivar on ring nematode densities, Figure 3.4 shows the
significant difference observed in the pairwise comparisons of the least square means of
ring nematode densities between Marianna (R5) and the other four rootstocks (548.14 +

23.43, p = 0.0002 compared to Guardian® (R1) and p <0.0001 for Kakamas (R2),
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Maridon (R3) and SAPO778 (R4)). The least square means of the ring nematode
densities did not differ significantly between the four rootstocks when compared to each
other, namely, Guardian® (161.50 = 78.75), Kakamas (155.87 £ 51.92), Maridon (156.48

+ 25.16) and SAPO778 (126.22 + 52.50).

These findings indicate that the root zone (i.e. surrounding soil) in which Marianna
is planted is more likely to be heavily infested by ring nematodes, if it is the rootstock of
choice, compared to the other four rootstocks. Interestingly, the root zone in which the
peach rootstock, SAPO 778, was planted was the least infested with ring nematodes, but
a plum tree grafted on to this rootstock was four times as likely to have bacterial canker
infection (Table 3). Altogether, these findings support the evidence that there is weak to

no association between high ring nematode densities and bacterial canker infection.

3.7 Pairwise comparisons of the least square means of ring nematode densities
between asymptomatic and infected plum trees

Although bacterial canker infection was shown to explain the differences in the ring
nematode densities in our model, no significant difference in the least square means of
the ring nematode densities was observed in the pairwise comparisons between
asymptomatic plum trees and ones that had bacterial canker (324.15 + 21.20, 315.82 +
21.97, p = 0.7850) (Figure 3.5). When fitting a model to our data, the assumption was that
there were equal data points (observations) between symptomatic plum trees and
asymptomatic plum trees that were surveyed, but this was not true. There were fewer
plum trees with bacterial canker infection (257) than those observed without the infection
(276). Altogether, these results suggest that presence of ring nematodes is potentially not

a contributing factor to bacterial canker infection.
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3.8 Molecular characterisation of the ring nematodes

The internal transcribed spacer (ITS) region of nematodes was sequenced for 28 isolated
nematodes. Based on the partial sequences (881 nt) of the internal transcribed spacer
(ITS) region, the nematodes sequenced were ring nematodes. The ring nematode
individuals from farms sampled, collectively, clustered in the Mesocriconema genus with
M. xenoplax (Figure 4). A single sequent variant, namely 5103, grouped with M. inaratum
with poor branch support. However, the overarching branch of Mesocriconema was highly

supported (99%).

4. Discussion

A survey conducted in this study determined the role of ring nematodes (M. xenoplax),
among other factors, in explaining the prevalence of bacterial canker outbreaks in plum
orchards in the Western Cape. In general, the analyses from the survey revealed that
there was no significant association between bacterial canker outbreaks and the
presence of ring nematodes. Although this study showed that an increase in ring
nematodes densities is likely to increase the probability of bacterial canker, this was only
by 1% (Table 3), suggesting a weak interaction between the ring nematodes and
Pseudomonas strains known to cause bacterial canker on plum trees. These findings
were contrary to the observations made in a previous study evaluating the combined
effect of ring nematodes and bacterial canker on plum trees grafted on to Marianna, which
found that plum trees whose root zone was highly infested with ring nematodes had
extended cankers (Mojtahedi et al. 1975). However, the limitation is that the
abovementioned study was done under controlled conditions using a single scion-

rootstock combination, whereas in the current study multiple scion-rootstock
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combinations were assessed, and the survey occurred in a field setting. In addition, there
was no significant difference between the least square means of the ring nematode

densities between an asymptomatic and an infected plum tree (Figure 3.5).

Several studies have shown that M. xenoplax predisposes peach (Prunus persea
L.) trees to bacterial canker infection, particularly in soils that are not fumigated prior to
replanting in old peach sites known to have high losses of peach trees due to peach tree
short life (PTSL) (Lownsbery et al. 1973; Nesmith and Dowler 1975; Zehr et al. 1976).
However, only a few studies investigated the effect of ring nematodes on plum trees as
agents that predispose these hosts to bacterial canker (Mojtahedi et al. 1975; Otta and
English 1970). In this study, we demonstrated that the impact of M. xenoplax is likely of

less importance on plum trees than that previously recognised on peach trees.

In this research, rootstock selection and location of the plum orchard were the most
significant factors predisposing plum trees to bacterial canker. In particular, plum
seedlings grafted on to the peach rootstocks, Kakamas and SAPO778, were more
susceptible to bacterial canker when compared to those grafted on to Marianna, a plum
rootstock, when excluding all other factors considered in this research. In the case of
peach tree short life disease, the peach rootstock, Nemaguard, is more susceptible to M.
xenoplax, resulting in higher incidence of PTSL on Redhaven grafted on to this rootstock
than when grafted on to Lovell, also a peach rootstock (Sharpe et al. 1989). Plum scions
with bacterial canker infection have more extensive cankers if they are grafted on to a
susceptible rootstock, i.e. Marianna, whose surrounding soil is heavily infested with high
densities of M. xenoplax (Mojtahedi et al. 1975). In the Western Cape, Marianna is a

commonly used rootstock by the stone fruit industry because of its increased vegetative
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vigour, even though plum trees grafted on to this plum rootstock are likely to be severely
infected with bacterial canker as a result of the root zone being heavily infested with M.

xenoplax.

However, the relationship between bacterial canker and M. xenoplax is not always
mutually exclusive as was seen in plum orchards in Robertson (Table 3, Figure 3.3).
Robertson is mostly characterized by sandy soils, which are known to facilitate a rapid
multiplication of ring nematodes (Stassen and Reinten 2008). Additionally, drought stress
was shown to significantly reduce the ring nematode densities in the other four regions,
while increasing the likelihood of bacterial canker infection on plum trees (Figure 3.3).
Altogether, and based on these findings, it can be assumed that the plum trees in
Robertson were not severely affected by the meteorological drought given that high ring
nematode densities were reported from this location, and high ring nematode densities
were probably not a major contributing factor to bacterial canker infection as there were

fewer to no symptoms observed on the surveyed plum trees.

While 2014 had the highest recorded annual rainfall in all areas surveyed, for the
majority of the regions, 2017 was the driest year (Figure 2). The decrease in rainfall was
not progressive as 2016 had increased annual rainfall, more than the recorded rainfall in
2017, in the surveyed areas. Although the initial stages of the meteorological drought in
the Western Cape were first observed in 2015, as most meteorological stations recorded
less rain in the province, the predominant drought conditions and effect were only
reported later in literature (Du Plessis and Schloms 2017). The majority of the Western
Cape is classified to have a Mediterranean climate, which is characterized by winter

rainfall. However, less than the average annual rainfall has been observed during the
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winter season in the Western Cape between 2015 and 2018 than has been recorded in

previous years for the region (Du Plessis and Schloms 2017).

The significant difference between seasons was expected because in the initial
survey, i.e. March 2017, the ring nematode densities were fairly high (440.25 + 32.28),
when ring nematode populations are expected to be high due to warm temperatures
during the season. The ring nematode populations were significantly reduced in the latter
part of the year, October 2017, where cold temperatures are still prevalent, particularly,
in the Western Cape, during this period. However, soil moisture is an important limiting
factor, and it may have affected the ring nematode population in the following year, when
the meteorological drought conditions were most severe in Western Cape region (Figure
2), with lower volumes of rainfall recorded in most parts of the region at the start of 2018,
and water restrictions from the municipality in place meant that plum growers could not
irrigate their crops frequently and for a longer period. However, higher rainfall volumes
were recorded in the region during winter and early spring of the same year (Figure 2),
which could have improved the water shortage in the surveyed regions. Thus, these
conditions provided a favourable ecological niche for ring nematode reproduction and

multiplication, hence an increase in the ring nematode densities in October 2018.

Environmental conditions are known to influence the outcome of most disease
outbreaks. Our findings revealed that bacterial canker was most prevalent in plum
orchards located in Simondium and Wellington, and less prevalent in Klapmuts and
Franschhoek, when compared to Robertson (Table 3). Interestingly, the types of soil
present in these areas are sandy loam- and clay with rocks soil, respectively. Clay soils

have poor drainage of water, and waterlogging stresses the tree due to an oxygen limiting
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environment in the rhizosphere resulting in root damage (Colmer and Voesenek 2009;
Kreuzwieser and Rennenberg 2014; Maekawa et al. 2011). In contrast, sandy loam soils
are slightly acidic, and plum trees planted in low pH soils are shown to be highly
susceptible to bacterial canker than those planted in neutral or alkaline soil (Cao et al.
2011, 2013; Scortichini 2010). In addition, the average rainfall recorded in Paarl and
Wellington was relatively high during early and late winter, for both 2017 and 2018 (Figure
2A and 2B), compared to the recorded rainfall in Robertson (Figure 2D) but not in
Franschhoek (Figure 2C), suggesting that rainfall potentially influenced the incidence of
bacterial canker in these areas. Altogether, these findings indicate that a combination of
these factors, i.e. type of soil, namely, clay- and sandy loam soil together with high rainfall,

predisposed plum trees to Pseudomonas syringae infection.

Based on screening tests of the ARC-Infruitec bred stone fruit rootstocks, Booi and
Malan (2012) found that the peach rootstock, Kakamas, is more tolerant to ring nematode.
However, the assessment of rootstock was done under controlled conditions, which is an
entirely different context from field conditions. Similarly, plum trees grafted on to the plum
rootstock, Marianna, were found to be associated with significantly higher ring nematode
populations in surrounding root zones (Figure 3.4) compared to, for example, the peach
rootstock, Kakamas, and other rootstocks that were surveyed in the study. However, plum
scions grafted on to Marianna were shown to be less likely to have bacterial canker
infection than those grafted on to peach rootstocks, Kakamas and SAPO778. This
observation suggests a possible inverse correlation of ring nematode densities to

bacterial canker infection, with regard to the preferred rootstock. Moreover, both the plum
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rootstock, Maridon, and the peach rootstock, Guardian®, were shown to be tolerant of

bacterial canker infection and ring nematode infestation.

Altogether, these findings may potentially indicate the significance of rootstock
selection against the soil type of the area in which the orchard is located as useful
management strategies to control the decline of plum trees as a result of heavy soill
infestation with M. xenoplax. Based on the findings of this study, it appears that orchards
that made use of Guardian® and Maridon, as rootstocks of choice, resulted in fewer
incidences of bacterial canker and lower ring nematode infestations. Thus, these findings
can form the foundation in which future studies are based that will evaluate rootstocks
suitable for the current climatic conditions, i.e. meteorological drought, in the Western

Cape

In most cases, the ITS region is sufficient in delineating to species level (Cordero
et al. 2012). However, in this study, we were only able to identify the ring nematode
individuals up to the genus level (Figure 4). Perhaps the use of a variable marker, such
as the mitochondrial cytochrome c oxidase subunit | (COI) gene, would provide improved
resolution as previously shown (Ferri et al. 2009). Criconemoides (=syn Mesocriconema)
ornata and C. xenoplax frequently occur in soils of peach tree death as a result of peach
tree short life disease complex (Nyczepir et al. 2009), thus the presence of a potential M.
inaratum specimen (Figure 4: 5103) in one plum orchard in the Robertson area suggests
that there could be other Mesocriconema species present in stone fruit orchards, albeit in

low quantities.
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The primary objective of this study was to evaluate the potential role played by
other biological and environmental factors in plum decline observed in the Western Cape
in 2015. Based on our observations, the meteorological drought was a significant
contributor to the eventual death of plum trees. In contrast, ring nematodes were shown
to be of little to no effect on their role in bacterial canker outbreaks. The latter was further
corroborated by observation of no significant differences in the ring nematode densities
between diseased and disease-free plum trees. Additionally, it can also be attributed to

the adverse effect drought had on the ring nematode population.

Despite several reports of the involvement of Mesocriconema spp. in peach tree
short life (PTSL), choice of rootstock was found, by these studies, to be the most
influential factor in the occurrence of PTSL (Mayer et al. 2015; Okie et al. 2009; Reighard
et al. 2019; Souza et al. 2019). Our findings suggest that continued use of peach
rootstocks and Marianna will likely increase the probability of bacterial canker in future;
however, the latter remains to be proven under controlled experiments. This increased
probability of bacterial canker is likely due to the rootstocks’ susceptibility to biological
stresses, which might be worsened by a persistent drought. Therefore, the alleviation of
the meteorological drought conditions, good agricultural practices and proper
management strategies, including the control of biological stresses, should improve the

health of plum trees, and increased yield could be expected.
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Tables

Table 1. A linear regression model with bacterial canker as the dependent variable, and
month (nested in year), location, drought and rootstock (cultivar nested within) as the
explanatory variables.

Table 2. The effect of the explanatory variables, month (nested in year), location, drought
and rootstock (cultivar nested within) on bacterial canker infection.

Table 3. The odds ratio estimates indicating the increase or decrease in the probability

that a unit change in the explanatory variables has on the likelihood of bacterial canker
infection.
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Table 1. A linear regression model with bacterial canker as the dependent variable, and
month (nested in year), location, drought and rootstock (cultivar nested within) as the

explanatory variables.

Test Chi-Square  DF Pr > ChiSq
Likelihood Ratio 143.9200 12 <.0001

Score 129.5433 12 <.0001

Wald 103.4361 12 <.0001

Table 2. The effect of the explanatory variables, month (nested in year), location, drought

and rootstock (cultivar nested within) on bacterial canker infection.

Wald
Effect DF Pr > ChiSg?
Chi-Square

Month(Year) 2 10.5435 0.0051***
Drought stress 1 5.5824 0.0181**
Location 4 92.8520 <.0001***
Rootstock 4 21.5766 0.0002***
Ring nematode 1 11.1479 0.0008***

a Significance level (p-values) = *0.1, **0.05, ***0.01
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Table 3. The odds ratio estimates indicating the increase or decrease in the probability
that a unit change in the explanatory variables has on the likelihood of bacterial canker
infection.

Effect Point Estimate Conﬁg?n\é\éall_?mits

Drought stress vs no drought stress 2.367 1.158 4.837
Franschhoek vs Robertson 1.899 0.642 5.618
Simondium vs Robertson 23.646 10.478 53.362
Klapmuts vs Robertson 2.319 0.752 7.148
Wellington vs Robertson 10.425 4.251 25.566
Guardian® vs Marianna 0.288 0.103 0.802
Kakamas vs Marianna 3.379 1.184 9.645
Maridon vs Marianna 0.400 0.220 0.726
SAPO 778 vs Marianna 4.000 1.425 11.231
Ring nematode 1.001 1.000 1.001
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Figures

Figure 1. The life cycle of Mesocriconema xenoplax. (a) Eight to 15 eggs are laid at a
time, (b) the first juvenile stage occurs inside the egg, (c) the second juvenile stage
(infectious stage) emerges out of the egg, and typically migrates to the root for feeding,
(d) the third- and (e) fourth juvenile stages occur before (f) a mature adult is produced.

Figure 2. Monthly rainfall (mm) of four South African Weather Service (SAWS)
meteorological stations in the Western Cape, namely, A) Paarl, B) Wellington, C)
Franschhoek and D) Robertson, spanning January 2014 to December 2018. The dashed
line shows the mean of monthly rainfall, and solid coloured bars show monthly rainfall of
years 2014 (light blue), 2015 (orange), 2016 (grey), 2017 (yellow) and 2018 (navy blue).

Figure 3.1 Pairwise comparisons of the least square means of the ring nematode counts
between seasons, i.e. month (year). A red line segment that intersects the dashed
diagonal reference line indicates the pairwise comparison of the means was not
significant. A blue line segment indicates the pairwise comparison of the mean was
significant — differences for a is 0.05 (Scheffe Adjustment). M = Month (M1 = March, M2
= October), Y = Year (Y1 = 2017, Y2 = 2018).

Figure 3.2 Pairwise comparisons of the least square means of the ring nematode counts
between drought and no drought stresses. A red line segment that intersects the dashed
diagonal reference line indicates the pairwise comparison of the means was not
significant. A blue line segment indicates the pairwise comparison of the mean was
significant — differences for a is 0.05 (Scheffe Adjustment). DR = drought (DRO = no
drought stress, DR1 = drought stress).

Figure 3.3 Pairwise comparisons of the least square means of the ring nematode counts
between areas where the plum farms were located. A red line segment that intersects the
dashed diagonal reference line indicates the pairwise comparison of the means was not
significant. A blue line segment indicates the pairwise comparison of the mean was
significant — differences for a is 0.05 (Scheffe Adjustment). A = Area (A1 = Franschhoek,
A2 = Simondium, A3 = Klapmuts, A4 =Wellington, A5 = Robertson).

Figure 3.4 Pairwise comparisons of the least square means of the ring nematode counts
between rootstock selection. A red line segment that intersects the dashed diagonal
reference line indicates the pairwise comparison of the means was not significant. A blue
line segment indicates the pairwise comparison of the mean was significant — differences
for ais 0.05 (Scheffe Adjustment). R = rootstock (R1 = Guardian®, R2 = Kakamas, R3 =
Maridon, R4 = SAPO778, R5 = Marianna).

Figure 3.5 Pairwise comparisons of the least square means of the ring nematode counts
between an infected and asymptomatic plum tree. A red line segment that intersects the
dashed diagonal reference line indicates the pairwise comparison of the means was not
significant. A blue line segment indicates the pairwise comparison of the mean was
significant — differences for a is 0.05 (Scheffe Adjustment). DI = disease (bacterial
canker), (DIO = no bacterial canker, DI1 = bacterial canker).
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Figure 4. A maximum likelihood phylogeny representing the internal transcribed spacer
(ITS) region of Mesocriconema species and close relatives in Criconematidae. Bootstrap
values after a 1000 replicates are indicated as percentages (only values 50 and above
are shown). Two Helicotylenchus spp. (H. dihystera GX-1 and H. multicinctus AD9) in
Hoplolaimidae were included as the outgroup. The scale bar represents the number of
substitutions per site.
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Figure 1. The life cycle of Mesocriconema xenoplax. (a) Eight to 15 eggs are laid at a
time, (b) the first juvenile stage occurs inside the egg, (c) the second juvenile stage
(infectious stage) emerges out of the egg, and typically migrates to the root for feeding,
(d) the third- and (e) fourth juvenile stages occur before (f) a mature adult is produced.
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Figure 2. Monthly rainfall (mm) of four South African Weather Service (SAWS) meteorological stations in the Western Cape, namely, A)
Paarl, B) Wellington, C) Franschhoek and D) Robertson, spanning January 2014 to December 2018. The dashed line shows the mean
of monthly rainfall, and solid coloured bars show monthly rainfall of years 2014 (light blue), 2015 (orange), 2016 (grey), 2017 (yellow) and
2018 (navy blue).
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RingNematode Comparisons for Month(Year)
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Figure 3.1 Pairwise comparisons of the least square means of the ring nematode counts
between seasons, i.e. month (year). A red line segment that intersects the dashed
diagonal reference line indicates the pairwise comparison of the means was not
significant. A blue line segment indicates the pairwise comparison of the mean was
significant — differences for a is 0.05 (Scheffe Adjustment). M = Month (M1 = March, M2
= October), Y = Year (Y1 = 2017, Y2 = 2018).
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RingNematode Comparisons for Drought
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Figure 3.2 Pairwise comparisons of the least square means of the ring nematode counts
between drought and no drought stresses. A red line segment that intersects the dashed
diagonal reference line indicates the pairwise comparison of the means was not
significant. A blue line segment indicates the pairwise comparison of the mean was
significant — differences for a is 0.05 (Scheffe Adjustment). DR = drought (DRO = no
drought stress, DR1 = drought stress).
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RingNematode Comparisons for Area
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Figure 3.3 Pairwise comparisons of the least square means of the ring nematode counts
between areas where the plum farms were located. A red line segment that intersects the
dashed diagonal reference line indicates the pairwise comparison of the means was not
significant. A blue line segment indicates the pairwise comparison of the mean was
significant — differences for a is 0.05 (Scheffe Adjustment). A = Area (A1 = Franschhoek,
A2 = Simondium, A3 = Klapmuts, A4 =Wellington, A5 = Robertson).
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RingNematode Comparisons for Rootstock_LR
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Figure 3.4 Pairwise comparisons of the least square means of the ring nematode counts
between rootstock selection. A red line segment that intersects the dashed diagonal
reference line indicates the pairwise comparison of the means was not significant. A blue
line segment indicates the pairwise comparison of the mean was significant — differences
for ais 0.05 (Scheffe Adjustment). R = rootstock (R1 = Guardian®, R2 = Kakamas, R3 =
Maridon, R4 = SAPO778, R5 = Marianna).
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RingNematode Comparisons for Disease
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Figure 3.5 Pairwise comparisons of the least square means of the ring nematode counts
between an infected and asymptomatic plum tree. A red line segment that intersects the
dashed diagonal reference line indicates the pairwise comparison of the means was not
significant. A blue line segment indicates the pairwise comparison of the mean was
significant — differences for a is 0.05 (Scheffe Adjustment). DI = disease (bacterial
canker), (DIO = no bacterial canker, DI1 = bacterial canker).
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Figure 4. A maximum likelihood phylogeny representing the internal transcribed spacer (ITS) region of
Mesocriconema species and close relatives in Criconematidae. Bootstrap values after a 1000 replicates
are indicated as percentages (only values 50 and above are shown). Two Helicotylenchus spp. (H.
dihystera GX-1 and H. multicinctus AD9) in Hoplolaimidae were included as the outgroup. The scale
bar represents the number of substitutions per site.
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Chapter 6: The effect of drought stress in predisposing Prunus

domestica (plum) to infection by Pseudomonas strains associated with

bacterial canker of stone fruits in the Western Cape

Abstract

Plants are sessile and often exposed to multiple environmental conditions in their natural
habitat. They are also subjected to biotic stresses such as pests and pathogens. Sudden
plum tree decline observed in the Western Cape province led to the hypothesis that these
tree deaths were likely due to bacterial canker infection intensified by simultaneous
exposure to drought conditions in the Western Cape. Subsequently, a greenhouse study
was undertaken whereby plum seedlings of two cultivars, namely, cv. ‘Sapphire’ and cv.
‘Songold’, were infected with either P. syringae or P. viridiflava strains, or a co-inoculation
of the two strains. Normal irrigation was intermittently suspended from a portion of the
plum trees to induce water stress. Lesion lengths, root and shoot relative water content
were assessed as well as the fresh and dry root and shoot biomasses. In addition, the
rate of gaseous exchange within the substomatal cavity was also evaluated. In general,
drought stress had opposing effect on the development of bacterial canker symptoms in
both plum cultivars. The cv. ‘Sapphire’ plum seedlings had pronounced lesions but low
shoot RWC and biomass compared to the seedlings of cv. ‘Songold’ seedlings under soll
water deficit. A reduced net rate CO2 assimilation (A) was also observed in water-stressed
seedlings, which was further supported by increased photosynthetic rate estimates, i.e.
Vemax, TPU and J suggesting that Rubisco carboxylation was restricted within the

mesophyll of these plants. These photosynthesis parameters are useful indicators of host
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physiology under stress conditions. The findings of this study showed that the combined
stresses alter the physiology of the host by reducing the rate of photosynthesis resulting
in the decreased shoot biomass of the ‘Sapphire’ cultivar, while the ‘Songold’ cultivar
maintained high biomasses and relative water content under soil water deficit. The water
stress imposed was also shown to contribute very little to bacterial canker symptom

development in both cultivars.

1. Introduction

Plants are immobile and thus require sophisticated mechanisms to adapt to their
changing environments, while still protecting themselves from potential attack by pests
and pathogens. Plants are subjected to various abiotic stress factors such as heat,
drought, salinity, nutrient limitations and excess, chilling and freezing temperatures
(Bostock et al. 2014; Pandey et al. 2015; Schoeneweiss 1975). Under field conditions,
abiotic stresses rarely occur individually on a plant host. They commonly occur
concurrently on a host, and this occurrence of combined stresses usually results in the
weakening of host defences against pests or pathogen infection (De Pascali et al. 2019;
Kirdly et al. 2008; Sharma et al. 2007; Wang et al. 2009). The host response to such
combined stress exposure is typically complex and cannot be inferred from a response
of individual stresses (Atkinson and Urwin 2012; Bostock et al. 2014; Kissoudis et al.
2014; Pandey et al. 2015; Ramegowda and Senthil-Kumar 2015; Suzuki et al. 2014).

These responses can occur either at a physiological-, biochemical- or cellular level.

In nature, abiotic and biotic stress combinations typically occur together in plants
(Ramegowda and Senthil-Kumar 2015). These combined stresses either act

synergistically or can be antagonists of each other (Bostock et al. 2014; De Pascali et al.
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2019; Suzuki et al. 2014). In the former, the damage to a host may be exacerbated by
the presence of both stresses, whereas in an antagonistic interaction, the present of either
stresses enhances the host’s tolerance to the other (Bostock et al. 2014; Schoeneweiss
1975). For example, Arabidopsis thaliana was found to be highly susceptible to
Pseudomonas syringae pv. tomato DC3000 when subjected to drought stress (Mohr and
Cabhill 2003). The drought stress was imposed in combination with exogenous application
of abscisic acid (ABA) treatment. In contrast, drought acclimated Nicotiana benthamiana
subjected to moderate drought stress were shown to have reduced susceptibility to P.
syringae pv. tabaci due to increased levels of reactive oxygen species (ROS) within the
host, which resulted in the localization of the pathogen to site of infection in a
hypersensitive response (HR)-dependent manner (Ramegowda et al. 2013). Similarly, a
drought tolerant Vitis vinifera cultivar (cv.‘Cellina di Nardd’) susceptible to Xylella
fastidiosa was shown to have reduced Pierce’s disease symptom development (De
Pascali et al. 2019). These observations were attributed to the accumulation of ROS

induced by drought stress, which successfully decreased subsequent pathogen infection.

Sporadic mild abiotic stresses are said to predispose plants to biotic stresses that
they would otherwise be able to overcome (Bostock et al. 2014). Ramegowda et al. (2013)
showed that P. syringae pv. tabaci was able to induce bacterial leaf spots on N.
benthamiana held at 60% field capacity (i.e. moderate drought stress), though only having
reduced bacterial leaf spots at inoculation sites than N. benthamiana held at 20% field
capacity (i.e. severe drought stress). Thus, the removal of the moderate water stress

would have allowed the host, to otherwise be able to overcome pathogen invasion if plant
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responses were not redirected towards mitigating the potential damage caused by low

water availability on the plant.

Similarly, as relatives of Vitis spp., Parthenocissus quinquefolia vines infected with
Xylella fastidiosa and under drought stress also showed severe leaf scorch symptoms
and reduced total leaf area resulting from scorching (McElrone et al. 2001). These authors
also found that, in a period of two years, leaf scorch symptoms had significantly
progressed along the base of the stem as the drought conditions worsened (McElrone et
al. 2001). On a physiological level, apart from the X. fastidiosa-infected P. quinquefolia
grown in low soil moisture reported to have low leaf water potentials, these hosts also
had reduced stomatal- (gs) and hydraulic conductance (Kn) caused by air emboli as a
result of the bacterial cells aggregated within the xylem vessels (McElrone et al. 2003).
Several studies had initially predicted that the enhancement of leaf scorch symptoms
severity caused by X. fastidiosa was due to predisposition of its broad hosts to multiple
stresses, but none had empirically proven this hypothesis (Hearon et al. 1980; Hopkins

1989).

Due to the advent of technology, tools were created to help researchers
understand the biology involved in the physiological and biochemical responses of plant
hosts to their constantly changing environments. Such tools can measure environmental
processes such as light intensity and ambient- or leaf temperatures, measure the
chemical reactions occurring within the thylakoid membranes and stroma of the
chloroplast, mitochondria and cytosol, as well as measure the CO2 transport through the
leaf and stomata (Baker 2008; Long and Bernacchi 2003; Murchie and Lawson 2013;

Sharkey et al. 2007). These tools are currently employed to facilitate an understanding
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and prediction of plant productivity under various environmental conditions (Baker 2008;

Baker and Rosenqvist 2004; Logan et al. 2007).

A few studies have previously reported the use of such physiological responses of
plant hosts exposed to multiple stresses. For example, Goodwin et al. (1988) showed that
symptomatic Vitis vinifera inoculated with the Pierce disease pathogen, X. fastidiosa, had
reduced stomatal conductance (gs). Similar findings, whereby reduced stomatal- (gs) and
hydraulic conductance (Kn), including typical leaf scorch symptoms, were observed on X.
fastidiosa-infected P. quinquefolia experiencing soil water deficit (McElrone et al. 2003).
Furthermore, a reduced gsand net CO2 assimilation (A) were proven to be good indicators
of early detection of waterlogged avocado (Persea americana) rootstocks (Reeksting et

al. 2014).

Plum tree deaths were observed in the Western Cape province of South Africa in
late 2015. The impact of the meteorological drought experienced at the time was among
other factors, such as infrequent irrigation and extremely high temperatures etc.,
suspected to have contributed to the observed tree deaths in plum orchards in the
different regions in the province. Previous studies only focused on determining the
aetiology of P. syringae strains from several phylogenetic groups in the species complex
associated with bacterial canker of stone fruit trees (Bophela et al. 2020; Bultreys and
Kaluzna 2010; Katuzna et al. 2016; Ménard et al. 2003; Parisi et al. 2019; Roos and
Hattingh 1983). Thus, the primary objective of this study was to evaluate the role of water
deficit in predisposing plum trees to bacterial canker infection. We hypothesized that the
impact of water stress on the plum trees altered their response against bacterial canker

infection.
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2. Materials and Methods

2.1 Plant material

One hundred and fifty one-year-old plum seedlings of two varieties, collectively, i.e. cv.
‘Sapphire’ and cv. ‘Songold’, grafted onto Maridon rootstock were planted in loamy soil
[86% Sand + 13% Silt + 1% Clay, pH 6.12] in 30 cm plastic plant pots. The seedlings
were kept in a greenhouse at the University of Pretoria Experimental Farm (S:25° 47
7.38”, E:28° 15’ 30.44”) with natural day and night (16/8 h) cycles during the warmer
period (Sep 2018 to Feb 2019). The seedlings were left to acclimatize in the greenhouse
for two months before the inoculation and water stress trial commenced. Seedlings were
irrigated three to four times a week, and nutrients supplemented once a week using an
organic fertilizer containing 80 g/kg N, 20 g/kg P, 58 g/kg K (4:1:3) (Seagro, Premier
Fishing SA (Pty) Ltd, South Africa). The temperature and relative humidity in the
greenhouse were monitored using ibuttons (KingOne suppliers). The temperature
averaged at 23°C, with maximum temperatures reaching early- to mid-30°C. At one point,

the temperature in the greenhouse was extremely high, i.e. 38°C.

2.2 Greenhouse trial

We proceeded to investigate the effect of water stress in predisposing plum trees to
infection by either P. syringae or P. viridiflava, or a co-inoculation of the two. The plum
seedlings were divided into four blocks: two blocks of cv. ‘Songold’ and two blocks of cv.
‘Sapphire’. Each block comprised 18 plum trees. In addition, each cultivar was separated
into eight treatments, i.e. uninfected well-watered (WW), uninfected water-stressed (WS),
well-watered infected with either a Pseudomonas syringae strain (WWPs) or P. viridiflava
strain (WWPv), water-stressed infected with either of the two representative
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Pseudomonas strains (WSPs or WSPv), and well-watered or water-stressed co-infected
with both strains (WWPsPv and WSPsPv). Treatments were assigned per individual plum
seedling (an experimental unit) in each block in a completely randomized manner, i.e. a
plum seedling was assigned to one of the eight treatments mentioned above. In the end,
there were approximately three to six technical replicates per treatment. The trial was

repeated.

2.2.1 Inoculum preparation

The two representative strains used to inoculate the plum seedlings were selected from
the Pseudomonas strains isolated from stone fruit trees in the Western Cape (Bophela et
al. 2020). These strains were, namely, BV14-1 (P. syringae) and KO005(3)1c (P.
viridiflava). The two Pseudomonas strains, preserved at -80°C, were grown on King’s B
medium (KMB) (Lelliott et al. 1966) and incubated for 48 h at 28°C. Single colonies from
48 h-old cultures were used to inoculate sterile 25 ml nutrient broth (NB, Merck, Germany)
in 100 ml volumetric flasks. These were incubated in a shaking incubator at 120 rpm for
18 h at 28°C. The cells were harvested from the NB by centrifugation at 8000 rpm for 5
minutes. The pelleted cells were then washed twice in sterile deionized water and
resuspended in 10 mM phosphate buffered solution. The inoculum concentration was

adjusted to an ODeoonm = 0.03 which resulted in approximately 106 -10” CFU mL™.

2.2.2 Whole tree inoculations

The inoculation strategy used in this study was as previously described by Hulin et al.
(2017) with some modifications. The protocol was as follows: a volume of 100 pL
inoculum was placed on to a 3 mm? artificially created stem wound of a plum seedling.

The inoculated wounds were sealed with parafilm and covered with masking tape. Water
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stress was induced seven days post inoculation to give adequate time for pathogen
establishment within the host. At the end of the trial, i.e. at 90 days post inoculation, lesion
lengths (mm) from the site of inoculation were recorded, and re-isolations done from
inoculated and control (inoculated with 10 mM sterile phosphate buffer) plants. Re-
isolations were done from a minimum of three replicates per treatment per cultivar. In
addition, a rep-PCR (results not shown) was conducted to compare the re-isolated strains
against the inoculum strains, as means to confirm the identity of the re-isolated bacterial

strains.

2.2.3 Induction of water stress

Water stress treatments were induced by withholding normal irrigation of water-stressed
designated experimental units for up to three to four days at a time. Thereafter, normal
watering was resumed for five days before another round of suspended irrigation
commenced. Using a soil water probe, the period for withholding water was determined
in a pilot study done before the actual greenhouse experiment began by measuring the
relative water content (RWC) of plum trees at soil moisture saturation and allowing the
soil to reach low RWC, while monitoring the period it took to reach the latter. A soil water
probe indicated that at day three of withholding water, the soil moisture content decreased
toward the negative values. This was a period when the tree began experiencing some
form of physiological stress - measured using the photosynthetic apparatus and
fluorescence, and leaves began wilting. We discovered that plum seedlings of both
cultivars were severely affected and would rarely recover to typical physiological state

after normal watering was resumed, if watering was withheld beyond six days.
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2.2.4 Shoot and Root biomass and relative water content (RWC) determination

At the termination of the trial (90 dpi), individual plum seedlings (n=3 to n=6), from each
treatment of both cultivars were divided into shoots and roots to measure their biomass.
The fresh weight was measured from newly separated plant parts, and the dry weight
was measured from plant material that was air-dried at 28°C for four weeks post trial
termination. The relative water content was calculated based on fresh weight as follows:

RWC = (fresh weight — dry weight)/ fresh weight.

2.3 Gas exchange measurements

Gas exchange measurements were performed on fully expanded mature plum leaves
using the portable photosynthesis machine (LI-6400XT and LI-6800, LI-COR Inc., USA).
All measurements were recorded at ambient light intensities and oxygen concentrations.
Steady state conditions were achieved before each measurement, i.e. there were no
systematic increase or decrease in the measured net CO2 assimilation over a 5 min period
(Long and Bernacchi 2003). Net CO2 assimilation (A) versus COz2 concentration in the
substomatal cavity (Ci) response curves were drawn using MS Excel 2013. In addition,
estimations of photosynthetic parameters such as the electron transport rate (J), triose
phosphate use (TPU) and CO2-saturated Rubisco carboxylation rate (Vcmax) were

determined using the latest Excel-based Fitting Tool (EFT) (Sharkey 2015).

2.4 Statistical analysis

The Shapiro-Wilk test was conducted to assess a normal distribution of data points
between treatments in both cultivar datasets. This assessment was done to determine if

a parametric test was a suitable method for both datasets. A one-way ANOVA with block
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effect was performed for the cv. ‘Sapphire’ dataset to compare means across the eight
treatments (well-watered (WW), WWPs, WWPv, WWPsPv, water stressed (WS), WSPs,
WSPv, and WSPsPv). The cv. ‘Songold’ dataset was analyzed using a Kruskal-Wallis
test due to a non-parametric distribution of the data. Unless otherwise stated, data from
the gaseous exchange measurements were calculated as mean values of two to three
individual seedlings for both cv. ‘Sapphire’ and cv. ‘Songold’ seedlings. Significance
between mean values + s.d. (h=3 to n=6) of relative water content and dry mass of shoots
and roots for both cultivar datasets was tested using Tukey HSD at an alpha value < 0.05.

All statistical analyses were performed on R v3.4.4 (https://cran-r-project.org).

3. Results

3.1 Determining the effect of water stress on lesion length

A normal distribution was evaluated within both datasets of cv. ‘Sapphire’ and cv.
‘Songold’, separately. The null hypothesis for the analyses was that the data is normally
distributed. If the p-value was less than 0.05, then the null hypothesis that the data is
normally distributed was rejected. Based on this assumption, the null hypothesis for the
cv. ‘Sapphire’ dataset was not rejected. Put simply, the data was normally distributed, i.e.
cv. ‘Sapphire’ (W = 0.954, p-value = 0.159). However, the null hypothesis was rejected
for the cv. ‘Songold’ dataset (W =0.919, p-value = 0.014). Thus, a parametric- and a non-
parametric method were used to analyze the cv. ‘Sapphire’ and cv. ‘Songold’ datasets,

respectively.

A one-way ANOVA with block effect was performed for the cv. ‘Sapphire’ dataset
to compare means across the eight treatments (WW, WWPs, WWPv, WWPsPv, WS,

WSPs, WSPv, and WSPsPv). A model was defined, whereby lesion length was
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influenced based on the type of treatment assigned to the individual plum seedling; the
effect of completely randomized treatments within a block together with possible
interactions between treatments and block effect were also evaluated, thus, the resulting
model was modeliesiontength = treatment block treatment*block. The null
hypothesis was that the means of the lesion lengths were the same across the various
treatments, whereas, the alternative hypothesis stated that at least two means differed
across the treatments. We found that the model did not fit the cv. ‘Sapphire’ data (R? =
0.266, F@,18 = 1.798, p-value = 0.118), in short, the means of the lesion lengths were
similar across the eight treatments. Therefore, we could not reject the proposed null

hypothesis.

A type Il test was performed to determine the influence of the treatments, block
effect as well as evaluate if there were any interactions between treatments and block
effect on the mean values of the lesion lengths. The resulting observations from the type
Il test for the model of the cv. ‘Sapphire’ dataset indicated that both treatments and block
effect were not significant in explaining differences in the mean values of the lesion
lengths (Table 1). This observation was also seen for block effect (Mean Square = 5.31,
F,18) =0.230, p-value = 0.637) and in the interaction between treatments and block effect

(Mean Square = 51.27, Fs,18 = 2.216, p-value = 0.082) (Table 1).

There were no significant differences observed in the least square means of the
lesion lengths between treatments (Table 2, Figure 1). Similarly, the pairwise
comparisons of least-square means and confidence limit of the treatments reported
showed no differences between treatment effects. The pairwise comparisons between

the least square means were conducted due to the unbalanced datapoints in the cv.
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‘Sapphire’ dataset, i.e. the unequal number of replicates (the number of plum seedlings

assigned per treatment) across treatments.

The cv. ‘Songold’ data were non-parametric, and thus, a Kruskal-Wallis test was
performed to compare the means of lesion lengths across the eight treatments (Table 3,
Figure 2). The means of the lesion lengths across the treatments were the same (chi-
squared = 7.584, df = 7, p-value = 0.371). A post-hoc analysis was performed, despite
there being no statistically significant differences observed in the means of the treatments
based on the Kruskal-Wallis test, to confirm that there were no statistically significant
differences observed in the pairwise comparisons between treatments. The Dunn test for
multiple comparisons (pairwise comparisons) was used for this purpose. As suspected
and based on the observations from Kruskal-Wallis test, the Dunn test revealed no
statistically significant differences in the pairwise comparisons between the means of the

lesion lengths across the treatments (data not shown).

The coinfected well-watered cv. ‘Songold’ seedlings had the longest lesions
compared to those of the other treatments (Table 3, Figure 2). In contrast, the uninfected
water-stressed cv. ‘Songold’ seedlings had the smallest lesions compared to the rest of
the treatments (Figure 2). Surprisingly, despite being the control treatments in the study,
the uninfected well-watered cv. ‘Songold’ seedlings had longer lesions compared to the
individually infected water-stressed- and well-watered cv. ‘Songold’ seedlings including
the coinfected water-stressed seedlings. In addition, the coinfected- and individually
infected water-stressed seedlings and the individually infected well-watered seedlings

had relatively similar size lesions when compared to each other (Table 3, Figure 2).
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However, none of the differences in the means of the lesion lengths between treatments

were statistically significant.

3.2 Determining the effect of water stress on shoot and root biomass
3.2.1 The effect of water stress on shoot and root biomass of cv. ‘Sapphire’ seedlings

The effect of water stress on shoot and root biomass of cv. ‘Sapphire’ seedlings was
determined (Table 4, Figure 3). The uninfected water-stressed seedlings had the lowest
shoot biomass when compared to the well-watered seedlings (Table 4, Figure 3A).
Similarly, a low shoot biomass was observed for water-stressed seedlings infected with
P. syringae and P. viridiflava strains when compared to their controls and well-watered
counterparts (Figure 3A). However, though lower than the uninfected well-watered
control, a coinfection with both strains did not statistically significantly reduce the shoot
biomass of water-stressed seedlings (Figure 3A). Interestingly, well-watered seedlings
infected with P. viridiflava had a relatively higher shoot biomass than the P. syringae-
infected well-watered seedlings, though this difference was not statistically significant

(Table 4, Figure 3A).

Interestingly, a much higher root biomass of water-stressed cv. ‘Sapphire’
seedlings was observed (Figure 3B), than was seen in the shoot biomass of water-
stressed seedlings (Figure 3A). Water-stressed seedlings coinfected with P. syringae and
P. viridiflava strains had a higher root biomass compared to uninfected well-watered and
water-stressed seedlings (Figure 3B). In addition, the water-stressed seedlings infected
with the P. syringae strain had a higher root biomass than well-watered seedlings infected
with the same P. syringae strain. Although there were numerical differences in the root

biomass, these were not statistically significant (Table 4). Moreover, coinfected water-
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stressed seedlings had higher root biomass than both uninfected well-watered- and
water-stressed seedlings as well as when compared to coinfected well-watered seedlings
(Figure 3B). However, these differences in root biomass were not statistically significant

when treatments were compared to each other (Table 4).

3.2.2 The effect of water stress on shoot and root biomass of cv. ‘Songold’ seedlings

The effect of the various water treatments on the shoot and root biomass of cv. ‘Songold’
seedlings was also assessed (Table 4). Both coinfected water-stressed- and well-watered
seedlings had higher shoot biomass than uninfected water-stressed- and well-watered
seedlings, respectively (Table 4, Figure 4A). Conversely, the uninfected water-stressed
seedlings had a higher shoot biomass than the individually infected water-stressed
seedlings (Figure 4A). Similarly, the uninfected well-watered seedlings had a higher shoot
biomass than well-watered seedlings infected with either P. syringae or P. viridiflava, with
the latter having the lowest shoot biomass of all treatments (Figure 4A). Once more, none
of the differences in shoot biomass were statistically significant when treatments were

compared to each other (Table 4).

The uninfected well-watered seedlings had the lowest root biomass compared to
all other treatments (Table 4, Figure 4B). However, both the individually infected and
coinfected well-watered seedlings had higher root biomass compared to the uninfected
well-watered seedlings, as well as the uninfected and individually infected water-stressed
seedlings (Figure 4B). Only the P. syringae-infected water-stressed seedlings had a
higher root biomass than the uninfected water-stressed seedlings (Table 4). Both the P.
viridiflava-infected and coinfected water-stressed seedlings had a low root biomass, with

the former having a lower root biomass in comparison to the uninfected water-stressed
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seedlings (Figure 4B). However, none of these differences in root biomass were

statistically significant when treatments were compared to each other (Table 4).

3.3 Determining the effect of water stress on the shoot and relative water content
(RWC)

3.3.1 The effect of water stress on shoot and root relative water content (RWC) of cv.
‘Sapphire’

The effect of various water treatments on relative water content (RWC) was measured in
shoots and roots of cv. ‘Sapphire’ seedlings (Figures 3C and 3D). The uninfected well-
watered seedlings had the highest shoot RWC compared to all other treatments (Table
4, Figure 3C). The P. viridiflava-infected water-stressed seedlings also had a high shoot
RWC compared to uninfected water-stressed seedlings and well-watered seedlings
infected with the same P. viridiflava strain (Figure 3C). In contrast, the P. syringae-
infected well-watered seedlings had a higher shoot RWC than the P. syringae-infected
water-stressed seedlings, with the latter also having a lower shoot RWC compared to all
other treatments (Figure 3C). The coinfected water-stressed and well-watered seedlings
had low shoot RWC compared to the uninfected controls (Figure 3C). However, none of
the differences in shoot RWC were statistically significant when treatments were

compared to each other (Table 4).

Surprisingly, the uninfected well-watered seedlings had the lowest root RWC
(Table 4, Figure 3D). Whereas the P. syringae-infected well-watered seedlings had
relatively low shoot RWC compared to the uninfected well-watered seedlings (Figure 3C),
the P. syringae-infected well-watered seedlings had the highest root RWC compared to

all other treatments (Figure 3D). The coinfected and P. viridiflava-infected water-stressed
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seedlings had high root RWC compared to the uninfected water-stressed seedlings and

the coinfected- and P. viridiflava-infected well-watered seedlings (Table 4, Figure 3D).

3.3.2 The effect of water stress treatments on shoot and root relative water content (RWC)
of cv. ‘Songold’

The effect of the various water treatments on relative water content was also measured
in shoots and roots of cv. ‘Songold’ seedlings (Figures 4C and 4D). Individually infected
water-stressed- and well-watered seedlings had the highest shoot RWC compared to the
uninfected controls as well as all other treatments (Figure 4C). Similarly, the uninfected
treatment controls had relatively high shoot RWCs compared to individually infected and
coinfected well-watered seedlings including the coinfected water-stressed seedlings
(Figure 4C). The latter had the lowest shoot RWC compared to all other treatments (Table

4).

In the roots of cv. ‘Songold’ seedlings, the P. syringae-infected water-stressed-
and P. viridiflava-infected well-watered seedlings had the highest RWC compared to the
uninfected treatment controls and to all other treatments (Table 4, Figure 4D). Like the
shoot RWC of the uninfected treatment controls (Figure 4C), the roots of uninfected well-
watered- and water-stressed seedlings had a relatively high RWC compared to other
treatments (Figure 4D), with the exception of P. syringae-infected water-stressed and P.
viridiflava-infected well-watered seedlings. Additionally, the coinfected water-stressed-
and well-watered seedlings had low root RWC, with the latter having the lowest root RWC,
compared to all other treatments (Figure 4D). However, the differences between the

treatments were not statistically significant.
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3.4 Determining the effect of water stress treatments on host physiological traits —
gaseous exchange

Minor physiological changes were observed in cv. ‘Sapphire’ seedlings prior to induction
of water stress compared to cv. ‘Songold’ seedlings (Figure 5). The net rate of CO:
assimilation (A) increased with the rate of internal CO2 concentration (Ci) in most of the
treatments until a saturation point was reached, i.e. where most of the graphs plateaued
(Figure 5A). Surprisingly, A of uninfected cv. ‘Sapphire’ seedlings assigned to well-
watered treatments began to sharply decrease at approximately 1165 pmol. mol? Ci.
Conversely, at this point, A of uninfected cv. ‘Sapphire’ seedlings designated to water-
stressed treatments appeared to be increasing; this was expected as water stress was
yet to be induced. A similar observation, i.e. increased A along increasing Ci, was

demonstrated in coinfected seedlings assigned to well-watered treatments.

During the water stress period, A declined for most treatments but with an
exception (Figure 5C). The net rate of CO2 assimilation with increasing internal CO2
concentration was highest in coinfected well-watered cv. ‘Sapphire’ seedlings, as noted
previously. However, and as expected, A was lowest in coinfected water stressed cv.
‘Sapphire’ seedlings. The observations were similar for A in uninfected well-watered cv.
‘Sapphire’ seedlings. In addition, the P. syringae-infected well-watered and water-
stressed cv. ‘Sapphire’ seedlings experienced reduced A with increasing Ci (Figure 5C).
Conversely, the A in P. viridiflava-infected water-stressed was slightly higher than those

of P. viridiflava-infected well-watered cv. ‘Sapphire’ seedlings.

As was expected, and prior to the induction of water stress, the A with increasing

Ci was higher in uninfected cv. ‘Songold’ seedlings plus P. syringae-infected seedlings
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assigned to water stressed treatment and P. viridiflava-infected designated to well-water
treatment (Figure 5B). There was a fluctuation observed in A with increasing Ci in
coinfected cv.'Songold’ seedlings assigned to well-watered treatment as opposed to
those that were designated for water stress treatments. These observations were as
expected given that water stress was yet to be induced. Moreover, P. syringae-infected
seedlings assigned to well-watered treatments experienced reduced A with increasing Ci

compared to the P. syringae-infected seedlings assigned to water stress treatments.

As was predicted, the A in uninfected cv. ‘Songold’ seedlings of both well-watered and
water-stressed treatments remained high during the water stress period (Figure 5D).
Although, the A in the latter was slightly lower than in well-watered treatments. Similarly,
the P. viridiflava-infected well-watered and water-stressed cv. ‘Songold’ seedlings had
increased A along the increasing Ci during the water stress period (Figure 5D). This
increase in A was not observed in the P.viridiflava-infected water-stressed seedlings prior
to the induction of water stress (Figure 5B). In contrast, A declined in the P. syringae-
infected well-watered and water stressed cv. ‘Songold’ seedlings. In addition, there was
a sharp decline in A at 605 pumol.mol* Ci for P. syringae-infected water-stressed cv.
‘Songold’ seedlings, which slowly began peaking at 1225 umol.mol* Ci (Figure 5D).
Furthermore, the coinfected well-watered and water-stressed seedlings had A values that
were reduced, drastically so in the latter compared to well-watered cv. ‘Songold’

seedlings.

As photosynthetic rate estimates prior to water stress treatments had been
recorded in single technical replicates, only estimates during the water stressed period

are reported where at most two technical replicates were assessed. By assuming a
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constant mesophyll conductance to CO2 (gm) at 30 pumol.m=2.s, the estimates of the
following photosynthetic parameters were derived from the measured A versus Ci
response curves. These parameters were the CO2-saturated Rubisco carboxylation rate
(Vemax), the triose phosphate use (TPU) and the electron transport rate delivered to the
NADP* and used in both the reductive pentose phosphate (RPP)- and photosynthetic

carbon oxygenation (PCO) cycles (Table 5).

Although there were no statistically significant differences observed between the
means of the photosynthetic rate estimates, the coinfected well-watered cv. ‘Sapphire’
seedlings had higher Vcmax, J and TPU estimates compared to the coinfected water
stressed seedlings (Table 5: cv. ‘Sapphire’). In contrast, the uninfected and individually
infected well-watered cv. ‘Sapphire’ seedlings had reduced photosynthetic rate estimates
compared to the uninfected and individually infected water-stressed seedlings. However,
an inverse pattern was observed in the photosynthetic rate estimates for cv. ‘Songold’

seedlings.

Apart from the low estimates still observed in P. syringae-infected well-watered
compared to water-stressed cv. ‘Songold’ seedlings, as was seen for cv. ‘Sapphire’
seedlings, the P. viridiflava-infected well-watered cv. ‘Songold’ seedlings had higher
photosynthetic rate estimates than P. viridiflava-infected water-stressed seedlings (Table
5: cv. ‘Songold’). Similarly, the uninfected well-watered seedlings had higher Vcmax and
TPU estimates than the uninfected water-stressed seedlings. The electron transport rate
(J) was higher in the latter than in well-watered cv. ‘Songold’ seedlings. In addition,
whereas the coinfected well-watered cv. ‘Sapphire’ seedlings had higher photosynthetic

rate estimates than the water stressed seedlings, the inverse was seen for coinfected
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well-watered cv. ‘Songold’ seedlings, which had lower photosynthetic rate estimates

compared to the coinfected water-stressed seedlings (Table 5: cv. ‘Songold’).

4. Discussion

Overall, there were no statistically significant differences observed between the means of
lesion lengths caused by P. syringae pv. syringae and P. viridiflava across the eight
treatments for both cultivars, ‘Sapphire’ and ‘Songold’ (Figures 1 and 2). Also, the
randomized block design was found not to influence the observed cv. ‘Sapphire’ data as
no interaction between the treatment and block effects were seen (Table 1). However,
water-stressed cv. 'Sapphire’ seedlings, except for P. syringae-infected water-stressed
seedlings, had larger lesion lengths compared to the well-watered cv. ‘Sapphire’
seedlings. Conversely, the well-watered cv. ‘Songold’ seedlings had larger lesion lengths
than water-stressed seedlings of the same cultivar. Both scions in the study were grafted
onto the Maridon rootstock. Stassen and Reinten (2008) showed that scions grafted onto
rootstocks that were not Maridon had more severe disease symptoms under
waterlogging. Anecdotal evidence shows that bacterial canker is exacerbated by
waterlogging, hence the preference for rootstock, Maridon. Taken together, these findings
may suggest that under soil water deficit, bacterial canker symptoms are more
pronounced on cv. ‘Sapphire’ compared to cv. ‘Songold’ seedlings, although this is yet to

be proven in the field.

Likewise, the mean values of shoot and root biomass across the different
treatments were similar between the two cultivars (Table 4). However, the root biomass
of water-stressed seedlings of both cultivars was higher than those of well-watered

seedlings (Table 4, Figures 3B & 4B). In contrast, the shoot biomass of water-stressed
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seedlings was lower than the well-watered seedlings with a few exceptions (Table 4,
Figures 3A & 4A), suggesting that the resources within the host were redirected towards
preserving further water losses, while increasing the capacity for water-uptake in the
roots. Similar observations were seen on N. benthamiana infected with P. syringae pv.
tomato DC3000 under water deficit, whereby more root growth than shoot growth was
observed (Ramegowda et al. 2013). However, since the differences were not statistically
significant, the differences in the shoot biomass may be a random occurrence. Taken
together, these observations could potentially support the hypothesis that the redirection
of resources towards root growth was a strategy used by the host to mitigate the effect of
soil water deficit. Alternatively, these observations could also be chance events. Thus,
empirical evidence is needed to ascertain the exact cause of the reduced shoot biomass

in water-stressed seedlings.

Interestingly, the relative water content (RWC) of both shoots and roots in water-
stressed cv. ‘Songold’ seedlings was higher than in water-stressed cv. ‘Sapphire’
seedlings (Table 4). However, when evaluating the RWCs of shoots and roots between
water-stressed and well-watered seedlings within each cultivar, this pattern is somewhat
distorted, with the latter generally having low RWCs (Table 4). Taken together, these
findings could indicate that the water retention capacity of cv. ‘Songold’ is much better
than that of cv. ‘Sapphire’ seedlings, although further investigations are needed under

field conditions.

Furthermore, coinfected cv. ‘Songold’ seedlings had higher shoot biomass
compared to other treatments of the same cultivar (Table 4, Figures 3A & 4A). However,

the uninfected cv. ‘Songold’ seedlings, whether water-stressed or well-watered, had
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higher shoot biomass than individually infected seedlings, suggesting that in coinfected
seedlings the host response is primarily towards inhibiting the potential damage caused
by the presence of the two Pseudomonas strains without compromising on growth than it
is on the water stress effect. Alternatively, the two Pseudomonas strains could have had
antagonistic effect on each other that their combined effect on the plant host productivity
was negligible, hence the observed higher shoot growth (Table 4). However, further

investigations will need to be performed to evaluate the basis of these hypotheses.

A sharp decrease in net CO2 assimilation (A) was observed in leaves of uninfected
well-watered cv. ‘Sapphire’ seedlings (Figure 5) despite there being high concentrations
of CO2 within the substomatal cavity (Ci). The reduced A could have resulted from the
temperature fluxes observed at one point in the greenhouse, or some other extrinsic
factor that were not evaluated in this study as these plants were theoretically not under
any constraints. Furthermore, this physiological change was supported by the observed
low root and shoot RWC and biomasses (Table 4). As previously noted, reductions in A
can sometimes be attributed to poor hydraulic conductivity caused by insufficient water
uptake by the root system; this results in root damage and can also alter Rubisco enzyme
activities during photochemical reactions in the leaves in favour of photorespiration rather
than synthesizing of sugars (Corcobado et al. 2013; Davies and Flore 1986; Reeksting
et al. 2014). Altogether, our findings may potentially suggest that the root system of the
uninfected well-watered cv. ‘Sapphire’ seedlings may have been impaired, probably
during planting or a result of spatial limitation as the root system continued to develop.

Field investigations may provide further insight into these findings.
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The increase in A during combined stresses, namely, in the coinfected well-
watered cv. ‘Sapphire’ seedlings was striking. These observations were contradictory to
previously reported findings, which showed a low CO2 uptake in avocado rootstocks
under combined stresses of Phytophthora cinnamomi infection and waterlogging
(Reeksting et al. 2014). Similarly, photosynthetic net CO2 rate was also reduced in sweet
oranges cv. ‘Valencia’ infected with X. fastidiosa subjected to soil water deficit
(Habermann et al. 2003). Although conflicting to previous findings, the increase in A
observed in the current study could be indicative of the host’s ability to compensate for
the biotic stresses by increasing the rate of photosynthesis as a control strategy against

these pathogens.

Another interesting result was the differences in A in water-stressed seedlings
observed in both cvs. ‘Sapphire’ and ‘Songold’ between seedlings infected with the P.
syringae strain and those infected with the P. viridiflava strain. The net rate CO:2
assimilation was higher in the latter than in P. syringae-infected seedlings (Figure 5C).
These findings were further corroborated by the high photosynthetic rate estimates (Table
5). As shown previously, abscisic acid (ABA) accumulates under abiotic stresses such as
water deficit, which when coupled with disease infection results in more physiological
damage (Habermann et al. 2003; Mohr and Cahill 2003). In addition, ABA pathways are
known to suppress host responses against biotic stresses (Suzuki et al. 2014). Taken
together, our findings suggest that the reduced A resulting from the combined stresses
involving P. syringae-infection and low soil water content could have resulted from an
induction of abscisic acid pathways elicited by the abiotic stress. Although P. viridiflava is

known to infect various woody hosts (Bartoli et al. 2014; Parisi et al. 2019) and given its
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small T3SE repertoire, this bacterium relies mostly on virulence factors such as toxins or
cell wall degrading enzymes during pathogenesis (Araki et al. 2006; Goss et al. 2006).
Thus, its mode of infection may not necessarily require an induction of host responses
leading to drastic physiological changes, hence the observed increase in A. However, this

has yet to be elucidated.

The greenhouse study demonstrated that although drought stress did not have a
statistically significant effect on the development of bacterial canker in both plum cultivars,
a co-inoculation of P. syringae and P. viridiflava still resulted in reduced shoot biomass in
cv. ‘Sapphire’ seedlings and a high-water retention capacity in cv. ‘Songold’ seedlings
under soil water deficit. Our findings also suggest that the combined effect of drought and
bacterial canker infection were not the sole causes of the plum tree deaths in the Western
Cape province in 2015. However, these findings will have to be replicated in the field to
provide empirical evidence to support these greenhouse observations. Furthermore, the
photosynthetic parameters could be used as physiological indicators of host response
events under field conditions. In summary, it is becoming more apparent that additional
factors such as rootstock- and scion selection, irrigation regimes, and soil conditions
within a plum orchard may have contributed to the decline of plum trees in the Western

Cape, and thus require further investigation.
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Table 1. Analysis of variance (ANOVA) of the relationship between lesion length and treatment- and block effects for the
inoculation trial of Prunus domestica cv. ‘Sapphire’ seedlings at 90 dpi

Df Sum Mean F
Square* Square value Pr(>F)
Water effect 7 259.8 37.11 1.604 0.1976
Block 1 5.3 0.230 0.6373
Water
effect*Block 7 358.9 51.27 2.216 0.0824
Residuals 18 416.5 23.14

*Type Il Sum of Squares

Table 2. Least square means of treatment effects with standard error and confidence intervals for the inoculation trial of
Prunus domestica cv. ‘Sapphire’ seedlings at 90 dpi

Treatment Ismean = S.E. df lower limitY upper limitY
WW 15+ 2.78a 25 6.71 23.3
WSPv 19.3+257a 25 11.62 26.9
WWPv 19.5+3.23a 25 9.85 29.1
WS 19.8 £ 2.78a 25 11.46 28
WWPs 20.2 £+ 2.3a 25 13.35 27
WSPs 21.9 + 3.23a 25 12.24 315
WWPsPv 23 £ 2.83a 25 14.61 31.5
WSPsPv 24.5 + 2.5a 25 17.08 32

*WW = well-watered, WS = water-stressed, Pv = Pseudomonas viridiflava (K0O05(3)1c), Ps = Pseudomonas syringae (BV14-1), Ismeans= least
square mean values, SE =standard error of the least square mean values, df =degrees of freedom, y= 95% confidence levels. Means for each

column sharing the same letter are not statistically significantly different from each other (alpha = 0.05, Tukey-adjusted).
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Table 3. Mean of the lesion length (mm = s.d.) with confidence limits for each of the eight treatments for the inoculation trial of Prunus
domestica cv. ‘Songold’ seedlings at 90 dpi.

Treatment mean Q1 Median Q3
wWw 19.75+6.95a 14.00 18.50 24.25
WWPs 18.60 £ 2.30a  18.00 19.00 20.00
WWPvV 18.33+11.93a 11.50 13.00 22.50
WWPsPv 23.00£4.55a 19.75 22.00 25.25
WS 14.20+1.64a 13.00 15.00 15.00
WSPs 18.40 £8.20a 12.00 17.00 19.00
WSPv 16.60 +4.98a 12.00 17.00 18.00
WSPsPv 18.25+4.50a 16.50 19.50 21.25

*well-watered, WS = water-stressed, Pv = Pseudomonas viridiflava (K005(3)1c), Ps = Pseudomonas syringae (BV14-1). Means (n = 3 to 5) in each column sharing
the same letter are not statistically significantly different (alpha = 0.05, Benjamini-Hochberg adjusted).
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Table 4. Mean dry mass (g + s.d.) of shoot and root, and relative water content (RWC) measured from Prunus domestica cv. 'Sapphire'
and ‘cv. Songold’ seedlings at 90 dpi.

Treatment*

cv.'Sapphire'

cv.'Songold'

Shoot mass (Q)

Root mass (g)

RWC (shoot)

RWC (Root)

Shoot mass (g)

Root mass(g)

RWC (shoot)

RWC (Root)

ww
WWPs
WWPv
WWPsPv
WS
WSPs
WSPv
WSPsPv

117.04 £ 13.48a
102.70 £ 17.23a
128.68 + 32.11a
113.88 + 17.33a
90.71 + 19.96a

102.36 + 18.08a
101.61 + 16.53a
111.60 + 27.58a

183.19 + 82.60a
154.31 + 32.32a

231.06 =+ 119.44a

186.10 * 56.85a
141.31+44.47a

218.17 £ 152.81a

211.20 + 95.62a

251.93 + 142.79a

0.280 £ 0.118a
0.202 + 0.039a
0.211 + 0.009a
0.212 + 0.063a
0.216 + 0.052a
0.174 £ 0.027a
0.239 £ 0.057a
0.206 + 0.034a

0.172 £ 0.038a
0.246 £ 0.072a
0.174 £ 0.106a
0.182 £ 0.072a
0.195 + 0.049a
0.173 £ 0.024a
0.213 £ 0.065a
0.219 + 0.062a

160.13 + 27.19a
153.74 £ 7.02a

136.69 * 30.76a
160.40 £ 21.11a
149.54 + 17.60a
138.47 + 26.15a
148.48 + 22.80a
175.86 + 39.91a

154.45 + 33.12a
238.98 +42.42a
210.08 = 64.69a

236.81 +125.13a

191.44 + 44.69a
204.32 +58.59a
174.21 £ 21.52a
183.60 + 30.10a

0.375 + 0.020a
0.373 £ 0.054a
0.349 + 0.022a
0.350 + 0.044a
0.373 £ 0.023a
0.382 £ 0.029a
0.410 £ 0.053a
0.342 +£ 0.029a

0.393 + 0.069a
0.371 + 0.060a
0.405 + 0.069a
0.330 + 0.073a
0.396 + 0.046a
0.411 + 0.056a
0.391 + 0.109a
0.353 + 0.064a

*WW = well-watered, WS = water-stressed, Pv = Pseudomonas viridiflava (KO05(3)1c), Ps = Pseudomonas syringae (BV14-1). Means (n= 3 to 6) in each column
sharing the same letter are not statistically significantly different from each other (alpha = 0.05, Tukey-adjusted).
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Table 5. Mean estimates (umol m-2 s-1 + s.d.) of CO2-saturated Rubisco carboxylation rate (Vc,max), the electron transport rate (J), and
triose phosphate utilization (TPU) derived from A/Ci response curves.

cv. 'Sapphire’ cv. 'Songold’

Treatment* Vc,max J TPU Vc,max J TPU
WW 59.5 + 21.92a 101 = 33.94a 7.1 +3.39a 99.5+12.02a 173.5 £ 21.92a 11.35+£0.21a
WWPs 51 + 0.00a 94 +1.41a 7+1.27a 585+4.95a 88.0 + 15.56a 6.85 + 0.64a
WWPvV 61 + 8.48a 103.5 + 14.85a 8.15+1.91a 96.0+ 29.70a 163.0 + 39.60a 12.0 £ 0.14a
WWPsPv 90.5 + 6.36a 1645 +9.19 a 10.6 £ 0.85a 58.0+11.31a 95.0 + 19.80a 5.70 + 1.55a
WS 79.5 £ 24.75a 147.5 £ 54.45a 9.8 + 3.68a 98.5+0.71a 179.0 £ 9.90a 10.55 £ 0.07a
WSPs 73.5 £ 14.85a 121 +21.21a 7.8+ 1.70a 112.0 £ 22.63a 1435+ 7.78a 7.50 £ 2.97a
WSPv 80.5 + 14.85a 138 + 26.87a 8.9+ 1.98a 89.5 + 27.58a 151.5 £ 45.96a 9.35+ 3.18a
WSPsPv 61 + 22.63a 117.5 + 55.86a 6.2+2.12a 64.5+9.19a 118.5 + 16.26a 6.20 + 2.12a

*WW = well-watered, WS = water-stressed, Pv = Pseudomonas viridiflava (KO05(3)1c), Ps = Pseudomonas syringae (BV14-1). Means (n= 2) in each column sharing
the same letter are not statistically significantly different from each other (alpha = 0.05, Tukey-adjusted).
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Figures

Figure 1. Least square means of the lesion lengths (mm) for the individual replicates (n=3 to 5) of each of the eight
treatments for the inoculation trial of Prunus domestica cv. ‘Sapphire’ seedlings at 90 dpi. Error bars indicate confidence
intervals for the least square means. Treatment effects sharing the same letter are not statistically significantly different from
each other (alpha = 0.05, Tukey-adjusted). WW = well-watered, WS = water-stressed, Pv = Pseudomonas viridiflava
(KO05(3)1c), Ps = Pseudomonas syringae (BV14-1).

Figure 2. Mean of the lesion length (mm) with confidence limits for the individual replicates (n=3 to 5) of each of the eight
treatments for the inoculation trial of Prunus domestica cv. ‘Songold’ seedlings at 90 dpi. No statistically significant
differences (alpha = 0.05, Benjamini-Hochberg adjusted). WW = well-watered, WS = water-stressed, Pv = Pseudomonas
viridiflava (K005(3)1c), Ps = Pseudomonas syringae (BV14-1).

Figure 3. Mean of shoot and root (g £ s.d.) dry mass (A, B) and relative water content, RWC, (C, D) of the individual
replicates (n=3 to 6) of each of the eight treatments measured from Prunus domestica cv. ‘Sapphire’ seedlings at 90 dpi.
No statistically significant differences (alpha = 0.05, Tukey-HSD adjusted). WW = well-watered, WS = water-stressed, Pv =
Pseudomonas viridiflava (KO05(3)1c), Ps = Pseudomonas syringae (BV14-1).

Figure 4. Mean of shoot and root (g £ s.d.) dry mass (A, B) and relative water content, RWC, (C, D) of the individual
replicates (n=3 to 6) of each of the eight treatments measured from Prunus domestica cv. ‘Songold’ seedlings at 90 dpi. No
statistically significant differences (alpha = 0.05, Tukey-HSD adjusted). WW = well-watered, WS = water-stressed, Pv =
Pseudomonas viridiflava (KO05(3)1c), Ps = Pseudomonas syringae (BV14-1).

Figure 5. Light response curves illustrating the net photosynthetic CO2 assimilation (A) versus CO:2 inside (Ci) the leaves
of Prunus domestica cvs. ‘Sapphire’ (A, C) and ‘Songold’ (B, D). The A/Ci measurements were taken before withholding of
water (A and B) and during (C and D) the water stress period. Solid lines represent well-watered treatments and dashed
lines represent water stressed treatments. WW = well-watered, WS = water stressed, Pv = Pseudomonas viridiflava
(KO05(3)1c), Ps = Pseudomonas syringae (BV14-1).
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Figure 1. Least square means of the lesion lengths (mm) for the individual replicates (n=3 to 5) of each of the eight
treatments for the inoculation trial of Prunus domestica cv. ‘Sapphire’ seedlings at 90 dpi. Error bars indicate confidence
intervals for the least square means. Treatment effects sharing the same letter are not statistically significantly different from
each other (alpha = 0.05, Tukey-adjusted). WW = well-watered, WS = water-stressed, Pv = Pseudomonas viridiflava
(K005(3)1c), Ps = Pseudomonas syringae (BV14-1).
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Figure 2. Mean of the lesion length (mm) with confidence limits for the individual replicates (n=3 to 5) of each of the eight
treatments for the inoculation trial of Prunus domestica cv. ‘Songold’ seedlings at 90 dpi. No statistically significant
differences (alpha = 0.05, Benjamini-Hochberg adjusted). WW = well-watered, WS = water-stressed, Pv = Pseudomonas
viridiflava (K005(3)1c), Ps = Pseudomonas syringae (BV14-1).
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Figure 3. Mean of shoot and root (g + s.d.) dry mass (A, B) and relative water content, RWC, (C, D) of the individual
replicates (n=3 to 6) of each of the eight treatments measured from Prunus domestica cv. ‘Sapphire’ seedlings at 90 dpi.
No statistically significant differences (alpha = 0.05, Tukey-HSD adjusted). WW = well-watered, WS = water-stressed, Pv =
Pseudomonas viridiflava (KO05(3)1c), Ps = Pseudomonas syringae (BV14-1).
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Figure 4. Mean of shoot and root (g + s.d.) dry mass (A, B) and relative water content, RWC, (C, D) of the individual
replicates (n=3 to 6) of each of the eight treatments measured from Prunus domestica cv. ‘Songold’ seedlings at 90 dpi. No
statistically significant differences (alpha = 0.05, Tukey-HSD adjusted). WW = well-watered, WS = water-stressed, Pv =
Pseudomonas viridiflava (KO05(3)1c), Ps = Pseudomonas syringae (BV14-1).
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Figure 5. Light response curves illustrating the net photosynthetic CO2 assimilation (A) versus CO:2 inside (Ci) the leaves of Prunus
domestica cvs. ‘Sapphire’ (A, C) and ‘Songold’ (B, D). The A/Ci measurements were taken before withholding of water (A and B) and
during (C and D) the water stress period. Solid lines represent well-watered treatments and dashed lines represent water stressed
treatments. WW = well-watered, WS = water stressed, Pv = Pseudomonas viridiflava (K0O05(3)1c), Ps = Pseudomonas syringae (BV14-

1).
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SUMMARY

Overall, the objective of this study was to determine the effect of drought and ring
nematode stresses as predisposing factors contributing to the susceptibility of plum trees
to bacterial canker infection. Firstly, the identity of the causal agents of bacterial canker
of stone fruit trees in the Western Cape, South Africa was determined. The Pseudomonas
strains isolated from symptomatic plant material of stone fruit trees were delineated into
two phylogenetic groups, namely, Pseudomonas syringae sensu stricto and P. viridiflava.
The delimitation into the two respective genetic clusters was further corroborated by
whole genome-based analyses comprising the SNP phylogeny and pairwise comparisons
of the average nucleotide identities. Furthermore, a pangenome analysis of the
Pseudomonas strains from the current study and references in the P. syringae species
complex revealed a small core-genome, while the accessory genome was found to be

large; thus, alluding to the versatile lifestyle of these strains in their respective habitats.

Additional comparative genomics analyses further revealed that the Pseudomonas
viridiflava strains in this study had a small T3SE repertoire when compared to the P.
syringae strains. A few Pseudomonas strains comprised genes for the biosynthesis of
three phytotoxins typically found in strains in the P. syringae species complex, namely,
phaseolotoxin, syringomycin and syringopeptin. Interestingly, a locus of the TccC-type
insecticidal toxin was detected in most of the Pseudomonas strains. This toxin was
previously reported in P. taiwanensis known to be entomopathogenic on agricultural
pests, thus illustrating a potential entomopathogenic ability in these Pseudomonas

strains, but this has yet to be proven.
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Disease surveys were conducted in twelve major plum-producing commercial
farms spanning five regions in the Western Cape, i.e. Klapmuts, Simondium, Wellington,
Franschhoek and Robertson. The objective here was to determine if an association was
present between bacterial canker outbreaks and high ring nematode densities as was
initially hypothesized. Statistical analyses revealed a weak to no association between
bacterial canker infection and the presence of high ring nematodes. On the other hand,
drought was shown to significantly influence ring nematode densities as well as the
occurrence of bacterial canker infection on plum trees. In addition, other factors such as
rootstock- and scion selection, time of season and location of the farm were attributed to

the occurrence of bacterial canker and high ring nematode densities.

Finally, a greenhouse study was conducted to evaluate the physiological effect of
soil water deficit on two plum cultivars, namely, ‘Sapphire’ and ‘Songold’ that were
individually- and co-infected with P. syringae and P. viridiflava strains. In general, drought
stress was found not to have any significant effect on the development of bacterial canker
symptoms on the two plum cultivars as was illustrated in the findings of the disease
survey. Additionally, the co-inoculation of P. syringae and P. viridiflava resulted in reduced
shoot biomass in the cv. ‘Sapphire’ seedlings under soil water deficit, whereas, the
relative water content together with the root- and shoot biomasses were relatively high in
cv. ‘Songold’ seedlings under the same conditions. Additionally, the combined stresses
reduced the net rate of CO2 assimilation in the mesophyll of plant hosts, and thus,

hindering photosynthesis in plum seedlings under water stress.

We have shown in this study that drought stress, bacterial canker and ring

nematodes were not the sole causes responsible for the sudden plum deaths observed
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in the Western Cape. It has become more apparent that additional factors that were not
extensively considered in this study, also contributed to the plum tree decline. These
factors encompass the cultural practices such as rootstock selection, irrigation regime,
and microclimatic conditions (e.g. soil type), which are unique to each farm. In summary,
this study has provided a theoretical framework from which future studies could expand
on, which include functionally characterizing the potential candidate virulence genes and
evaluating the physiological impact of the above-mentioned factors on plum trees under
greenhouse conditions. It would be highly beneficial to the stone fruit industry if these

findings were complemented by field-based observations.
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ANNEXURE

Chapter 2: Identification of Pseudomonas isolates associated with bacterial canker
of stone fruit trees in the Western Cape, South Africa

Supplementary Tables

Suppl. Table S1. List of bacteria isolated from symptomatic twigs of stone fruit trees in
the Western Cape, South Africa

Suppl. Table S2. List of primers used in this study
Supplementary Figure

Suppl. Figure S1. (a and b) Shoot dieback symptoms on apricot cv. ‘Soldonna’
seedlings. A red arrow shows complete dieback
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Supplementary Table S1. List of bacteria isolated from symptomatic twigs of stone fruit trees in the Western Cape, South Africa

16S rRNA BLAST result (%

cts BLAST result (%

Strain ID Host plant Location Year identity) identity)
RF010 Prunus armeniaca Montegu 2014 Pantoea sp.(99)
PmO003 Prunus domestica Groot . 2014 Pseudomonas rhodesiae (99)
Drakenstein
BDO17 Prunus armeniaca Simondium 2014 Bacillus sp.(99)
BDO021 Prunus armeniaca Simondium 2014 Curtobacterium sp.(99)
NAOO03 Prunus armeniaca Napier 2014 Pantoea sp.(99)
NAO21 Prunus armeniaca Napier 2014 Yersinia sp. (95)
PmO007 Prunus domestica Groot . 2014 Bacillus sp (98)
Drakenstein
BDO006 Prunus armeniaca Simondium 2014 Curtobacterium sp.(97)
PmO001 Prunus domestica Groot . 2014 Brevibacillus sp.(98)
Drakenstein
RSEp3 Prunus domestica Riviersonderend 2014 Pantoea sp. (98)
RGO001 Prunus armeniaca Montegu 2014 Pseudomonas lutea (99)
Peach ceres 1 Prunus persica Ceres 2014 Arthrobacter sp.(97)
RF015 Prunus armeniaca Montegu 2014 Pseudomonas coleopterum (98)
RF014 Prunus armeniaca Montegu 2014 Pseudomonas sp. (98)
BDO012 Prunus armeniaca Simondium 2014 Bacillus sp.(98)
PmO004 Prunus domestica D Groot , 2014 Pseudomonas sp.(98)
rakenstein
PmO005 Prunus domestica Draitra?lzttein 2014 Pseudomonas sp.(98) Pseudomonas viridiflava(99)
RF001a Prunus armeniaca Montegu 2014 Microbacterium(96)
PmO006 Prunus domestica Groot . 2014 Pseudomonas viridiflava(99) Pseudomonas viridiflava(99)
Drakenstein
RF002b Prunus armeniaca Montegu 2014 Pseudomonas sp.(98)
RF009 Prunus armeniaca Montegu 2014 Bacillus sp.(97)
RLOO8 Prunus armeniaca Montegu 2014 Paenibacillus sp.(98)
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RF002a
NAO0O1
RSEp21
RG002
BD014
BDAP3N
BDAP12N
BDAP93-11(6)K
BDAP8Y
BDAP18T
BDAP16 (1)T
BDAP16 (2)K3
BDAP16 (2) Y1
BDAP19T
BDAP93-11(6)Y1
BDAP93-11(6)K2
BDAP14N
BDAP93-11(6)Y
BDAP93-11(6)T
BDAPQ7-22T
BDAP16(2)
BDAP11N
BDAP93-
11(3)Y2a
BDAP93-
11(3)Y2b
BD004
BDO002
BD003(1a)
BDO003(1b)

Prunus armeniaca
Prunus armeniaca
Prunus domestica
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca

Prunus armeniaca

Prunus armeniaca

Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca

Montegu
Napier

Riviersonderend

Montegu
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium

Simondium

Simondium

Simondium
Simondium
Simondium
Simondium

2014
2014
2014
2014
2014
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015
2015

2015

2015

2014
2014
2014
2014

Pseudomonas coleopterum (99)

Yersinia sp. (97)
Pantoea sp. (98)
Psychrobacillus sp. (96)
Pantoea sp. (92)
Bacillus sp. (97)
Pseudomonas sp.(98)
Bacillus sp.(97)
Bacillus sp.(98)
Bacillus sp.(98)
Paenibacillus sp.(97)
Bacillus sp.(96)
Bacillus sp.(99)
Pseudomonas sp.(99)
Bacillus sp.(97)
Erwinia sp.(98)
Nocardiodes sp.(95)
Erwinia sp.(98)
Erwinia sp.(98)
Bacillus sp.(98)
Bacillus sp.(97)
Erwinia sp.(97)

Bacillus sp.(98)

Curtobacterium sp. (99)

Pantoea sp. (99)
Pantoea sp. (99)
Pantoea sp. (99)
Pantoea sp. (99)

Pseudomonas syringae (99)

Pseudomonas syringae (99)
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BDO019
BD003(2)
BDO15
BDO00S
RSEp1
RSEp7
AO015
ABDO003
ABDO15e
ABDO13
A006
ABDOO07b
ABDO021
ABD001

PmMO002 (2)

ABDO020a
ABDO012
ABDO17

PLOO2
ABDO004
A002
ABDO0O10
A013
A001
ABDO002

ABDOO7a
ABDO0O05

A012

Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus domestica
Prunus domestica
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca

Prunus domestica

Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus persica
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca

Simondium
Simondium
Simondium
Simondium

Riviersonderend
Riviersonderend

Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Groot
Drakenstein
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium

2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014

2014

2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014

Pantoea sp. (99)
Pantoea sp.(99)
Pantoea sp.(99)
Pantoea sp.(99)
Pantoea sp. (97)
Pantoea sp. (96)
Curtobacterium sp. (99)
Bacillus sp.(99)
Pseudomonas sp. (98)
Xanthomonas sp.(99)
Bacillus sp.(99)
Erwinia sp.(97)
Pantoea sp.(99)
Xanthomonas sp. (99)

Curtobacterium sp. (99)

Erwinia sp.(99)
Bacillus sp.(99)
Curtobacterium sp. (99)
Pseudomonas sp. (99)
Pantoea sp.(99)
Pseudomonas sp. (99)
Pantoea sp.(99)
Pantoea sp.(99)
Pseudomonas sp.(99)
Pantoea sp.(99)
Pseudomonas sp. (99)
Pantoea sp. (99)
Pseudomonas sp.(99)

Pseudomonas syringae (99)

Pseudomonas syringae (99)

Pseudomonas syringae (99)

Pseudomonas syringae (99)
Pseudomonas syringae (99)

Pseudomonas syringae (99)
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ABDO004 (2)
ABDO14
ABDO016
ABDO09
ABDO008

A003
ABDO19
A019
ABDO15d
ABDO18
ABDO006
ABDO020c
K005(2)2c
K005(3)1a
K005(3)2e
K005(2)2b
K005(2)1e
K005(3)2¢
K005(2)2e
K005(2)1b
K005(3)1b
K005(2)1c
K005(3)2a
K005(3)2b
K005(2)1d
K005(2)2d
K005(3)2d
K005(3)1d
K005(2)2a

Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus armeniaca
Prunus domestica
Prunus domestica
Prunus domestica
Prunus domestica
Prunus domestica
Prunus domestica
Prunus domestica
Prunus domestica
Prunus domestica
Prunus domestica
Prunus domestica
Prunus domestica
Prunus domestica
Prunus domestica
Prunus domestica
Prunus domestica
Prunus domestica

Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium

2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016
2016

Pantoea sp.(99)
Pantoea sp.(99)
Pantoea sp.(99)
Pantoea sp.(99)
Pantoea sp.(99)
Curtobacterium sp. (99)
Pantoea sp. (99)
Pseudomonas sp. (99)
Pseudomonas sp. (99)
Pantoea sp.(99)
Pantoea sp.(99)
Erwinia sp.(99)
Pseudomonas sp. (99)
Pseudomonas viridiflava (100)
Pseudomonas syringae (99)
Pantoea agglomerans (100)
Pseudomonas sp.(100)
Pantoea agglomerans (100)
Pseudomonas viridiflava (100)
Pseudomonas sp.(99)
Pseudomonas viridiflava (99)
Pseudomonas sp. (99)
Pseudomonas sp. (99)
Pseudomonas syringae (99)
Pseudomonas sp. (99)
Pantoea agglomerans (99)
Pseudomonas syringae (100)
Pseudomonas viridiflava (99)
Pantoea sp. (100)

Pseudomonas syringae (99)

Pseudomonas syringae (99)
Pseudomonas viridiflava (99)
Pseudomonas syringae (99)

Pseudomonas viridiflava (99)
Pseudomonas viridiflava (99)
Pseudomonas syringae (99)

Pseudomonas syringae (99)

Pseudomonas syringae (99)
Pseudomonas viridiflava (99)
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K005(2)1a
K005(3)1
K005(3)1c
R11-1B
BV14-1
BV16-2
BV14-2
R11-1C
R11-1A
R13-1
R15-2

Prunus domestica
Prunus domestica
Prunus domestica
Prunus domestica
Prunus domestica
Prunus domestica
Prunus domestica
Prunus domestica
Prunus domestica
Prunus domestica
Prunus domestica

Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium
Simondium

2016
2016
2016
2017
2017
2017
2017
2017
2017
2017
2017

Pseudomonas sp. (100)
Pseudomonas syringae (99)
Pseudomonas viridiflava (100)
Pseudomonas sp. (99)
Pseudomonas sp. (99)
Erwinia sp. (99)
Pseudomonas sp. (99)
Pseudomonas sp. (99)
Pseudomonas sp. (99)
Pseudomonas viridiflava (99)
Variovorax sp. (99)

Pseudomonas syringae (99)
Pseudomonas viridiflava (99)
Pseudomonas syringae (99)
Pseudomonas syringae (99)

Pseudomonas syringae (99)
Pseudomonas syringae (99)
Pseudomonas syringae (99)
Pseudomonas viridiflava (99)
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Supplementary Table S2: A list of primers used in the multilocus sequence analysis (MLSA), 16S rRNA sequencing and rep-

PCR of the bacterial strains isolated from symptomatic twigs of stone fruit trees

Primer Sequence [5’ - 3'] Reference

cts(gltA)-F GCCTCBTGCGAGTCGAAGATCACC Hwang et al., 2005
cts(gltA)-R  CTTGTAVGGRCYGGAGAGCATTTC Hwang et al., 2005

gapA-F CGCCATYCGCAACCCG Sarkar & Guttman, 2004
gapA-R CCCAYTCGTTGTCGTACCA Sarkar & Guttman, 2004
gyrB-F TCBGCRGCVGARGTSATCATGAC Hwang et al., 2005
gyrB-R TTGTCYTTGGTCTGSGAGCTGAA Hwang et al., 2005
rpoD-F TGAAGGCGARATCGAAATCGCCAA Parkinson et al., 2011
rpoD-R YGCMGWCAGCTTYTGCTGGCA Parkinson et al., 2011
27F GAGTTTGATCCTGGCTCAG Lane, 1991

1492R GGTTACCTTGTTACGACT Lane, 1991

BOX A1R CTACGGCAAGGCGACGCTGACG Versalovic et al., 1994
ERIC 1R ATGTAAGCTCCTGGGGATTCAC Versalovic et al., 1991
ERIC 2 AAGTAAGTGACTGGGGTGAGCG Versalovic et al., 1991
REP 1R NICGICGICATCIGGC Versalovic et al., 1991
REP 21 ICGICTTATCIGGCCTAC Versalovic et al., 1991
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Supplementary Figure

b

Suppl. Figure S1. (a and b) Shoot dieback symptoms on apricot cv. ‘Soldonna’ seedlings. A red arrow
shows complete dieback.

201



Chapter 4: Pathogenomics of Pseudomonas strains associated with bacterial
canker of stone fruit trees in the Western Cape, South Africa, within the
Pseudomonas syringae species complex

Supplementary Figures

Suppl. Figure S1. Preliminary whole-genome phylogeny based on single nucleotide
polymorphism (SNP) alignments demonstrating evolutionary relatedness between
genomes of Pseudomonas strains associated with bacterial canker in the Western Cape,
South Africa and references in the P. syringae species complex used in Hulin et al. (2018).
Bootstrap values after 100 replicates are shown as percentages. Unrooted phylogenetic
tree. The scale bar represents the number of substitutions per site.

Suppl. Figure S2. Neighbour-joining phylogenetic tree based on the gapA demonstrating
relative distances between sequences of the A002 Pseudomonas strain and references
in the P. syringae species complex used. Bootstrap values after 1000 are shown as
percentages. Pseudomonas protegens Pf5 was included as the outgroup. The scale bar
represents the number of substitutions per site.
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Suppl. Figure S1. Preliminary whole-genome phylogeny based on single nucleotide
polymorphism (SNP) alignments demonstrating evolutionary relatedness between
genomes of Pseudomonas strains associated with bacterial canker in the Western Cape,
South Africa and references in the P. syringae species complex used in Hulin et al. (2018).
Bootstrap values after 100 replicates are shown as percentages. Unrooted phylogenetic
tree. The scale bar represents the number of substitutions per site.
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Suppl. Figure S2. Neighbour-joining phylogenetic tree based on the gapA demonstrating
relative distances between sequences of the A002 Pseudomonas strain and references
in the P. syringae species complex used. Bootstrap values after 1000 are shown as
percentages. Pseudomonas protegens Pf5 was included as the outgroup. The scale bar
represents the number of substitutions per site.
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