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Abstract

Cases of the current episode of Acute Oak Decline (AOD) were first described in the UK in
2008 on native British oaks, but currently this disease is seen to affect most species of oak on
a global scale. The disease has become a focus of forest research, due to the large number of
abiotic and biotic components that contribute to AOD. Some of the most recent discoveries

have shown the rhizosphere microbiome may play a significant role in the disease.

As such the work presented here utilised ten healthy and ten AOD symptomatic trees spread
over the woodland and parkland areas of Hatchlands Park, Guilford, UK to look for functional
differences within their rhziosphere. The first aim was to investigate if the rhizosphere soil
could function as a reservoir of infection for the four bacteria currently associated with AOD,
by using microbiological and rapid diagnostic molecular methods to detect their presence.
The second aim was to isolate and classify potentially novel members of the
Enterobacteriaceae isolated from the rhizosphere of both healthy and diseased oak. The final
aim was to use 16S rRNA gene sequence analysis to identify differences in the microbiome

community composition of the oak rhizosphere.

Using a modified Enterobacteriaceae enrichment method followed by undiluted spread
plating on a range of media, HRM was used to test for AOD bacteria from both healthy and
diseased oak rhizosphere samples. Gibbsiella quercinecans and Rahnella victoriana were
identified in the rhizosphere microbiome of healthy and diseased oak using high resolution
melt analysis, but Brenneria goodwinii and Lonsdalea britannica were not. However, B.
goodwinii and L. britannica were identified in acorns from the same site, indicating that they
may be endophytic members of the seed microbiome which is inherited between generations

of oak.

Using the same enrichment method, 100’s of isolates were collected from the same
rhizosphere samples taken from Hatchlands and the use of polyphasic taxonomy allowed for
the identification of two novel genera of bacteria and nine new species. These novel species
appear to be potential plant pathogens and growth-promoting bacteria based on the genomic
comparisons. This highlights the untapped potential that the oak rhizosphere microbiome

offers in relation to bacterial taxonomy.



Finally, single gene community analysis via synthetic long read 16S rRNA gene sequencing was
performed on DNA isolated from the Hatchlands rhizosphere samples. The analysis of
sequencing data revealed important distinctions between samples, with the largest effect
being seen between woodland and parkland samples. Parkland healthy and diseased trees
presenting the second largest effect with different relative abundance and microbiome
composition. However, this effect was not seen between single healthy and diseased trees
with minimised sampling distances, though a difference between the exorhizosphere and
endorhizosphere was recorded for both diseased and healthy trees. These differences
indicate that the composition of the rhizosphere may be linked to health status of oak, and
that the difference seen between the endosphere of diseased and healthy oak may be

influenced by which bacteria are recruited from the rhizosphere.
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1.1. Acute oak decline.

1.1.1. Description and occurrence.
Acute oak decline (AOD) is a dieback disease seen to originate on native British oak trees
Quercus robur and petraea. Symptoms have been observed since the 1980s, with the disease
being officially defined in 2009 by Forest Research (Denman and Webber, 2009). The disease
differs from the other major dieback diseases affecting oak trees in the last hundred years,
including Sudden Oak Death (SOD) and Chronic Oak Decline (COD). The key differences are
the rapid rate at which disease symptoms develop, the higher rate of mortality and the speed
at which tree death occurs, 4-6 years (Denman and Webber, 2009). The disease was first
recorded in Southeast Anglia, spreading west to The Welsh border and down to the south
coast. A map of disease distribution can be seen in Figure 1 (Brown et al., 2017a; Denman,

Kirk and Webber, 2010).

,‘ AOD reports
y > April 2006 - March 2021

Figure 1: Mapped locations affected by Acute Oak Decline in the UK from March 2006 to
March 2021 Reproduced from (Forest Research, 2021).

Symptomatic AOD trees are seen to be distributed in nearly all habitats, including urban,
parkland, farmland and woodland environments. Sites tend to follow a pattern of infection in

which a small number of trees show symptoms, with numbers rapidly increasing until more

than half of the oaks are afflicted (Denman, Kirk and Webber, 2010).
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Throughout history, decline of both native British oak and many different species (Quercus;
frainetto Ten, ilex L, suber L, pubescens and cerris L) with similar symptoms has been seen
throughout the majority of Europe (Thomas, Blank and Hartmann, 2002). This current episode
of decline is no different, with disease now being recorded on a range of non-native oak in
the UK including Bali oak (Quercus fabri), holm oak (Quercus ilex), oriental white oak (Quercus
aliena var. acutiserrata), pin oak (Quercus palustris), Pyrenean oak (Quercus pyrenaica), red
oak (Quercus rubra), scarlet oak (Quercus coccinea), Turkey oak (Quercus cerris), water oak
(Quercus nigra), chestnut-leaved oak (Quercus castaneifolia), Persian oak (Quercus brantii)
and downy oak (Quercus pubescens) (Crampton, Brady and Denman, 2022). The disease has
also been seen in several other countries, most recently in Spain, Switzerland, Portugal, Latvia
and Iran (Fernandes et al., 2022; Zalkalns and Celma, 2021; Gonzalez and Ciordia, 2020;
Ruffner et al., 2020; Moradi-Amirabad et al., 2019).

1.1.2. Descriptive symptoms of AOD
While both native UK species of oak are affected by AOD, the sessile oak (Q. petraea) is less
commonly afflicted than the pedunculate (Q. robur). Mature trees over the age of 50 years
are more vulnerable, though occurrence on young trees has also been observed (Brown et
al., 2016). The disease can be identified through three key symptoms which include stem
bleeding, where clear dark exudate can be seen from patches on the trunk of the tree, unless
yeast colonises the infection leading to the exudate becoming cloudy. Weeping
predominantly occurs through the months of March-June and October-November. The
positioning of stem bleeds varies vertically and horizontally from 5-22 cm apart (Brady et al.,
2017). The second symptom, seen in more advanced cases is 3-15 vertical cracks between the
bark plates, from which stem bleeding occurs. Underneath the cracked outer bark, the tissue
is stained and necrotic, leading to lesions that penetrate the sapwood, but never as far as the
heartwood. The third characterisation that is seen to later into the disease is the presence of
larval galleries of the two-spotted oak borer (Agrilus biguttatus) close to the previously
described lesions (Denman et al., 2014). These larval galleries are not consistently recorded,
and as such their role in AOD has not been confirmed (Denman et al., 2016). These phenotypic

features associated with AOD can be seen below (Figure 2).
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Figure 2: Images of the three key features associated with the disease phenotype of AOD. A,
B external symptom of weeping stem bleeds. C side view of underlying necrotic lesion causing
a crack in the bark plate. D mature Agrilus biguttatus beetle. E necrotic lesions and closely
situated larval galleries of Agrilus biguttatus (Brady et al., 2017).

The symptoms of AOD show phenotypic similarities to previous cases of decline in oak with
crown thinning, twig abscission in the upper canopy and bud dieback observed. Leaves are
reduced in size, discoloured, and sometimes yellowing is observed (Thomas, 2008). Necrosis
of bark and cambium, with weeping and reduction in size and diameter, also occurs (Thomas
and Hartmann, 1996). Despite being a symptom in most cases of decline, crown thinning is
normally a response to periods of severe drought, frost, defoliation or reduced water uptake
due to impaired root growth (Thomas and Hartmann, 1996). Canopy condition, though

nonspecific to AOD is a good indicator of tree health and may show levels of deterioration,
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however, in many cases this is not notable till death occurs (Forest Research, 2020; Brown et
al., 2016). The phenotypic profiles based on the symptoms above and other symptoms of
diseased oak from 174 Q. robur across nine sites have been used to construct a Phenotypic
Decline Index (PDI) and Decline Acuteness Index (DAI). Both indexes can be used for the
guantification and differentiation of AOD and COD. PDI relies largely on the crown size and
guality while tree stature and stem bleeds contribute to the DAI (Finch et al., 2021). These
indexes demonstrate how phenotypic traits are specifically tied to decline diseases and can

be used for monitoring and management.

1.2. Models of Decline diseases
Diseases with complex aetiology that cannot be defined as biotic or abiotic by cause are often
referred to as decline diseases. This is a catchall term which covers the events, combined or
successive, which disrupt the essential processes of the tree until loss of vitality leads to death
(Shigo, 1986). The fundamentals of decline rely on Sinclair’s 'predisposition and contributing
factors’ that lead to the inability to process stress due to the weakened state of the tree.
Predisposition factors are stresses responsible for the initial development of decline, while
secondary ‘contributing’ factors like opportunistic pathogens cause the symptoms and death
of the tree (Ostry, Venette and Juzwik, 2011; Wargo, 1996). Trees constantly interact with
both positive and negative abiotic and biotic forces that impact growth and development. An
injury, infection or stress that stops the tree from responding to positive interactions, will also
stop the resistance to negative interactions leading to decline. Decline is used to explain
disorders which are not fully understood and are caused by multiple factors. Four models
have been used to explain the main causes of decline (Sinclair and Hudler, 1988; Sinclair,

1965, 1967).

i. Decline that is caused primarily by one consistent stress factor. This covers the slow-

acting parasitic/viral action of some phytopathogens.

ii. Decline caused by a primary injury and secondary stress. This covers a short-term
primary event, followed by an opportunistic secondary event, preventing remission

from the initial damaged. Alone, neither factor would cause decline.
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Decline caused by interchangeable predisposing, inciting and contributing factors.
Inciting factors are short-term events like drought or insect defoliation, which cause
initial decline symptoms, reducing stress tolerance. Contributing factors are any other
factors that contribute to decline, such as age, genetics and further biotic/abiotic

events.

Cohort sensing follows model iii, but predisposition is caused by age combined with
tree number exceeding sustainable levels for the site enabling other factors to cause

decline.

Sinclair’'s model of decline offers a useful framework, with multiple concepts making it
versatile and adaptable, as decline diseases do not suit a ‘one size fits all’ diagnosis. Model
iii can be applied to AOD, as it suffers from a complex aetiology, with no single causative
agent, and an interchangeable sequence of events. However, other models of decline
exist such as Houston’s Decline concept, in which environmental stress (abiotic factors)
weakens the tree allowing for secondary attack from an otherwise unthreatening
organism (biotic factors) (Houston, 1987). The order of events in Houston’s Decline
concept is specific, which in AOD is currently unclear. The main model of decline for AOD
is attributed to Manion who introduced the decline spiral shown (Figure 3), combining
the same combination of interacting factors but with a key focus on the temporal

sequence and their interaction (Ostry, Venette and Juzwik, 2011; Manion, 1981)
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Figure 3: The decline disease spiral. The series of events is divided by predisposing,
inciting and contributing factors that lead to the death of a tree adapted from Manion,
1981.

The decline disease spiral has recently been updated with several new features found to
contribute to the development of disease and overall death of a tree, including roots and
the rhizosphere (Figure 4). These updates use AOD and its associated research performed
in the last 15 years as a model (Denman et al., 2022). One conclusion reached in the
updated model is the requirement for a holistic research approach which fully
appreciates the interaction between both the biotic and abiotic factors which contribute

to decline diseases.

30



(%]
o
o
v
v
w
o
[
v

Climate Urban
Pollution factors and
% disturbance

Repeated foliage attacks -
Very severe single defoliation
or multi-year defoliation and
powdery mildew events

Pathogens

Nematodes

Soil

Compaction.

Low moisture
holding capacity.

Poor soil drainage
Fluctuating water
table.

Soil acidity.

Poor fertility.

Nutrient imbalances.

Climate

Low rainfall.

High temperatures.
Flooding.

Extreme events.
Frosts.

Sustained stong wind.

Pollution

Excess atmospheric and
soil pollutants (e.g.
nitrous oxides).

Imbalances of nutrients
(e.g. P- shortage).

1.3. Abiotic causes of AOD

microbial imbalance

Rhizosphere soil -
imbalances in
bioconversion of
nutrients (e.g. Nitrifying
microbes).

Disruption to
biotransfer of nutrients
(e.g. Mycorrhizae).

Disruption to protective
and growth promoting
activities.

31

Root rot

Disturbance -
Excavation,
wounding

Insects
Cankers
Bacteria

a
<
i
=]

Primary root
pathogens, foliar
disease and stem

cankers

Buttress root rots (e.g.
Phytophthora,
Gynmopus, Armillaria).

Feeder root rots (e.g.

Phytophthora, Pythium,

llyonectria)

Foliar - Powdery
mildew - repeated
outbreaks.

cankers

E

a

wv

w

™

3

L ]
M':mlf'u": " Primary root
fmbar:n:ro ia pathogens,
ImRmanse; foliar disease

and stem

resources

Sever_e and Insects

sustained

drought/ flood Management
'-_-*

Insects

Repeated Insect
attacks by defoliators
and live-bark boring
beetles.

Tree diminishing
carbohydrate

Tree age and
genetic potential

RECOVERY

4

Management
Stock on land.
Planting density.
Thinning.
Mixtures.

Social pressures

(e.g. foot fall,
pathways).

Figure 4: The updated decline disease spiral based on Acute Oak Decline as a model (Denman
et al., 2022).

The abiotic environmental stresses that can be considered predisposition factors in the
decline of oak are large and may be acting together or sequentially. Predisposition occurs
before decline and is marked by a reduction in the growth of trees, demonstrating the inability
to respond to positive environmental stimuli (Thomas, 2008; Thomas, Blank and Hartmann,
2002). Between 2013 - 2014 extensive surveys of 544 locations were used to assess the effect
of soil type, climate and pollutant depositions on predisposition. These factors influence

water availability and drought-prone areas are correlated with increased AOD occurrence
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(Forest Research, 2014). Although oaks are considered drought tolerant, droughts still limit
carbon assimilation due to stomatal closure, photosynthesis, and the transport of sugars due
to disruption of the vascular system. Alternatively, waterlogged soils are detrimental to tree
growth due to limiting respiration in hypoxic conditions (Allen et al., 2010). This is directly
affected by soil type, with clay soils prone to waterlogging, and shallow and sandy soils
limiting water storage (Thomas, 2008). The trends identified relate to drier, warmer, and
longer growing periods, with low elevation being significant due to these conditions. These
conditions lead to more dry deposition of chemicals in which nitrogen levels were higher at
AOD sites and sulphur levels lower. A total of 39 % of AOD cases occurred on brown earth,
though no relation to soil drainage was identified. The current geographic restriction of AOD
to up to the Welsh boarder and southern England to the midlands indicate a limited
temperature range. However, this is poorly understood with models predicting a wider range
of distribution (Brown et al., 2018). The correlation of AOD to warmer temperatures may be
due to the increased suitability for defoliating insects such as Agrilus biguttatus that cause D-
shaped exit holes (Brown et al., 2017b). The importance of biotic features was also observed
in 115-260 mature oaks between 2009 and 2012. The study found that affected trees tended
to occur in non-randomly localised clusters within sites, suggesting a biotic cause of the
spread and development of AOD rather than wide-scale environmental effects (Brown et al.,

2016).

1.4. Biotic causes - Agrilus biguttatus
One biotic factor noted in AOD is Agrilus biguttatus or the two-spotted oak borer (TSOB), a
European bark-boring beetle, known for playing out its larval stage in the vascular system of
oak trees where it feeds. Of all four species of Agrilus, only A. biguttatus was consistently
recorded, with 90 % of AOD symptomatic oaks having larval galleries internally adjacent to
lesions and 30-33 % of diseased trees having the D-shaped exit holes of mature beetles (Reed

et al., 2018; Brown et al., 2015, 2017b).

A. biguttatus was thought to be a declining species, but numbers and distribution have
increased drastically since the 1980s, making them an expanding species. Expansion is
possible because of climate change, with warm weather pushing the northern limit further

and the ready availability of hosts due to oak dieback diseases (Alexander, 2003a, 2003b). A.
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biguttatus association with dying oaks has been known for over 100 years but the increased
rate of correlation between the beetle with oak dieback, made it a high-risk invasive pest
(Yemshanov et al., 2013; Gibbs and Greig, 1997). A. biguttatus and native oaks have co-
evolved (Brown et al., 2015), because of this oaks must be in a weakened state before an
attack can occur (Manion, 1981). A. biguttatus finds suitable host oaks through the use of

attractive volatile compounds that influence their olfactometers (Vuts et al., 2016).

Lab cultivation was used to understand the cryptic life cycle of A. biguttatus which could not
be observed in nature (Sallé, Nageleisen and Lieutier, 2014). Mature beetles were collected
from felled AOD symptomatic oaks containing overwintering pupal stage A. biguttatus.
Beetles were bred, and their eggs were collected and placed on felled oak stems to observe
larval development at a range of temperatures. Results showed the lifespan of female beetles
lasted 22-162 days. 25 + 2.2 days after emergence, oviposition took place between bark plates
in cracks and crevices providing larvae with a short route to the cambial zone where they
developed galleries (Brown et al., 2015; Vansteenkiste et al., 2004). These oviposition sites
are picked through the detection of volatiles produce by oaks irrespective of health status, in
the same way as host trees are selected (Vuts et al., 2016). The eggs appeared to hatchin 3 +

0.4 days independent of temperature (Reed et al., 2018).

The larval galleries of A. biguttatus (where a large part of their development takes place) are
known to cause further weakening of the tree due to disruption of the phloem and xylem
(Evans, Moraal and Pajares, 2004). The phloem is an essential feature in trees as it allows the
transportation of carbohydrates, nutrients and signalling molecules (Liesche and Patrick,
2017). Xylem disruption or girdling stops the movement of water and essential nutrients from
the roots to the crown (Vansteenkiste et al., 2004). Disruption of either the xylem or phloem
limits the growth of the tree, which then cannot respond favourably to positive external

influences on the tree.

Larvae take 1 — 2 years to emerge, during which galleries can reach 1.5 m long and 3 —4 mm
wide (Vansteenkiste et al., 2004). Before emergence larvae move near the surface, for
overwintering and pupal diapause (Brown et al., 2015). Without the cold period, a 100 %
mortality rate of eggs is recorded in most Agrilus species (Reed et al., 2018; Liang and Fei,

2014; Saunders, 2002). Warmer weather then wakes and matures beetles, with colder
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temperatures leading to lower numbers of emerging beetles. This may explain the lower
number of D-shaped emergence holes than galleries recorded and why the feature is
associated with south-facing tree stems, where the temperature is higher (Brown et al., 2016,
2017b; Denman et al., 2014). Following emergence, mature beetles are recorded feeding on
foliage in the oak crown (Habermann and Preller, 2003). The severity of stem bleeds is known
to be more severe in oaks with weakened crowns correlating the stages of the lifecycle of A.
biguttatus with AOD symptoms (Brown et al., 2016). As such emergence holes and stem
bleeds occur in a non-independently distributed fashion. Emergence holes are more common
on trees which had stem bleeds the previous year, indicating a role in the weakened response
state (lowering defensive ability of host) in facilitating full development of AOD (Brown et al.,

2017b; Dunn, Potter and Kimmerer, 1990).

It has been hypothesised that the beetle could contribute to the spread of the AOD lesion
bacteria. Alternatively, larval feeding may provide a suitable area of disruption in tissue for
bacteria to establish themselves. Whether acting as a vector or through/by providing a site
for bacterial infection, A. biguttatus contribute to the formation of lesions under the bark
plate, thus contributing to the mortality of trees suffering from AOD, making A. biguttatus an
essential feature of the decline complex (Brown et al., 2017b; Denman et al., 2014;

Vansteenkiste et al., 2004).

1.5. Biotic factors - Bacterial components
One essential feature that distinguishes AOD from other current cases of oak decline, is the
role of several bacterial species in the formation of severe symptoms such as necrosis, lesions
and stem bleeds. These are known to be key features of the lesions, as if the cause was purely
caused by the A. bigutattus wounds would be expected to heal and callus over quickly. This is
not the case with AOD in which lesions are seen to have expanding margins until remission or
death occurs, which is most commonly explained by a casual microbial agent (Denman et al.,

2016; Donaubauer, 1987).

To further understand the biotic component of AOD the key research outputs then focused
on the taxonomic classification of the microbiome, the detection of the AOD pathogens and

understanding their roles within AOD lesions.
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1.6. Taxonomic classification of the microbiome
The identification of bacterial isolates from necrotic tissue of symptomatic oak began in 2009.
The isolates were expected to be closely related to Brenneria quercina or Serratia, which had
been suggested as the causal agent of declining Mediterranean oak isolates from Spain (Poza-
Carrion et al.,, 2008; Biosca et al., 2003). Phenotypic tests placed the isolates in the
Enterobacteriaceae, with 16S rRNA gene sequencing dividing the isolates into two groups
showing close relation to Brenneria and Serratia species. Due to the poor resolution of the
16S rRNA gene, DNA gyrase (gyrB) and RNA polymerase B (rpoB) genes were used for further
identification (Brady et al., 2010, 2012). Further investigation employed polyphasic taxonomy
utilising DNA-DNA hybridization, G+C content, standard phenotypic and biochemical
metabolism which were used to classify species at the time (Gevers et al., 2005). Based on
these tests clear phenotypic and phylogenetic differences distinguished the species from its
closest phylogenetic neighbours, and as such the name Gibbsiella quercinecans was purposed

for the group of isolates related to Serratia species (Brady et al., 2010).

Meanwhile, a group of Brenneria quercina-like isolates from Spain and Britain proved harder
to classify, 16S rRNA gene comparisons and phylogenetic trees clustered the isolates with B.
quercina but were far removed from the remaining Brenneria species. Other studies had
shown that monophyletic clades did not form for B. quercina when phylogenetic trees were
constructed, a common issue for the Enterobacteriaceae, meaning isolates required
investigation by multilocus sequencing analysis (MLSA) (Brady et al., 2012). The method was
first utilised by Maiden et al. (1998) and has since been used for the delineation of the highly
recombinogenic bacterial genus Neisseria, where individual loci could not distinguish
between species (Hanage, Fraser and Spratt, 2005). Brady et al. (2008) had previously used
this method for a taxonomic re-evaluation of the genus Pantoea, which lead to the description
of nine novel Pantoea species and the transfer of Pectobacterium cypripedii to the now

emended genus Pantoea (Brady et al., 2009, 2010a, 2010b).

The four genes (rpoB, atpD, gyrB and infB) used in the Pantoea studies were later applied to
a range of phytopathogenic bacteria allowing for the taxonomic examination of several
genera and species, including the B. quercina like isolates. The four genes were used to build

a concatenated nucleotide phylogenetic tree where the B. quercina-like isolates were
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removed from existing Brenneria species. Polyphasic taxonomic results supported by MLSA
gave evidence to support the creation of a novel genus Lonsdalea and emendations to the
Brenneria genus and Dickeya dadantii and dieffenbachiae. B. quercina was reclassified as
Lonsdalea quercina and the Spanish and British oak isolates were classified as subspecies
namely L. quercina subsp. iberica and L. quercina subsp. Britannica, respectively (Brady et al.,
2012). The two subspecies were later elevated to species level following the identification of
Lonsdalea populi isolated from bark canker of poplar trees which provided further taxonomic
resolution to the genus (Li et al., 2017). The MLSA scheme created by Brady et al. 2008
allowed for further classification of novel isolates from AOD symptomatic oak and is noted
for its application in the re-evaluation of the prokaryotic genera, especially with regards to
the Enterobacteriaceae (Brady et al., 2017; Glaeser and Kampfer, 2015a). The polyphasic
approach used for Lonsdalea was later used to classify the remaining Brenneria-like isolates

leading to the proposal of Brenneria goodwinii (Denman et al., 2012).

As AOD occurrence increased, so did sampling frequency and the number of isolates that
could not be classified. These isolates consisted of two groups, consisting of a distinct and
likely novel Brenneria species and several species related to Rahnella aquatilis, at the time
the only species in the genus Rahnella (Brady et al., 2014a, 2014b). The novel Brenneria
species had been isolated from symptomatic oaks in both the UK and the USA and contained
some minor genetic differences and high spatial separation. This led to the classification of
Brenneria roseae and subspecies B. roseae subsp. roseae and B. roseae subsp. americana
(Brady et al., 2014a). The Rahnella species had been isolated from a wide range of locations,
including alder and walnut logs, AOD symptomatic oaks and beetles and were distinct from
R. aquatilis. The names given to these species were, Rahnella inusitata, Rahnella bruchi,
Rahnella woolbedingensis, Rahnella variigena and Rahnella victoriana, with the final two

being commonly isolated species seen in AOD microbiome (Brady et al., 2014b).

The lesion pathobiome is seen to be dominated by these members of the order
Enterobacterales, which are known to consist of commensals, mutualists and phytopathogens
(Adeolu et al., 2016a). However a group of non-fermentative Gram-negative bacilli, belonging
to the genus Pseudomonas have also been identified (Wisplinghoff, 2017). These
Pseudomonas species were consistently isolated from AOD affected bark and the TSOB larval
galleries in a later study which aimed to investigate and compare the composition of the
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symptomatic vs the non-symptomatic microbiome (Denman et al., 2016). These isolates were

classified as Pseudomonas daroniae and Pseudomonas dryadis (Bueno-Gonzalez et al., 2019).

The initial bulk of the taxonomy surrounding the AOD-associated microbiome had taken eight
years (not including the more recent description of Pseudomonas species). Within those eight
years, high numbers of novel species and discoveries and emendations of new and existing
genera had taken place, highlighting the poor understanding of the microbiome of the native
oak species before the occurrence of AOD. In light of this, it was hard to ascribe roles in the

disease to the wide range of species discovered so far (Brady et al., 2017).

1.7. Understanding the role of the oak microbiome
Understanding the composition of the plant microbiome is crucial as it supports essential
functions with the host, as seen in most eukaryotic organisms. The associate microbes found
within both the endo and ectosphere of plants have received much attention as growth-
promoting and biological control agents to be utilised in agriculture. This is because they are
seen to play active roles in resource acquisition, biological control of phytopathogens and
promote stress tolerance in plants, with a direct and overall contribution to the growth of
plants (Berg et al., 2013, 2014; Compant, Clément and Sessitsch, 2010). Endophytic microbes
are generally considered to be non-pathogenic, however, they should be considered latent
pathogens, which given the correct environmental stimulus or genomic nuance of the host

may trigger disease (James and Olivares, 2010).

The V3-V5 region 16S rRNA gene is a gold standard taxonomic marker found in both bacteria
and archaea (Clarridge., 2004), which Sapp et al. (2016) used for their metabarcoding study
of oak endophytes. Samples showed high variation in the number of sequences obtained, and
as such rarefication was applied to allow comparison of libraries (Sapp et al., 2016). However,
single taxa were not rarefied as they are known to play important roles in both the
environment and host-associated microbiomes (Jousset et al., 2017). For example, rare taxa
in the plant microbiome have been recorded to play important roles in the protection of the
host by the production of antagonistic volatiles that kill pathogens (Hol et al., 2015). No clear
shift in microbiome was identified in diseased tissue, but two taxa in the
Gammaproteobacteria were associated with healthy tissue and one phylotype from the

Enterobacteriaceae with diseased (Sapp et al., 2016).
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A second study investigated the origin, biology, and pathogenicity of the lesion bacteria. A
range of molecular methods was used, but to find appropriate bacteria to test Koch's
postulates, biological and phenotypic information are needed, which required culturing
(Denman et al., 2016). Koch’s postulates are a set of criteria that prove a pathogenic microbe

is the causal agent in a specific disease and are as follows (Koch, 1884):

1. The casual microorganism is seen as present in every diseased host and not

present in every healthy host.

2. The microbe must be isolated and cultured from the diseased host.

3. Inoculation of the microbe into a healthy host causes the disease.

4. The identical microbe must be reisolated from the experimentally infected

host.

Falkow, Colwell and others are recognized for their critiques and adaptations of the criteria,
with even Koch appreciating its shortcomings concerning cholera not consistently fulfilling
the third postulate (Ingles, 2007). Nevertheless, the criteria can be used to understand the

root microbial cause of disease.

Bacteria were isolated from the outer and inner bark, sap and heartwood of 10 diseased and
five healthy trees from five sites. 16S rRNA and gyrB gene PCR and sequencing were
performed on single colony isolate subcultures, with BlastN used to identify them.
Multivariate analysis was performed on bacterial communities at the species level, to
understand composition based on different sampling combinations. Diseased tissue was
observed to contain significantly higher numbers of cultivable bacteria than other tissue
types. The phloem and sapwood also had higher numbers of cultivable bacteria than the outer
bark, but no relation to tissue condition and tissue position was found. At all sites,
symptomatic tree bacterial communities were dominated by the Enterobacterales, namely,
B. goodwinii, G. quercinecans, R. victoriana, Erwinia billingiae, P. daroniae and P. dryadis. The
composition of the Gram-negative microbiome of oak in decline differed largely from the
Gram-negative microbiome seen in healthy oaks. Further differences were found based on

the severity of AOD, with a higher abundance G. quercinecans representing the early stages
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of the disease and B. goodwinii the latter. Overall, the disease microbiome displayed higher
diversity, but species overlap in healthy and diseased samples was observed, which was in
line with the results from Sapp et al. (2016). As such the study suggested that the necrogenic
potential of B. goodwinii, G. quercinecans and R. victoriana should be investigated (Denman

etal., 2016).

A separate study which investigated the effects of host age and spatial location on the
microbiome of Q. robur also supported these results indirectly. 16S rRNA gene amplification
of 192 samples showed that alpha species diversity decreased with age. The key addition to
the understanding of AOD was that no Brenneria species were found, indicating B. goodwinii
was only found in the disease microbiome. However, the study only gained taxonomic
resolution of microbiome composition to a class level and the same trends were not found in

the diversity of OTUs (Meaden, Metcalf and Koskella, 2016).

A trend had begun to appear with B. goodwinii, G. quercinecans, R. victoriana and L. quercina,
to a lesser extent, at the heart of the issue. One focus would aim for rapid identification of
the AOD lesion associated bacteria, allowing for the description of AOD-afflicted trees,
although this work had begun simultaneously with the investigation of the microbiome shift.
Another focus would be to test further aspects of Koch's postulates, such as infection, re-

isolation and looking for specific genes associated with plant pathogenicity.

1.8. Rapid identification methods for key members of the diseased microbiome.
Due to the lesion microbiome being dominated by the Enterobacterales, phenotypic
differentiation and identification of isolates could not be achieved (Brown and Benson, 2009).
The 16S rRNA gene is also not sufficient for the differentiation of the Enterobacterales (Naum,
Brown and Mason-Gamer, 2008). MLSA was the only reliable way to identify the AOD lesion
bacteria, which was time-consuming and laborious (Brady et al., 2016, 2017). The search for

rapid identification methods began.

In 2014 Doonan et al, began to look for a cost-effective, rapid and accurate method to screen
for B. goodwinii and G. quercinecans in potential AOD symptomatic tissue. The internal
transcribed spacer region 1 (ITS1), was a strong candidate, often used for species recognition

in a range of environmental samples (Weig et al., 2013; Guasp et al., 2000). It is suitable as it
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varies in length and sequence allowing differentiation of both distant and closely related
species (Scheinert et al., 1996). Species differentiation after amplification can be seen via
amplicon patterns visualised in agarose gels, because of the large difference in the length of
fragments from 2 base pairs to 301 bp (Doonan et al., 2015; Fisher and Triplett, 1999). Two
strains of B. goodwinii, G. quercinecans and Rahnella species were tested, with identities
confirmed using gyrB sequencing. In 3 % w/v agarose, reproducibility of results was
inconsistent and in polyacrylamide gel electrophoresis, manual validation was required and
gyrB sequencing level resolution was not obtained. However, for certain strains the higher
copy number of ITS1 revealed differences that were not present in the single copy gyrB gene,
allowing for greater phylogenetic resolution. Overall the method was deemed insufficient for
genus-level understanding of AOD bacteria, due to the variability of the marker which limited

comparisons within a single genus (Doonan et al., 2015).

The second method tested by Brady et al. was a real-time PCR method called high-resolution
melt (HRM) analysis. The method identifies single nucleotide polymorphisms in short areas of
target genes without the need for sequencing. HRM analysis is based on the binding of
fluorescent dyes which actively intercalate with doubled-stranded DNA. When exposed to
increasing temperatures, DNA is seen to dissociate from double to the single-stranded form,
causing the detachment of... and loss of fluorescence which leads to a signal change (Er and
Chang, 2012). The G + C content and length of the amplified sequence control the rate at
which fluorescence is lost. A melt curve profile is generated which can distinguish variation in
nucleic acid bases due to its specificity and sensitivity. This is because variations in the target
gene alter the temperature at which dissociation occurs, as such differences in the melt curve

demonstrate sequence variants (Brady et al., 2016; Garritano et al., 2009).

Use of reference-based curves can then be used to genotype these single nucleotide
polymorphisms, which has yielded a wide range of microbiological applications, such as the
identification of yeast, mycobacteria as well as differentiation of bacterial species and strains
(Stomka et al., 2017). A short section of the atpD gene was selected as the target as it showed
the most sequence variation within MLSA. The melt curve generated separated G.
quercinecans, B. goodwinii, B. roseae subsp. roseae and L. quercina subsp. britannica into
distinct peaks based on their genera, species and subspecies. The method remained effective
up to 107 dilution. It was hoped with modifications, environmental swabs taken by citizen
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scientists could be directly used. This would remove the need to culture before identification,
allowing rapid identification of bacteria from AOD tissue, and aiding understanding of both

their role in the disease and the overall spread and occurrence of AOD (Brady et al., 2016).

Simultaneously, Forest Research was investigating the TagMan probe method for the rapid
identification of low levels of AOD-related bacteria from environmental samples. TagMan
gPCR is a real-time PCR method which utilises non-extendable hydrolysis probes. The short
oligonucleotide probe binds to a specific region which is controlled by the primers. The 5'
terminus of the probe is labelled with a fluorescent dye while the 3' end is bound to a
guencher, which together forms a donor-acceptor fluorescence resonance energy transfer
pair, the same principle as that of an eclipse probe but with termini reversed (Stevenson,
Hymas and Hillyard, 2005). The probe binds downstream from one primer at the target
sequence as amplification proceeds. As elongation from the upstream primer reaches the 5'
end of the probe, hydrolysis takes place. This disrupts the fluorescence resonance energy
transfer pair, triggering the release of the dye from the 3' quencher. Dyes with specific
wavelengths can be bound to the probe, meaning fluorescent illumination from the release
of the dye can show the presence of specific species when detected. Moreover, the amount
of fluorescence detected is proportional to the amount of PCR product in the mix, meaning it
can be used quantitatively for single-species detection (Nagy et al., 2017). Crampton et al,
develop a TagMan PCR assay that could detect the presence of B. goodwinii, R. victoriana and
L. britannica by their gyrB gene and G. quercinecans by its rpoB gene, simultaneously in single
samples and quantify the number of species present. These results were confirmed by
standard culturing and BlastN identification of the gyrB gene. The detection protocol was also
non-destructive and rapid, requiring no culturing of species before detection (Crampton et

al., 2020).

As such there are currently two viable options for the detection of bacteria associated with
the oak microbiome, both HRM analysis and TagMan probe. The TagMan analysis offers
highly sensitive, rapid and quantitative detection of bacteria. However, the pitfalls lie mainly
in the depth of resolution, with Gibbsiella only being identified to the genus level and R.
victoriana and R. variigena being indistinguishable using currently available probes (Crampton
et al., 2020). Meanwhile, HRM analysis allows for species-specific detection within highly
related clades and comparatively is the more affordable option, but suffers from the
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requirement for single colony isolation, limiting the speed and low-level detection of bacteria

from samples (Brady et al., 2016).

1.9. In-depth analysis of key members of the AOD microbiome
Due to the consistent isolation of B. goodwinii, G. quercinecans, R. victoriana and L. britannica
from AOD lesions, further investigation to elucidate their role in the development of the
disease was investigated. This included single and multispecies inoculation to assess Koch’s
postulates and genomic comparisons to understand the virulence gene pools the species
contained. MLSA of larger numbers of housekeeping genes has been used to understand
strain-level evolution and ecology, as shown in Streptomyces griseus (Rong et al., 2010). Seven
genes were used to investigate 44 strains of B. goodwinii isolated from seven locations. No
geographical pattern was identified, instead, strains were primarily clonal, and their genetic
structure and evolution are shaped by mutation and recombination (Dykhuizen and Kalia,
2007). This implies B. goodwinii is likely an endemic species to oak, and recombination leads
to new alleles which then become the dominant genotype in their spatial position and host
(Kaczmarek et al., 2017). A similar story exists with P. syringae which can be endemic in plants
but also a devastating phytopathogen (Sarkar and Guttman, 2004). Around 60 pathovars of
P. syringae have been identified and recombination allows them to inhabit and dominate
their specific niches (Xin, Kvitko and He, 2018). Recombination events provide novel virulence
factors and metabolic capabilities that alter their pathogenicity, creating short- and long-term
evolutionary lineages of species (Feil and Spratt, 2001). The study of the 44 B. goodwinii
strains using multilocus sequence typing (MLST) by Kaczmarek et al. (2017) provided insight
into how B. goodwinii could evolve in oak trees and then shift to become a causal agent of

AOD.

The second investigation characterised the metagenome and metatranscriptome from both
healthy and AOD symptomatic oaks. B. goodwinii, G. quercinecans and R. victoriana were
inoculated as pure cultures, polymicrobial mixtures and in combination with and without A.
biguttatus eggs to simulate the symptoms of AOD. Inoculations of Q. robur logs in controlled
chambers and 25-year-old oaks in the field took place over three years (Denman et al., 2018).
Genome analysis showed G. quercinecans and R. victoriana contained phytopathogenic genes

related to soft rot Enterobacteriaceae phytopathogens (Denman et al., 2018). The group was
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of interest due to their taxonomic relation and shifting relationship from commensal to
necrotrophic pathogens containing virulence genes. These include plant cell wall degrading
enzymes (PCWDE) to digest the polysaccharides that form plant cell walls, type Il secretion
systems (T3SS), phytotoxins, and adhesins which help in plant cell association (Pritchard et
al., 2016; Charkowski et al., 2012). The genome-wide comparison of the AOD bacteria to the
soft rot Enterobacteriaceae revealed pectinases, cellulases and tannases, these PCWDEs were
all confirmed via phenotypic tests. Furthermore, the presence of type Il secretion systems
(T2SS) were seen in G. quercinecans and R. victoriana, while B. goodwinii contained genes

coding for the T3SS.

There are six well defined secretion systems in Gram-negative bacteria, which inject virulence
factors into the environment or directly into hosts. Most pathogenic bacteria encode one or
more secretion systems to allow invasion of hosts, but the T3SS is the trans-kingdom protein
transport system associated with pathogenic effector proteins which alter host cells (Buttner,
2012). The T2SS is seen in many Gram-negative bacteria but is most notably present in
pathogenic bacteria. T2SS dependant enzymes are virulent, and loss of these enzymes or the
system impairs virulence, with detrimental effects on the inhabitation of environmental
niches (Cianciotto, 2005). Inoculation showed that combinations of G. quercinecans and B.
goodwinii caused wounds significantly larger than those of the control, and the negative
control Erwinia billingiae (Denman et al., 2018). The results fulfilled three of Koch’s postulates
with presence of the AOD bacteria recorded on AOD symptomatic trees, but not at sites
where AOD was absent. They were isolated and cultivated from diseased trees and back
isolated from inoculated trees. However, no singular microbial cause was identified, as
combinations of bacteria and A. biguttatus showed significantly larger wounds than single
microbial inoculations. With all three bacteria causing necrosis, an adaptation of Koch
postulates implicating a polymicrobial role in the disease was suggested (Denman et al.,
2018). Koch's postulates have previously been adapted for cases such as periodontal disease
in humans, and olive knot disease which has increased severity when Pseudomonas
savastanoi pv. savastanoi interacts with other endophytes in olive trees (Buonaurio et al.,
2015; Antiabong, Boardman and Ball, 2014). The study revealed the importance of the
polymicrobial lesion microbiome and A. biguttatus in AOD development and symptoms,

giving further direction for pathogenic gene investigation.
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Host-microbiota interactions were assessed via the metagenome, metatranscriptome and
metaproteome of inner bark tissue from both AOD symptomatic and symptom-free trees.
Virulence factors such as PCWDEs, flagella and reactive oxygen species were identified. Host
tree defence systems were also seen, including cell wall modifications, reactive oxygen
species and defence regulators. B. goodwinii was observed as the most abundant species in
the AOD lesion, where core pathogenic proteins were exclusively found. This activity by B.
goodwinii was seen actively aided by both Gram-positive and Gram-negative species of
interest. The Gram-negative species based on the activity of their metatranscriptome and
metaproteome were G. quercinecans and R. victoriana. Their main role was interbacterial
actions and stress responses, aiding the virulence of B. goodwinii and the Gram-positive
species. The Gram-positive species had draft genomes assigned to Clostridioides and
Carnobacterium which have not currently been isolated from AOD symptomatic oak. The
study showed promise in multi-omic analysis in understanding the oak hologenome in the
disease and provided evidence of B. goodwinii as the primary disease agent (Broberg et al.,

2018).

In 2019 whole genome sequencing was used to find virulence mechanisms used by members
of the AOD pathobiome. This approach can both identify the pathogenic mechanisms single
species use, and can aid in finding tools to control the disease (Toth, Pritchard and Birch,
2006). Virulence factors including PCWDEs, secretion systems and their effectors (namely the
T3SS) were chosen as key targets to detect the pathogenic potential. These genes or
homologs of these can be present in non-virulent species, which can hinder understanding of
the pathobiome. Symbionts have these genes for a range of reasons, including being
evolutionarily conserved features or essential features for host interaction (Nishiguchi et al.,
2008). Recombination disrupts the genes' homeostasis, allowing bacteria to become
pathogenic and occupy new niches, as suggested for B. goodwinii (Denman et al., 2018).
However, basic differences in these virulence factors exist between symbionts and
pathogens. For one, the locations of unique pathogenic genes are in pathogenicity virulence
islands. Domain number and domain coverage value also differ, with unique virulence genes
being more compacted and less complex than common highly conserved factors (Niu et al.,
2013). Other issues included hemibiotrophic pathogens, which can be pathogenic or

asymptomatic biotrophs depending on conditions, and saprophytes which can cause disease
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at high concentrations. As such a rigorous approach to pathogenic potential would be
required to understand the pathobiome-mediated disease and the virulence factors that
cause AOD tissue necrosis. B. goodwinii was shown to have significant associations with
necrotrophic virulence PCWDE homologues as well as the T3SS, associated harpins and
effectors found in hemibiotrophs such as P. syringae. Evidence implies B. goodwinii’s
associated pathogenic genes cause the development of tissue necrosis in the AOD lesion
microbiome, which was also demonstrated by the upregulation of these genes in the lesion
metatranscriptome (Doonan et al., 2019; Broberg et al., 2018). G. quercinecans virulence
orthologues appeared closer to saprophytes than pathogens, which fits previous data from
log inoculations and another study that isolated G. quercinecans from decaying wood
(suggesting a saprophytic role) (Denman et al., 2018; Geider et al., 2015). Rahnella species
showed high similarity to G. quercinecans pathogenic potential, lacking T3SS and key PCWDEs.
The virulence genes they contain imply a secondary role in lesion formation, similar to
endophytic species found in olive knot disease (Buonaurio et al., 2015). Despite consistent
isolation of all three species, B. goodwinii contains the key virulence genes, implicating it as
the causal agent of AOD, while R. victoriana and G. quercinecans likely contribute a secondary

role in disease development (Doonan et al., 2019).

In a recent study, non-oak reads were extracted from whole genome sequences of the oak
phyllosphere and queried against bacterial databases. All the AOD bacteria had reads
identified in these sequences, regardless of site or tree health status. This supports the
conclusions of several other studies that the AOD lesion bacteria are endophytic in oak, but
predisposition from decline is required for their pathogenicity (Gathercole et al., 2021).
However, some questions remain unanswered. If endophytic, where do these bacteria
originate from? Secondly, what role does the microbial community of the soil associated with
the roots of oaks play? Thirdly, is there a difference in the composition of the rhizosphere
associated with AOD trees compared with their non-symptomatic counterparts? And finally,

could this large reservoir of microbial activity be the answer to the first question?
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1.10. Bulk Soil:
Soil is the physical support for plants, the functions of both the living and non-living
components are essential for their survival. This dynamic substrate is made of different
fractions of mineral particles (which differ in size), an array of components, such as
exopolysaccharides, cell debris, secretions suspended or dissolved in water, other organic
matter and a staggering amount of biota. This reservoir of biotic and abiotic components

works together to maintain a continuous flow of energy and nutrients, supporting plant life.

Interaction with soil biota is required for nutrients such as nitrogen and phosphate which
bacteria transform from base elements, and minerals bound together from the mucous
secretion of bacteria. Microorganisms also perform decomposition, breaking down 95 % of
green plant matter. Their importance is undeniable with a hectare of soil potentially
containing two tonnes of live weight bacteria (Dawkins and Ellwood, 2015). Tens of thousands
of species may compromise that number (though a full understanding of the extent of this
diversity is unknown), each with its unique niche which the microenvironments in the soil

provide (Simon and Daniel, 2011).

Soil exists in micro-zones over four horizons, in which one micro-zone containing high levels
of oxygen, water and nutrients may be millimetres from one containing low levels as
demonstrated in Figure 5 (Voroney, 2007). Soil horizons are layers which develop during soil
formation and display varying thicknesses and blurred boundaries. The layers develop via
alteration in the parent material by accumulation of organic matter from the humus of plant
residue, soluble and colloidal organics, inorganics moving down from the surface and the
accumulation of both organic and inorganic precipitates. Temperature and water both

fluctuate seasonally and based on the soil horizon (Voroney, 2007).
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Micro-zone B

O Horizon

A Horizon

B Horizon
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Micro-zone A

Figure 5: The four horizons of soil and an example of micro-zones within these horizons. The
O horizon is made up of organic fallen plant material. The A horizon is the topsoil which is
especially rich inorganic humus which causes the dark colours. The B horizon (subsoil) is
mainly enriched by precipitates, while the C horizon is the least weathered of the base
material that forms the soil. Within these horizons are micro-zones which vary by pore size.
Micro-zone A demonstrates a zone with large pores that allows air, water (blue) and nutrient
(green) movement. Micro-zone B demonstrates small pores which limit movement of air
water and nutrients, potentially excluding them.

The formation of the horizons is complex and reliant on chemical, physical and biological
processes. Soil microbes cause the majority of the biological transformations, and their
presence leads to the accumulation of carbon, nitrogen and other nutrients in stable
accessible forms which facilitates the establishment of terrestrial plant life in that medium
(Schulz et al., 2013). The true understanding of the role of soil microbiology is complex, due
to the um3 scale communities function in the soil matrix, where they form biogeochemical
interfaces, and shape their environment (Totsche et al., 2010). The addition of abiotic factors
further complicates this, with environmental conditions altering phenotypes within minute
time frames. Some transcripts are seen to have half times lasting seconds to minutes based

on external stimuli, limiting understanding of their roles in terrestrial ecosystems (Sharma et
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al., 2012). Finally, the timescales in which soil communities develop and stabilise are long with

soil formation alone taking centuries.

To summarise, bacteria exist in predictable spatial patterns over wide scales. Distinct
compositions of bacterial communities exist in their specific location due to the original base
strata, horizon and current environmental conditions. Key functions are performed in their
niche and understanding bulk soil microbiological diversity helps us understand how specific

members of the rhizosphere community are recruited.

1.11. The rhizosphere:
In 1904 Lorenz Hiltner defined the rhizosphere as the region of soil which immediately
surrounds the root hairs and surface of the roots, which remains after shaking off loose soil
(Hartmann, Rothballer and Schmid, 2008). This is the first region where bacterial communities
that play essential roles in soil have a direct impact on the health of plants, both positive and
negative (Varnam and Evans, 1995). Staining has revealed a high concentration of root
exudates and rhizodeposits, alongside bacteria (Hartmann, Rothballer and Schmid, 2008).
Rhizosphere research received little attention for over 50 years before becoming a frontier of
research thanks to the increased accessibility of metagenomic and metabolic methods. It has
become a focus required for understanding plant health and growth, and a vital player in the

next green revolution (Brink, 2016).

1.11.1. Structure:
The rhizosphere encompasses the complete plant root interface and was officially described
as the area surrounding the root, which is inhabited by a unigue subset of microorganisms,
that plants recruit from bulk soil via chemicals released from their roots (Hartmann,
Rothballer and Schmid, 2008; Hiltner, L., 1904). Because of the highly variant nature of root
systems, the rhizosphere cannot be defined by a set radius, instead it is a radially and
longitudinally functioning gradient of chemical, biological and physical properties. This
gradient is divided into three zones, based on distance and influence over the root. The
ectorhizosphere is the furthest from the root starting in the bulk soil and extending into the
rhizoplane. The rhizoplane is the medial zone seen between the roots and soil, including the
root epidermis and mucilage. Finally, the endorhizosphere is the interior portion of the roots,

including the cortex and endodermis, where microbes and cations move into free space
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(McNear, 2013). The endorhizosphere is the point where root-associated microbes become
endophytic within the plant. The movement from bulk soil into the endorhizosphere is the
route which some pathogenic bacteria utilise to colonies plant prior to causing disease, and

as such is of key interest.

1.11.2. Colonization of the ectorhizosphere and rhizoplane
Outside of laboratory or greenhouse conditions, poor colonisation of the rhizosphere by
bacteria due to competition from native microbes and predations is frequent, driving the
need to understand the mechanisms involved in colonisation (Kumar and Dubey, 2020;
Lugtenberg, Kravchenko and Simons, 1999). Root exudates are key, as between 5 - 21 % of
carbon and 15 % nitrogen produced in the arial section of the plant are secreted, causing a 10
to 1000-fold increase in the bacterial concentration from bulk soil to the rhizosphere (Walker
et al., 2003; Merbach et al., 1999). Low weight molecular compounds such as sugars, uronic
acids, and organic acids are also deposited into the ectorhizosphere (Haichar et al., 2014; Fan
et al., 1997; Vancura, 1964). Exudates act as gradient signals which cause chemoattraction of
microorganisms which then utilise the readily available nutrients, encouraging colonisation

and multiplication (Lugtenberg and Kamilova, 2009).

Exudate production is specific to cultivar, paternal accession and the growth stage (age) in
Arabidopsis (Monchgesang et al., 2016). Environmental stress also exhibits a large effect on
the exudates deposited into the rhizosphere (Chaparro, Badri and Vivanco, 2014; Haichar et
al., 2008). Different exudates influence the colonization process to specifically enhance
adaptation, by overcoming nutrient deficiencies/external stresses via members of the
rhizosphere (Pii et al., 2015; Lugtenberg, Dekkers and Bloemberg, 2001). This process is not
always used for positive recruitment, with some exudates acting as antimicrobials, fungicidal,
insecticidal and having nematocidal mediation (Haichar et al., 2014; Compant, Clément and
Sessitsch, 2010). Exudate secretion is dynamic based on the plant's requirements, occurring
non-homogeneously in concentrated zones where they may also be reabsorbed by the plant

(Sasse, Martinoia and Northen, 2018; Compant, Clément and Sessitsch, 2010).

Because rhizosphere colonisation is selective and requires motility for chemotaxis, only 7 %
of bulk soil microbes manage to colonise (DeAngelis et al., 2009), shifting the number of taxa

from hundreds of thousands identified in the bulk soil to hundreds in the rhizosphere (Sasse,
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Martinoia and Northen, 2018). However, most bacteria exhibit motility (Taktikos, Stark and
Zaburdaev, 2013), so colonisation is a highly competitive process. Biocontrol secondary
metabolites such as siderophores, lytic enzymes and antibiotics amongst other features that
control phytopathogen growth are essential when colonising the rhizosphere (Kumar, Dubey
and Maheshwari, 2012; Tarig, Yasmin and Hafeez, 2010; Kinsella et al., 2009). Biocontrol
elements are often regulated by abiotic and biotic features such as exudates, the presence of
pathogens and cell density, as demonstrated by the GacA/S system in P. fluorescens
(Martinez-Granero, Rivilla and Martin, 2006; Raaijmakers, Vlami and de Souza, 2002).
Disruption of these genes reduced competitive ability in many bacteria trying to colonise the
rhizosphere. Both rhizosphere plant growth promoting bacteria (PGPB) and phytopathogens
contain genetic homologs of these genes, implicating essential conserved features for root

colonisation (Mark et al., 2005).

Another reduction in the number and composition of bacteria is observed from the
rhizosphere soil (107 - 10° colony forming units (CFU g™), to the rhizoplane (10° - 107 CFU g™")
(Compant, Clément and Sessitsch, 2010; Benizri, Baudoin and Guckert, 2001). Investigation of
the rhizoplane is complicated, requiring rhizosphere sterilisation followed by the removal of
root surface colonisers which requires harsh chemical treatment and/or sonication (Richter-
Heitmann et al., 2016; Buesing and Gessner, 2002). Nevertheless, green fluorescent protein
(GFP) and gusA-labelled strains in gnotobiotic systems have shown that movement of bacteria
from the ectorhizosphere to the rhizoplane occurs after colonisation of the rhizosphere
(Gamalero et al., 2003). Bacterial cells then attach to the root surfaces, after which doublets
attach to the rhizodermis, forming a string of bacteria. Finally, colonisation takes place across
whole sections of the rhizodermal layer, potentially as microcolonies or biofilms (Compant,

Clément and Sessitsch, 2010; Benizri, Baudoin and Guckert, 2001).

1.11.3. Roles of rhizosphere colonisers in oak
The role of rhizosphere colonisers is multi-faceted, with the main effects being nutrient
mobilisation, production of phytohormones and phytopathogen antagonism with direct
effects varying from increased biomass to plant death (Liang et al., 2014; Blom et al., 2011).
The oak microbiome has received attention in recent years indicating the potential role of
rhizosphere colonisers in oak health. Tree health, rhizosphere properties and microbiome
composition have been shown to shift at sites suffering from AOD. Healthy trees exhibit less
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extreme soil conditions and a wealth of PGPB while AOD oaks suffered from acidic soils with
distinct microbiomes (Pinho et al., 2020). An assessment of the nitrogen-fixing members of
the rhizosphere revealed the association of ammonia-oxidising bacteria with healthy oaks

increasing nitrogen content for the alleviation of stress (Scarlett et al., 2021).

AOD-independent studies have shown that oaks utilise rhizospheric PGPB to enhance ariel
growth, with species such as the holm oak utilising Arthorbacter for the degradation of
organic polymers. The plant growth-promoting effect of these bacteria has been observed in
the recovery of holm oak after being damaged by forest fires (Fernandez-Gonzélez et al.,
2017). Abiotic disturbances have also been noted to alter the rhizosphere of cork oak, leading
to worse outcomes for those suffering from decline (Maghnia et al., 2019). Clearly, the oak
rhizosphere is of key importance, but how does it affect the endophytic composition of the

oak microbiome which leads to AOD symptoms?

1.11.4. Colonization of the endorhizosphere and endophytic spaces
The endorhizosphere covers the internal structures of the root, consisting of cortical cells and
the endodermis until the vascular tissue (McNear, 2013). Bacteria colonise and proliferate in
the endorhizosphere due to the high levels of carbon compounds released from root
epidermal and cortical cells (Haichar et al., 2014). The colonisation of the endorhizosphere is
how many bacteria become members of the endosphere, as shown through their highly
similar taxonomy. Members of the endosphere are mostly non-pathogenic and beneficial to
the host, despite their invasive origin (Kandel, Joubert and Doty, 2017; Hinsinger et al., 2009).
Penetration of the root is the first step in endophytic colonisation. The process can be passive,
with bacteria moving through cracks caused by the emergence of roots at lateral root
junctions, damage caused by deleterious microorganisms such as nematodes or at points such
as the lenticels which have parenchymal cells with larger intracellular gaps and unsuberized
cell walls (Compant, Clément and Sessitsch, 2010; Huang, 1986). Other bacteria secrete
PCWDEs allowing them to break through the root surface for endophytic colonisation
(Monteiro et al., 2012). Burkholderia sp. strain PsIN tagged with GFP has been visualised
colonising root surfaces, where it produces endoglucanases and endopolygluconases. They
then colonise the internal root tissue before spreading to the phyllosphere, where they
proliferate. Localised host defences such as strengthening of cortical and exodermis cell walls
are seen in response to this method of colonisation (Compant et al., 2005).
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The endorhizoshere is filled with subpopulations of rhizosphere colonisers, to concentrations
of 10° - 107 CFU g' (Compant, Clément and Sessitsch, 2010; Hallman, 2001). Endophytic
bacteria are thought to represent a subpopulation of those inhabiting the rhizosphere, that
are able to enter the plant and adapt to the internal environment through altered metabolism
(Bulgarelli et al., 2012; Compant, Clément and Sessitsch, 2010). Inoculation of PGPB around
the root system to establish endophytic colonies has been used to confer phenotypic traits
including stress tolerance and growth enhancement (Patel and Archana, 2017; Tian et al.,
2017). Lavender shoot endophytes show a similar composition of genera with reduced
species diversity to those of the root endophytes, implying they are composed of
opportunistic members of the endorhizosphere (Pereira et al., 2016). However, in Populous
deltoids there is little overlap between operational taxonomic units (OTUs) seen in the
rhizosphere and endosphere, suggesting that the endosphere offers a unique niche, occupied
by distinct assemblages of bacteria rather than random opportunistic members of the
rhizosphere (Gottel et al., 2011). As such it seems that while some members of the endophytic
bacteria can be tracked through the roots, other species must utilise other routes. Some are
inherited as core members of the seed microbiome (Rahman et al., 2018) or enter through

leaves, where they remain close to the surface in the phyllosphere (Compant et al., 2021).

1.12. Plant pathogen interactions
Due to the microorganism-rich environment in which plants have evolved and the close
symbiotic relationship with many of these microorganisms, plants have had to evolve
immunity mechanisms to pathogens which also inhabit these environments. Basal defences
are standard features in plants such as cell walls, bark or waxy cuticles and are enough to stop
pathogen interaction with unsuitable hosts. However, when interactions between a
susceptible host and virulent pathogen occur more specialised defences are required

(Soosaar, Burch-Smith and Dinesh-Kumar, 2005).

Innate immunity refers to non-specific proteins and other cellular mechanisms which can
identify conserved pathogen-associated molecular patterns (PAMPs) to inactivate them
before infection occurs (Alberts et al., 2002). PAMPs are molecular features associated with
or produced by pathogens, that are not found within host cells but are recognised within

hosts by pathogen recognition receptors (PRR) which are both membrane bound and
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cytoplasmic. PAMP recognition causes the activation of PAMP-triggered immunity (PTI),
which is the first line of defence (Jones and Dangl, 2006). Many phytopathogens can interfere
with PAMP recognition or suppress PTI by effector proteins, and as such plants require
specialized defence mechanisms (Chisholm et al., 2006). Pathogens produce general elicitors
that cause a defence response in all plants, or specific avirulence (AVR) proteins that only
trigger a response if the complimentary resistance (R) gene is present within the host
(Hammond-Kosack and Jones, 1996). AVR proteins are most commonly delivered through the
T3SS which is coded by the hrp gene cluster (He, Huang and Collmer, 1993). Inside the cell
these effector proteins suppress the hypersensitive reaction (HR) and cell wall defences,

demonstrating their essential role in pathogenicity (Mansfield, 2009).

R gene activation can prevent colonisation, but limited pathogen proliferation may still occur.
The HR or programmed cell death, where the infection site becomes separate necotric tissue
limiting nutrient supply and spread of pathogens is the first R gene phenotype (Soosaar,
Burch-Smith and Dinesh-Kumar, 2005). Because necrotrophic and hemibiotrophic pathogens
can still obtain nutrients (Balint-Kurti, 2019), harmful substances are also released from the
vacuole, with phytoalexins reaching inhibitory concentrations for pathogens (Hammond-
Kosack and Jones, 1997; Osbourn, 1996). Other responses such as production of reactive
oxygen species, lipid peroxidation and systemic acquired resistance (SAR) which can last for
weeks are also recorded (Balint-Kurti, 2019; Soosaar, Burch-Smith and Dinesh-Kumar, 2005).
If the HR is triggered, then an incompatible plant-pathogen interaction occurs. However, if
the innate immune system is overcome and HR is not triggered then the pathogen will
successfully invade, colonise and cause disease in a compatible plant-pathogen interaction

(Van Der Biezen and Jones, 1998; Hammond-Kosack and Jones, 1997).

As B. goodwinii encodes a T3SS and associated avirulence genes (Doonan et al., 2019), could
it be an invasive phytopathogen? Do these genes elicit the HR response in oak trees, initiating
necrosis and lesion formation, which necrotrophic/hemibiotrophic microbes such as B.
goodwinii and G. quercinecans feed on, expanding the lesion? Or are these microbes new
phytopathogens to oaks, and afflicted trees have no corresponding R genes, preventing their

initiation of HR, leading to the formation of infection sites, necrosis and lesions?
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1.13. Aims and objectives:
Overall, this project aimed to investigate the poorly understood role of the microbial
community of the soil associated with the roots of oak trees, with and without symptoms of
AOD. Which involved finding if the rhizosphere/rhizoplane and under-canopy bulk soil
microbial populations differed in symptomatic and non-symptomatic oaks, identify the
dominant bacterial genera and species in the soils of AOD and non-symptomatic trees; and
investigate if the key AOD lesion bacteria were present to determine if soil is functions as a
reservoir for infection. The key functions of the groups of bacteria that differ in the

rhizosphere soils of AOD and non-symptomatic trees was also examined.

Objective 1: Identify the best, sampling, storage, an DNA/bacterial extraction method for

rhizosphere samples.

Objective 2: Confirm that rhizosphere samples originate from oak.

Objective 3: Screen the samples for AOD bacteria using high resolution melt analysis.

Objective 4: Isolate bacteria from the rhizosphere for the identification of potentially novel

species.

Objective 5: Perform taxonomic classification of novel isolates.

Objective 6: Analyse the soil microbiome to determine if there is a correlation between the
occurrence of AOD symptoms and the bacteria present in the soil. Short read sequencing is

then performed for each barcoded section.

Objective 7: Determine the potential function of differently abundant groups of bacteria

specifically associated with diseased/healthy rhizosphere samples.
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Chapter 2. Materials and

methods
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Culturing methods:

2.1.1. Sample collection
For the collection of rhizosphere soil samples from Hatchlands park a standardised method
was taken. Suitable healthy and AOD symptomatic oaks were identified and assigned a
number in which 1 - 10 indicated parkland samples and 11 — 20 indicated woodland samples,
while odd numbers indicated AOD symptomatic and even numbers indicated healthy oaks. 2-
meter perimeters were then marked around trees and holes of ~ 6-inch radius and 1 ft depth
were made. Roots and the adhered rhizosphere soil that remained after shaking were then
taken and stored in sterile zip-lock bags and returned to the laboratory where they were

processing began immediately.

2.1.2. lIsolation of bacteria from bleeding lesions
To isolate bacteria from bleeding lesions a standardised swabbing method was employed. All
samples taken from bleeding lesions on Tilia species from Tidworth, Wiltshire and Westonbirt
Arboretum, Gloucestershire, UK and Quercus species from Hatchlands Park were collected
using a sterile swab which was rubbed on bleed spots (both dry and wet). These were
suspended in 5 mL of % strength Ringer’s solution (Oxoid) once returned to the lab and then
plated on Luria-Bertani (LB) agar and incubated anaerobically for 48 h at 35 °C (Kile et al.,
2022). This temperature was used due to present conditions of the anaerobic cabinet, which

is also used for growth of anaerobic human pathogens.

2.1.3. Culturing bacteria from mixed samples
Following isolation cultures were recovered from a range of sources, including a variety of
swabs and agar stabs sent by Forest Research and a range of frozen glycerol reference stocks
using a standardised method. From the original samples (bacteria inoculated into a slide,
glycerol stocks, etc.) a sterile loop full of bacteria or 100 pL of suspension was placed onto LB
agar in triplicate. Plates were streaked out for single colonies and then incubated aerobically

at 28 °C or anaerobically at 35 °C for 48 hours.

2.1.4. lsolation of bacteria in mixed samples
To obtain pure single colonies from environmental samples which could be stored and further
investigates later a standard isolation method was used. Agar plates containing mixed

colonies had individual colonies picked up with a sterile loop and were quadrant streaked for
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single isolates. Plates were then incubated at 28 °C for 48 hours to allow for the growth of
single colonies. Pure single colonies were then used to create stocks and suspensions for

further use.

2.1.5. Glycerol stocks
Once pure colonies had been obtained from samples, isolated needed to be stored to allow
for revival when required. As such glycerol stocks were made by suspending a single colony
of bacteria in 200 ul of LB broth (Fisher Scientific, UK) (see Appendix), which was then placed
in a shaking incubator at 25 °C (170 RPM) until growth was observed by an increase in
turbidity. Following the identification of growth 200 ul of 40 % glycerol was then added,
allowing stocks to be stored at -80 °C (Howard, 1956).

2.1.6. Overnight batch cultures of bacterial strains
Liquid cultures of bacteria incubated overnight were routinely used to start experiments and
for DNA extraction, due to the ability to adjust the cell density. These overnight batch cultures
were made with single colonies placed in 10 ml of LB broth and incubated for a minimum of

12 hours at 25 °Cin a shaking incubator at 170 RPM.

2.1.7. Cultivation of bacteria from soil
Bacteria were routinely isolated from rhizosphere soil samples for both the identification of
AOD related lesion pathogens and to collect potentially novel isolates. To extract the highest
number of bacteria from the soil, harsh physical treatment separating cells from small pores
in the matrix was required (Janssen et al., 2002; Buesing and Gessner, 2002). The soil was
collected and then sieved in autoclaved and UV-treated 20 um sieves under aseptic conditions
to remove debris and homogenise soil particle size. A 10 g quantity was weighed and
suspended in 90 ml of % strength Ringer’s solution, creating a 1/10 dilution. A sterile Teflon-
coated stirrer was added to the suspension. The suspension was mechanically disrupted at
1,150 RPM for 10 minutes. Further dilutions were then made to 107> and 107® for anaerobic
and aerobic culture conditions, respectively. A 100 uL aliquot of the dilutions were then taken
and spread plated, after which plates were incubated at 28 °C to allow colonies to develop
(Pepper et al., 2015). Anaerobic plates were incubated in a 3.5 L (Thermo-Fisher, UK)

anaerobic jar, with a CO2 gen (Oxoid, UK) packet to generate an anaerobic environment.
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2.1.8. Enterobacteriaceae enrichment of bacteria from soil
To specifically isolate members of the current order Enterobacterales from samples,
Enterobacteriaceae Enrichment (EE) broth (Sigma) was used. Ten grams of soil was suspended
in 95 mL of EE broth and mechanically disrupted at 1,150 RPM with a Teflon-coated bar on a
magnetic stirrer for 10 minutes. For other materials such as leaves and acorns that were to
be enriched, samples were pre-processed by grinding in an autoclaved, UV treated mortar
and pestle. Ground samples were then suspended in EE broth. EE suspensions were placed in
a shaking incubator for 48 hours at 28 °C at 190 RPM after which appropriate dilutions were
made (107> and 107° for anaerobic and aerobic, respectively due to the lower recovery of
colonies under anaerobic conditions) and 100 uL was plated on the eosin methylene blue
(EMB, Sigma), LB agar, Gifu Anaerobic Medium (GAM, Trafalgar Scientific Ltd) agar and
Reasoner's 2 agar (R2A) (Thermo-Fisher) agar and incubated for 48 hours at 28 °C under both
aerobic and anaerobic conditions. Anaerobic plates were incubated in a 3.5 L (Fisher, UK)

anaerobic jar, with a CO2 gen (Oxoid, UK) packet to generate an anaerobic environment.

For recovery of more sensitive isolates (namely Brenneria and Lonsdalea), pre-enrichment in
Buffered Peptone Water (BPW) was performed. Samples were disrupted in the same fashion
as the EE pathway but suspended in 95 mL of BPW (Oxoid). BPW suspensions were then
placed in a shaking incubator for 4 hours at 28 °C at 190 RPM after which 10 mL was
transferred into 90 mL of EE broth. At this point, samples in the EE broth followed the same

method as previously described, with samples being incubated for 48 hours.

2.1.9. Growth curves
To determine the growth of bacterial isolates optical density (OD) readings at 600 nm of batch
cultures were taken at hourly intervals, this data was used to determine appropriate periods
of growth to get bacteria to a particular OD. Batch cultures were prepared by centrifuging
overnight cultures at 8346 x g for 10 minutes to pellet cells, removing the supernatant and
resuspending in 10 mL of fresh LB broth. This process was repeated with the final
resuspension of the pellet in 5 mL to concentrate bacteria. The ODgoo Was measured and the
correct volume was added to 129 ml of LB broth to give an initial optical density of 0.05. The
new suspension was then placed in a shaking incubator (170 RPM) at 25 °C and removed

hourly to have the OD measured. Once the OD had plateaued for 3 hours, measurements
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were halted, as bacteria had reached the stationary phase of their growth curve (Maier et al.,

2000).

2.1.10. Surface sterilisation of leaves and acorns
To ensure only endophytic bacteria were identified in leaves and acorns while trying to
identify the presence of AOD bacteria, surface sterilisation was performed. Samples were
submerged in 70 % ethanol for 1 minute followed by 10 % sodium hypochlorite for 1 minute.
Samples were then washed twice in sterile distilled water to remove sterilising agents before

use.

2.1.11. Spiking of different microcosms with AOD bacteria
To assess the environmental range of the bacteria associated with AOD lesions they were
artificially inoculated into different environments and left over a six-week period with weekly
recoveries performed. For this work an adapted spiking method from Pettifor et al, (2020)
was used to spike single isolates into different microcosoms. Bacteria were grown overnight
to an ODeoo of 0.5 in 10 ml of LB to ensure they were in the log phase, and therefore in a
sufficient state to inoculate into a new medium. Overnight broths were then centrifuged at
8,346 x g to pellet bacteria, the supernatant removed, and the pellet resuspended in %
strength Ringer’s. This process was repeated to ensure all LB media was removed before final
resuspension. The optical density of the pure washed culture was adjusted to an OD of 0.5 by

diluting with % strength Ringer’s.

For soil, 0.5 mL of pure washed bacterial culture was pipetted into the middle of a falcon tube
containing 10 g of soil. Soil microcosms were then vortexed and hand-shaken to ensure the
dispersal of bacteria throughout the soil. For leaves, hypodermic needles were used to inject
20 pl of pure-washed bacterial culture into the petiole and midrib at three different points
and four points on the blade, near the veins. Acorns had four, 5 pL injections made with a

hypodermic needle that was used to break through the pericarp and testa.

All microcosms were stored at 8 °C, the average annual UK forest temperature (The Met
Office, 2019), until extraction of bacteria was performed and dilutions were plated on EMB,

LB, GAM and R2A agar.
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2.2.Genotypic Methods:

2.2.1. DNA extraction; colony in water
Isolation of genomic DNA for PCR, HRM and sequencing was initially performed by taking a
single bacterial colony which was placed in an Eppendorf with 250 pl of molecular grade
(DNA/RNA free water, Thermo-Fisher Scientific) and vortexed, cells were then lysed in water

via boiling.

2.2.2. DNA extraction; alkaline lysis
Most of this work used alkaline lysis for crude extractions of DNA for subsequent PCR, HRM
and sequencing methods. For alkaline lysis (Niemann et al., 1997) a single colony of bacteria
was taken and placed in an microcentrifuge tube, followed by 20 ul of alkaline lysis buffer, a
combination of 0.05 M sodium hydroxide (NaOH) and 0.25 % sodium dodecyl sulfate (SDS)
which was filter sterilised before use. The 20 ul suspensions were incubated at 95 °C for 15
minutes, after which they were quickly centrifuged to remove evaporation from the lid. A 180
ul volume of molecular grade water was then added to dilute suspension 10-fold, followed by
5 minutes of centrifugation at 17,000 x g to pellet lysed cells. Isolated DNA was then stored

in -20 °C freezers before further use.

2.2.3. Soil DNA extraction
To extract DNA from soil for 16S rRNA gene community analysis of the oak rhizosphere a
range of commercial kits were tested. The Qiagen Power Soil Pro Kit (Qiagen) was chosen as
a suitable kit for the extraction of DNA from soil following optimisation in chapter one. A
weight of 250 mg of soil for immediate extraction or up to 1 g of soil stored in 1 mL DNA/RNA
shield (Cambridge Bioscience) could be processed by the kit. Extractions were performed as

per the manufacturer’s protocol with DNA being frozen after for downstream application.

2.2.4. DNA extraction from pure cultures
When high volumes of pure DNA were required for experiments such as artificial spiking of
soil with DNA, extraction of DNA from liquid cultures was performed. The Easy Powerlyze Kit
(Qiagen) was used for the extraction of DNA from pure cultures. Cultures were grown
overnight in 10 mL of LB broth in a shaking incubator at 25 °C (170 RPM). Cultures were
removed and centrifuged for 10 minutes at 8,346 x g to pellet cells. The supernatant was

removed and the pellet was resuspended in 5 mL of % strength Ringer’s to concentrate them.
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This was then used in the kit as per the manufacturer’s protocol. DNA recovered was stored

on ice or frozen at -20 °C for further use.

2.2.5. Root DNA extraction
The Extract ‘n Amp™ Plant PCR Kit (XNAP2; Sigma) was used as a rapid method for the
extraction of DNA from fine roots collected with rhizosphere samples to ensure the samples
contained oak roots. A fine root was selected from rhizosphere samples and approximately
1.5 cm was cut from the end of the root. This was placed in 100 pL of extraction buffer
provided in the kit and ground with a disposable pellete pestle (Sigma) which was washed and
autoclaved between uses. The sample was vortexed and placed at 95 °C for 10 minutes.
Samples were briefly centrifuged and 100 mL of dilution buffer was added. Extracted DNA

was then stored at -20 °C until further use.

2.2.6. Polymerase chain reaction
Polymerase chain reaction (PCR) was used to amplify extracted DNA which was subsequently
used for the identification and classification of single isolates. Initially, a mastermix was made
of 12.5 uL of 2x Taq PCR Master Mix (QIAGEN, UK) 1 pL of both the appropriate forward and
reverse primers at 10 pmol (Table 1) (Eurofins Genomic, UK), and finally 11.5 pL of molecular
grade water. The mix was then distributed into 0.2 mL PCR tubes so that each one contained
24 uL/23 pL of PCR mix after which 2 puL of DNA was added to their reaction tubes respectively.
Each PCR was performed with the positive control (Gibbsiella quercinecans strain Gg4) and
negative control (molecular grade H,0). Tubes were placed in a PCR machine (Techne,
Flexigene) and the PCR amplification was performed using the specific conditions detailed in

Table 2.

Table 1: List of primers used for PCR amplifications detailing the gene amplified, the primers'
official name, the primer sequence and the paper in which the primer sequence was originally
published. * indicates primers that were use for amplification and sequencing.

Gene Primer name Sequence (5'->3') Reference

AGA GTT TGA TCC
16S rRNA PAF Coenye et al., 1999
TGG CTC AG
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AAG GAG GTG ATC

16S rRNA PHR
CAG CCG CA Coenye et al., 1999
TAA RTT YGA YGA

gyrB gyrB 01-F YAA CTC YTA YAA | Brady etal., 2008
AGT
CMC CYT CCA CCA

gyrB gyrB 02-R Brady et al., 2008
RGT AMA GTT
AAC CAG TTC CGC

rpoB CM 7-F Brady et al., 2008
GTT GGC CTG
CCT GAA CAA CAC

rpoB CM 31b-R Brady et al., 2008
GCT CGG A
RTA ATY GGM GCS

atpD atpD 01-F Brady et al., 2008
GTR GTN GAY GT
TCA TCC GCM GGW

atpD atpD 02-R ACR TAW AYN GCC | Brady et al., 2008
TG
ATY ATG GGH CAY

infB infB 01-F Brady et al., 2008
GTH GAY CA
ACK GAG TAR TAA

infB infB 02-R Brady et al., 2008
CGCAGATCCA
CAT CGG TAT CAG | (Delétoile et al.

% ’

fusA fusA3 TGC KCA CATCGA | 2009)
CAG CAT CGC CTG e

fusA fusA4* Delétoile et al., 2009

AACRCCTTT GTT
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CAG ACC GTG CTG

Delétoile et al., 2009

leuS leusS3* GCC AAC GAR CAR
GT
leusS leuSa* CGG CGC GCC CCA | Delétoile et al., 2009
RTARCG CT
GGG GTC GTA TCC | Delétoile et al., 2009
pyrG pyrG3* TCT CTG GGT AAA
GG
GGA ACG GCA GGG | Delétoile et al., 2009
pyrG pyrG4* ATT CGA TAT CNC
CKA
008 Vic3* GGC GAA ATG GCW | Delétoile et al., 2009
P GAG AAC CA
rpoB Vic2* GAG TCT TCG AAG | Delétoile et al., 2009

TTG TAA CC
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Table 2: PCR amplification program by gene and primer type. 1) Initial denaturation. 2) Denaturation. 3) Annealing temperature of the primer.
4) Temperature required for extension. 5) The temperature of the final extension. For FusA, LeuS and PyrG 5) Second denaturation. 6) Second
annealing temperature 7) Second temperature required for extension. 8) The temperature of the final extension. ? indicated the template
corresponds to the internal portion of the PCR product used for sequence comparison.

Gene/primer | Number |1 2 3 4 5 6 7 8 Template Reference
of Cycles size (bp)?
N/A N/A N/A 1533
16S rRNA 94°, 94°, 55°, 72°, 72°, C
oenye et
30 /., 1999
PAF/PHR 5 min 1 min 1 min 1.5 min 10 min ar.,
rpoB N/A N/A N/A 637
P 94°, 94°, 58°, 72°, 72°, / / /
0 Bradyetal.,
cM 7-F/ c™m | 4 , . 2008
1 min 10 sec 20 sec 50 sec 5 min
31b-R
rB  01-F N/A N/A N/A 742
7 / 94°, 94°, 46°, 72°, 72°, / / /
02-R Bradyetal.,
30 2008
5min | 1min 1 min 1.5 min 10 min
atpD 01- 4° 20 . _ 79 N/A N/A N/A 657
F/02-R 94%, |94 o8, ' , Brady et al.,
40 2008
1min | 10sec 20 sec 50 sec 5 min
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infB 01-F/02- . . . . . N/A N/A N/A 615
R 94°, 94°, 58°, 72°, 72°, Bradyetal.,
40 2008
1min | 10sec 20 sec 50 sec 5 min
rpoB 3 A . . 3 Delétoile et
24 =30 |9 >0% 2 2" al., 2009
cycles 4 mins | 30 sec 30 sec 30 sec 5 mins N/A N/A N/A >0l
fusA 2-4 = 10 50°, 72°, 72°, 633 Delétoile et
fusA3/A4 cycles 94° 94°, 60°, 72°, 94°, al., 2009
1 min 1 min 5 mins
6-7 = 21 | 2 min 1 min 1 min 1 min 1 min
cycles
leuS 2-4 = 10 50°, 72°, 72°, 642 Delétoile et
cycles 94° 94°, 60°, 72°, 94°, al., 2009
leuS3/S4 1 min 1 min 5 mins
6-7 = 21 | 2 min 1 min 1 min 1 min 1 min
cycles
pyrG 2-4 = 10 50°, 72°, 72°, 306 Delétoile et
cycles 94°, 94°, 60°, 72°, 94°, al., 2009
pyrG3/G4 1 min 1 min 5 mins
6-7 = 21 | 2 min 1 min 1 min 1 min 1 min
cycles
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2.2.7. Agarose Gel electrophoresis
To confirm the amplification of DNA following PCR reactions, agarose gel electrophoresis was
used to visualise and analyse samples. Gels were made to a 1 % w/v concentration of agarose
powder (Fisher Scientific, UK) using 1x TAE buffer (Appendix), followed by microwaving
(Samsung) at 1 minute per 50 mL at 850 W to dissolve agarose. SYBR safe (Thermo Fisher
Scientific) or GelGreen (Cambridge Bioscience) diluted 1:10 with TAE were added as
intercalating gel stains. To each well, a mix of 2 uL of DNA loading buffer (Bioline, UK) to 5uL
of amplified DNA was loaded. The appropriate Hyperladder (Bioline, UK) (100 bp-1 Kb) was
added as a size marker for PCR products. Gels were run for an appropriate time based on the
volume of gel, the size of PCR products and the resolution required, with 50 mL gels run at 8

V/cm for 40 minutes. After which gels were visualised (Syngene U:Genius).

2.2.8. ExoSap
For the removal of excess nucleotides PCR products were cleaned prior to sequencing,
Exonuclease 1 was used to digest any remaining primers and Shrimp Alkaline Phosphatase
(SAP) removed leftover deoxyribonucleotide triphosphates (dNTPs). An individual reaction
was made up of 0.025 uL of Exonuclease, 0.25 pL of SAP (Thermo Fisher, UK) and 9.725 uL of
molecular-grade water. Due to the low volumes used a minimum of ten reactions was made.
10 pL was added to 20 pL of remaining PCR products, giving a 30 pL reaction volume. Samples
were incubated at 37 °C for 30 minutes followed by 95 °C for 5 minutes in a PCR machine and

then stored at -20 °C.

2.2.9. Sequencing
All sequencing of amplified PCR products was performed by Eurofins Genomics (Ebersberg,
Germany) using the Mix2Seq kits per the manufacturer's instruction with user-supplied
sequencing primers listed in Table 3. The sequencing primers for fusA, leuS, pyrG and rpoB

are the same as the amplification primers from Table 2.
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Table 3: List of primers used for sequencing by Eurofins Genomics. Gene sequenced is
subdivided by the forward and reverse sequences, indicated by F and R respectively. 16S rRNA
primers also use ‘*’ to indicate a forward primer as in the original paper by Coenye et al.

Gene sequenced Primer name Sequence (5'->3') Reference

16SrRNA F 16F358/*Gamma CTC CTA CGG GAG | Coenye et al., 1999
GCA GCAGT

16SrRNAF 16F536/*PD CAG CAG CCG CGG | Coenyeetal., 1999
TAA TAC

16SrRNAF 16F926/*0 AAC TCA AAG GAA | Coenyeetal., 1999
TTGACG G

16S rRNAF 161112/*3 AGT CCC GCA ACG | Coenye etal., 1999
AGC GCA AC

16S rRNAF 16F1241/*R GCT ACA CAC GTG | Coenye et al., 1999
CTACAATG ACT

16SrRNA R 16R339/Gamma ACT GCT GCC TCC | Coenyeetal., 1999
CGT AGG AG

16SrRNAR 16R519/PD GTA TTA CCG CGG | Coenye et al., 1999
CTG CTG

16SrRNAR 16R1093/3 GTT GCG CTC GTT | Coenye et al., 1999
GCG GGACT

rpoB F rpoB CM81-F CAG TTC CGC GTT | Brady et al., 2008
GGCCTG

rpoB F rpoB CM81b-F TGA TCA ACG CCA | Brady et al., 2008
AGCC

rpoB R rpoB CM32b-R CGG ACC GGC CTG | Brady et al., 2008
ACG TTG CAT

gyrBF gyrB 07-F GTV CGT TTC TGG | Brady et al., 2008
CCV AG

gyrBR gyrB 08-R CTT TAC GRC GKG | Brady et al., 2008
TCATWT CAC

atpD F atpD 03-F TGC TGG AAG TKC | Brady et al., 2008
AGC ARC AG
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atpD R atpD 04-R CCM AGY ART GCG | Brady et al., 2008
GAT ACT TC ACG

infB F infB 03-F ACG GBA TGA TYA | Brady et al., 2008
CSTTCCTGG

infB R infB 04-R AGY TTA GAT TTC | Brady et al., 2008
TGCTGA CG

2.2.10. NanoDrop DNA gquantification
To check the purity and concentration (ng/uL) of DNA a NanoDrop 1000 spectrophotometer
(Thermo-Fisher, UK) was used. The DNA absorbance ratio at both A260/A280 and A260/A230
was assessed, with measurements below 1.8 indicating protein contamination or the

presence of other contaminants respectively for each absorbance.

2.2.11. Broad range Qubit DNA quantification
To accurately check the concentration of extracted DNA, Qubit broad range DNA selective dye
fluorescence (Thermo-Fisher, UK) was used to measure the concentration of DNA (ng/pL)
between 4-2000 pL. A Qubit working solution was made by diluting 1 uL of Qubit reagent in
199 pL of Qubit buffer for each individual reaction. For the standards, 190 pL of the working
solution was added to 10 uL of both the lower and upper standards, which when read in the
Qubit 3 Fluorometer set the range. 199 uL of the working solution was added to 1 uL of DNA
extract and then read in the Qubit 3 Fluorometer giving a concentration for the original
sample. The method tolerates salts, free nucleotides, solvents, detergents, and proteins

giving accurate readings of the concentration of DNA.

2.2.12. Analysis of sequencing products
Sequencing results from Eurofins were first manually checked for quality to ensure accuracy,
then forward and reverse contigs assembled using the CAP3 program via UGENE V 38.1.
exported FASTA alignment files were then run through Nucleotide BLAST against the NCBI
database (Altschul et al., 1990) where a list of the most closely related taxa was generated.
The highest % identity sequence was accepted as the most likely identification. 16S rRNA gene
sequences were also run through the EzBioCloud server (Yoon et al., 2017). Using information

from both, the highest % similarity match was chosen.
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2.2.13. High-Resolution Melt Analysis
High-resolution melt (HRM) analysis was performed on extracted DNA to rapidly identify the
four bacteria most commonly associated with AOD lesions from a range of samples. Protocol
parameters and primers are listed in Tables 4 and 5. Primers for the multiplex analysis were
added in a mix with 336 puL of molecular grade water and 28 pL of each primer to give a
working volume of 560 pL, with each primer at a 5 uM working concentration. Other protocols
used individual primers at a 10 uM working concentration. For each reaction 7.5 pL of
sensiFAST HRM kit Master Mix (Bioline, UK), 1 uL of both forward and reverse primers (or 2
uL of the primer mix) and 4.5 pL of molecular grade water per 1 puL of DNA giving a final
reaction volume of 15 uL. Samples were then placed in a Rotorgene real-time PCR machine
(Qiagen) and the appropriate programme ran, shown in Table 5, generating species-specific

melt curves on the identification of AOD lesion bacteria.

Table 4: Primer sequences used in HRM analysis for AOD bacteria and the reference for their
origin.

Primer Sequence (5'->3') Reference

Bgi2F CGTCAAACTATTTGCTTCCACCCATC Bueno-
Gonzales, 2022

Bgi2R CGGTATGGGTCGGGACATTTG Bueno-
Gonzales, 2022

Bgi3F CATCGCGTCCAGCGTCTG Bueno-
Gonzales, 2022

Bgi3R GCCTATTGCGTGAACGAACTGGATAG Bueno-
Gonzales, 2022

Gqi3F GCATACGCCTGGTACAGCGC Bueno-
Gonzales, 2022

Gqi3R CCTTGGCGGGACAGTCTTGC Bueno-
Gonzales, 2022
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RviilF GCATCTCGCAGATCGCTGAAAC Bueno-
Gonzales, 2022

RviilR TGGAAGCGGCGGCTGAC Bueno-
Gonzales, 2022

Lbi2F GGAATCGCTTTACCGTCGCTATTG Bueno-
Gonzales, 2022

Lbi2R CAAGGTGGTGATGGTGGTCGATC Bueno-
Gonzales, 2022

Gq6Bf GGCAACCCATCGACATGAA Brady et al,
2016
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Table 5: High-resolution melt conditions used for the identification of the members of the AOD lesion microbiome including primers, their
concentrations and PCR protocol. 1) The hold time. 2) The number of cycles. 3) The denaturation temperature. 4) The annealing temperature.
5) the elongation temperature. 6) the HRM ramp. 7) The time for completion of the PCR.

Protocol Name Primers Primers 1 2 3 4 5 6 7
conc
Multiplex HRM* B2-G3-R1-L2 10uM 95°C, 5130 95°C, 5secs | 75°C, 73-93°C | 0.5°C 37 mins
(Bqi2F-Bgi2R- mins
7 secs
Gqi3F-Gqi3R-
RviilF-Rvii1R-
Lbi2F-Lbi2R)
Brenneria test B3 (Bqi3F-Bqi3R) 10pM 95°C, 30 95°C, 5secs | 65°C, 78-91°C | 0.3°C 44 mins
5mins
7 secs
Rahnella test | R1 (RviilF-RviilR) | 10uM 95°C, 30 95°C, 5 secs | 68°C, 70-99°C | 0.5°C 45 mins
Differentiates Rvi from 5mins
7 secs
the rest

71



2.2.14. Spiking soil microcosms with AOD bacterial DNA
To check if DNA extracted from soil could be used for the detection of the AOD pathogenic
bacteria, their pure DNA was spiced into soil in artificially high volumes followed by
subsequent extraction and HRM analysi. Bacterial DNA was isolated using the Easy Powerlyze
Kit (QIAGEN, UK) and checked for purity (section 2.8) and identities were confirmed using the
HRM multiplex method. 50 uL of DNA was spiked into 250 mg microcosms of soil and then
incubated at 8 °C. These 250 mg microcosms then entered the soil DNA extraction protocol
(2.4) and the pure eluted DNA from the soil was assessed using HRM multiplex analysis, with

the isolated DNA being used as positive controls.

2.2.15. Loop-mediated isothermal amplification (LAMP)
LAMP reactions were used to confirm the presence of oak roots in rhizosphere samples. Each
25 uL LAMP reaction contained 1X WarmStart® Colorimetric LAMP Master Mix (New England
Biolabs), 1X LAMP primer stock (1.6 uM FIP, 1.6 uM BIP, 0.2 uM F3 and 0.2 uM B3) (Table 6)
and 1 plL of extracted subterranean root DNA (section 2.5) diluted two-fold. Samples were
incubated at 65 °C for 60 minutes in a PCR machine (TECHNE) and reactions were
subsequently assessed for colour change. Lamp reactions were positive when a colour change

from pink to yellow was seen. Negative reactions had no colour change due to lack of

amplification and as such remained pink (Figure 6).

Table 6: The gene amplified in the LAMP for the identification of oak material, the primers
used to disrupt and amplify that gene and the sequence of the primers used.

Gene Primer
name Sequence (5'->3')

Actin Actin F3 AGTTCTTTAAGGACGCCAC
Actin B3 CCTTGAGGTACTTGCCATG

Actin FIP TACTTTTTCTTCGTCGTCTTCAGCAGCTGTAAGACTCAGGAGT

Actin BIP CTCAAACAGAGCGTTTTGGACCGCAGCTTTTCAAGCGGATA
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Figure 6: LAMP reaction for Hatchlands Park tree 6 rhizosphere samples from each 4-cardinal
point.

2.3. Taxonomic Methods

2.3.1. Phylogenetic analysis:
All additional sequences for the closest phylogenetic neighbours were downloaded from
Genbank via BLAST (Benson et al., 2013). Sequences were aligned and trimmed in MEGA X
v10.0 (Tamura, Stecher and Kumar, 2021) to the length listed in Table 2. Both the
housekeeping genes and the 16S rRNA gene contigs were aligned using contig assembly
program 3 (CAP3) in UGENE V 38.1 (Okonechnikov et al., 2012) to ensure coverage in both
directions. Concatenated datasets of the four housekeeping genes were made and Smart
Model Selection (SMS) (Lefort, Longueville and Gascuel, 2017) was performed for both
datasets on the online PhyML server (Guindon and Gascuel, 2003). The output was then used
to inform the maximum likelihood phylogenetic analysis used in MEGA. The reliability of the
clades generated in the phylogenetic tree was tested through 1,000 bootstrap replications.
Finally, the EzBioCloud server was used to calculate the 16S rRNA gene pairwise similarity of

the proposed type strains (Yoon et al., 2017).

2.3.2. DNA Fingerprinting:
To ensure that novel species were not clonal the genetic diversity of all novel strains included
in this study was assessed using either BOX or ERIC fingerprinting method, with the BOX A1R
or ERIC 1 and 2 primers and protocol shown in Table 7 (Versalovic et al., 1994; De Bruijn,

1992). The amplified products were separated in 1.5 % agarose at 50 V for 3 h.
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Table 7: The fingerprinting methods used for the identification of clonal isolates. All methods
are broken down by the primer used, primer sequence and protocol along with their original
publication.

Fingerprinting | Primer Sequence (5'->3') Protocol Reference
method name

ERIC ERICIR ATGTAAGCTCCTGGGGATTCAC | 95° 7mins, | (De  Bruijn,
(94°C 1 min, | 1992)

ERIC2 AAGTAAGTGACTGGGGTGAGCG | 52°c for 1
min, and
65°C 8 min)
30 cycles,
65° 16 min

BOX BOX A1R CTACGGCAAGGCGACGCTGACG | 95° 7mins, | (Versalovic et
(90°, 30 sec, | al., 1994)

95° 1 min,
58° 1 min,
65° 8 min)
30 cycles,
65° 16 min

2.3.3. Genomic features
To understand how the novel species relate to each other and the type species of the genus
at the genomic level, representative strains were chosen for whole genome sequencing. DNA
was extracted by cell lysis and purified on Solid Phase Reversible Immobilisation beads (SPRI)
followed by sequencing on the lllumina HiSeq platform by Microbes-NG (Birmingham, UK)
using Nextera library preparation kit, with a read length of 2x250 bp paired end reads.
Trimmomatic 3.0 was used to trim adapters with a sliding window quality cut-off of Q15 from
reads (Bolger, Lohse and Usadel, 2014). SPAdes 3.11.1 was used for the de novo assembly,
while Prokka 1.11 was used to annotate the assembled contigs (Seemann, 2014; Nurk et al.,
2013). Contamination of the whole genome sequences was checked by aligning the 16S rRNA
gene sequences obtained via Sanger sequencing to the whole genome sequences in Codon

Code version 10.0.2.

2.3.4. Phylogenomic analysis
The phylogenomic distance between strains was calculated through pairwise comparisons of

genomes using Genome Blast Distance Phylogeny (GBDP) with the Type (Strain) Genome
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Server (TYGS) (Meier-Kolthoff and Goker, 2019). The intergenomic distance between a
number of reference genomes was calculated using 100 replications of the distance formula
ds with the algorithm ‘“trimming’ applied (Meier-Kolthoff et al., 2013). The calculated ds
distance was then used to draw a genome caption tree with scaled branch lengths using
FastME 2.1.6.1 (Lefort, Desper and Gascuel, 2015). Subtree Pruning and Regrafting (SPR) was

applied to the dataset, before being rooted at the midpoint (Farris, 1972).

2.3.5. Whole genome similarity analysis:
To further understand the relationships between the potential novel species and their closest
phylogenomic neighbours, whole genome comparisons of the strains were made using in
silico DNA — DNA hybridisation (isDDH), average nucleotide identity (ANI) and average amino
identity (AAIl). isDDH results were calculated using the Genome-to-Genome Distance
calculator, which expresses ds values with a cut-off point <70 % indicating a different species
(Goris et al., 2007). ANI values were calculated using FastANI (Jain et al., 2018) while AAl was
calculated through the Genome-based distance matrix calculator from Kostas lab (Rodriguez-
R and Konstantinidis, 2016). In the case of Scandinavium where the use of FastANI was
disputed by reviewers of the submitted manuscript, the JSpecies server was used to calculate

ANIb values (Richter et al., 2016).

2.3.6. Light microscopy
CellSens Version 1.11 imaging software coupled with an Olympus SC180 (Olympus Life
Science, Tokyo, Japan) microscope was used for all cell size, morphology and motility

assessments.

2.3.7. Transmission electron microscopy
Transmission electron microscopy (FEI Tecnai 12 120kV BioTwin Spirit TEM) was used to
assess flagella arrangements for negatively stained novel strains. Negative stains were made
by floating grids on a mid-log phase bacterial suspension for 2 minutes, followed by triplicate
washing, floating grids in a 3 % w/v uranyl acetate suspension for 30 seconds, another

triplicate wash step after which excess liquid was wicked away and grids left to air dry.
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2.3.8. Cell physiology
Growth at 4, 10, 25, 28, 30, 37, and 41 °C was assessed in triplicate on tryptone soy agar (TSA,
Sigma) to find a suitable temperature range for growth. Colony morphology was determined
on TSA for all genera excluding Scandinavium which was assessed on Colombia Blood Agar
(CBA, Oxoid) after 24 hours incubation at 30 °C as per the type species description (Marathe
etal., 2019).

All strains including reference strains were tested in triplicate for both pH and salt tolerance
by inoculation of broths with mid-log range overnight cultures that were incubated for 24
hours shaking at 180 RPM in a 37 °C growth cabinet. The pH tolerance was tested from 4 — 10
in increasing increments of 1 pH unit in tryptone soy broth (TSB, Sigma) after altering the
original pH using sodium acetate/acetic acid and carbonate/bicarbonate buffers. Saline-free
nutrient broth (3 g I'* beef extract, 5 g I'!) was used to assess the salt tolerance, by adjusting

the salt concentration from 1 — 7 % w/v with the addition of 1 % w/v NaCl.

2.3.9. Antibiotic resistance
Antibiotic resistance of novel species was tested against ampicillin, chloramphenicol, colistin,
gentamicin, kanamycin, penicillin G, penicillin V, streptomycin, tetracycline, cefoxamine
ciproflaxin and tetracycline depending on the genus. Mid-log range overnight cultures were
used to make bacterial lawns on TSA after which six antibiotic discs were applied equidistant
to each other using a disc dispenser (Oxoid). Plates were incubated at 30 °C for 24 hours and
the zone of clearance around the antibiotic disc was assessed. Growth over the antibiotic disk
indicated resistance to the antibiotic while any zone of clearance surrounding the disk

indicated sensitivity to the antibiotic.

2.3.10. Phenotypic tests
Phenotypic testing was performed using a range of commercial kits including APl 20 E and 50
CHB/E (bioMérieux), GEN Ill GN/GP assays (Biolog) and ID 32 (bioMérieux). All commercial
assays were conducted according to the manufacturer’s instructions. APl 20 E and ID 32 E
galleries were scored after 24 hours incubation at 37 °C. APl 50 CHB/E galleries and GEN llI
plates were incubated at 30 °C after which both were scored twice, at 24 and 48 hours, and

16 hours and 24 hours, respectively. Production of bubbles in 3 % v/v H,0, was assessed for
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catalase activity and Kovacs reagent (1 % tetra-methyl-p-phenylenediamine dihydrochloride)

for oxidase activity was also performed on all strains.

2.3.11. Fatty Acid Methyl Ester analysis
FERA Science Ltd performed Fatty Acid Methyl Ester (FAME) analysis on a range of strains
from each proposed novel species. The Sherlock Microbial Identification System Version 6.4
protocol (MIDI Inc.) was followed after strains were grown for 24 hours on TSA at 30 °C.

Results were referenced against the RTSBA6 6.21 comparisons library.

2.3.12. Virulence feature
To identify genes that could promote pathogenicity traits, whole genome sequences were
processed using the prokaryotic genome annotation pipeline (PGAP) during GenBank
submission (Tatusova et al., 2016), and queried against several databases. DIAMOND
v2.0.11.149 (Buchfink et al., 2021) was used to query annotated genomes against the
Virulence Factor Database (VFDB; Liu et al., 2022), accessed 26 July 2022, via the Blast P
command. To identify high sequence identity alignments between the genomes and the
VFDB, a query cut-off of 97 % coverage for each alignment and a percentage identity equal or
greater to than 50 were used (Doonan et al., 2019). For the identification of plant cell wall
degrading enzymes and other virulence factors, the KEGG orthology online search tool was
used (Aramaki et al., 2020). OrthoFinder was used to determine the conservation of virulence
genes within the genomes by homology searching using ortholog on the subset of genes
identified from the VFDB (Emms and Kelly, 2019). Further investigation of the Type VI
Secretion System (T6SS) was performed using the SecReT6 v3 database, which was last
updated on 15 November 2021 (Li et al., 2015). The T6SS gene cluster protein database was
downloaded, and annotated genomes were queried using DIAMOND with the same query

parameters as used for virulence factor identification.

2.3.13. PGP features
To assess how novel isolates interacted with plants an online database comparison was
utilised. The protein annotations produced from PGAP (Tatusova et al., 2016) were queried
against the PLant-associated BActeria web resource (PLaBAse) database using the DIAMOND
MEGAN pipeline (Bagci, Patz and Huson, 2021). First, the PLaBAse PGPT-db from 01/02/2022
was downloaded and used to build a protein database in DIAMOND v2.0.11.149 (Buchfink,
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Reuter and Drost, 2021). Each annotated protein file was compared to the database using the
BlastP command. To identify high sequence identity alignments between the genomes and
the PGPT-db, a query cut-off of 97 % coverage for each alignment and percentage identity
equal or greater to than 50 were used. These cut-offs were originally designed for high
sequence identity alignments of virulence genes against virulence factors within the same
pipeline (Doonan et al., 2019). The alignments output was then entered into the MEGAN
pipeline and mapped against the corresponding mgPGPT-mapping-db in MEGAN version
6.24.0. community edition (Bagci, Patz and Huson, 2021; Huson et al., 2016).

Krona plots were created to visualise the plant growth promoting trait (PGPT) genes identified
as groupings defined by their interaction with plants (direct/indirect) and further specific roles
(Ondov, Bergman and Phillippy, 2011). The annotated protein sequences were uploaded to
the PGPT-pred online tool (available https://plabase.informatik.uni-
tuebingen.de/pb/form.php?var=PGPT-Pred) and queried against the BlastP+HMMER
Aligner/Mapper. Finally, to determine if novel isolates are plant-associated bacteria the
PIFAR-BASE was used to identify ‘plant bacterial only interaction factors’ from the annotated

protein files for each isolate using the BlastP+HMMER Aligner/Mapper.

2.4. Bioinformatics Methods

2.4.1. Loop genomics sequencing
To assess the community composition of the rhizosphere samples to identify structural
differences between the bacteria in the healthy and AOD symptomatic rhizosphere single
gene community analysis was utilised. Synthetic long read 16S rRNA gene sequencing was
performed by Loop Genomics (Element biosciences). 50 pL of extracted DNA were shipped
on dry ice to Loop where they underwent QC, dilution and enrichment prior to sequencing.
Samples are then processed in the Loop genomics long read workflow. First each sample is
exposed to millions of unique barcodes, with a singular barcode attaching to each strand of
DNA. The DNA and barcode are then amplified by PCR using universal primers. Each strand of
DNA then has the unique barcode randomly distributed throughout the sequence. Short read
sequences with the same barcode are then reassembled using linked read de novo assembly

to form full length molecules.
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2.4.2. QIIME OTU identification
To filter and identify unique sequencing variants which would later be assigned to species
level identifications OTUs were first identified in sequencing outputs. Fastq files were
uploaded to the EZbiocloud Microbiome Taxonomic profile (MTP) pipeline which utilises
QIIME 2 for quality filtering and trimming of sequences. Pre-filtering of sequencing data was
used to remove low quality, non-target and chimeric amplicons to leave total valid reads. OTU
alignment to the EzBiocloud database was then performed. All steps were performed with

the standard recommended parameters (Bolyen et al., 2019; Yoon et al., 2017).

2.4.3. Krona plots
To visualise the community structure of rhizosphere samples interactive krona plots were
made which assign colours based on hierarchy. Output OTU files were plotted using the
ktimportText command (https://github.com/marbl/Krona/wiki/Importing-text-and-XML-
data) (Ondov, Bergman and Phillippy, 2011).

2.4.4. Diversity statistics.
To identify differences in the abundance, diversity, and composition of rhizosphere samples
a range of different diversity statistics were tested on samples OTU outputs. All diversity
statistics were initially calculated using Phyloseq in R using the command plot_richness
(McMurdie and Holmes, 2013). Additional statistics were also calculated using the EzBioCloud
Microbiome Taxonomic Profiling (MTP) 16S rRNA gene-based online pipeline which utilises
the MOTHUR pipeline (Yoon et al., 2017; Schloss et al., 2009). Beta-diversity for grouping
levels based on disease profile and location were visualised using the Bray-Curtis metric and

3D principal coordinate analysis at the species level through EzBioCloudMTP pipeline.

2.4.5. PERMANOVA
To identify differences in the beta diversity of samples Pairwise PERMANOVA analysis was
performed in the EzBioCloud MTP pipeline using the QIIME 2 pipeline. 999 permutations were
used for each comparison with P-values, g-values and PSuedo-F values generated for each

pair. Significance was set to P < 0.05.

2.4.6. Taxonomic biomarkers and functional biomarkers
To identify statistically significant differences in specific bacteria at different taxonomic levels

and protein pathways which are associated with those species taxonomic and functional
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biomarkers were utilised. All biomarkers were identified by making microbiome taxonomic
profile sets using grouped levels which were then processed in the Comparative MTP analyser
on the EzBioCloudserver. The taxonomic biomarkers utilised LEfSe analysis in which Kruskal
Wallis test is applied to the full datasets to look for differentially distributed classes within the
data. Identifications that are differentially distributed then undergo pairwise comparisons
under by Wilcoxon test. This is then used to build a linear discriminant analysis (LDA) effect
size (LEfSe) model. This generates a list of taxa which are discriminative in respect to their
sample of origin (Segata et al., 2011). The same approach is taken to the functional
biomarkers, however after the LEfSe analysis is performed the differentially abundant 16S
rRNA genes are entered into the phylogenetic investigation of communities by reconstruction
of unobserved states (PIECRUSt) pipeline. Here 16S rRNA genes are used to predict
metagenomes which then cluster KEGG protein sequences based on gene families, thus giving

a functional profile for the dataset (Langille et al., 2013).
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Chapter 3. Optimisation of
Bacterial and DNA isolation
from Soil and Sample

Collection.
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3.2. Introduction:

Soil is a complex environment, which is thought to be the largest reservoir for bacteria on
earth, with 2.6 x 10%° predicted prokaryotic cells globally, consisting of 4 x 10° different taxa
(Long and Or, 2005). Ribosomal intergenic spacer analysis (RISA) fingerprinting results
conservatively predict that 2,000 - 18,000 prokaryotic genomes may be present in one gram
of soil (Xu et al., 2014; Delmont et al., 2011). This high diversity is attributed to the rate of
mutation leading to a rate of speciation faster than the rate of extinction (Torsvik, @vreds and
Thingstad, 2002; Dykhuizen, 1998). Metagenomic and non-coding RNA analysis have shown
significant differences can be seen in the genome of the same species, driven by their
response to their ecological microclimatic differences that drives sympatric speciation in soil
bacteria (Mukherjee et al., 2022). However, despite the high diversity and presence of
bacteria in the soil, only 0.1 — 1 % can be cultured under laboratory conditions through
standard procedures (Aslam et al., 2010). This has been demonstrated using methods such as
fluorescence in situ hybridisation (FISH) which exceeds CFU counts by 30 — 1,000-fold (Bakken
and Olsen, 1987).

The difficulty with culturing microorganisms from soil can be attributed to several factors.
When looking at soil on a microscopic scale most literature discusses small functional units
called aggregates. One aggregate contains Bacteria, Archaea and Eukarya as well as the six
critical elements hydrogen, carbon, nitrogen, phosphorus, oxygen, and sulphur required for
life. The soil biota found in an aggregate are responsible for biogeochemical cycling and as
such has been referred to as a snapshot of the biological universe (Fortuna, 2012; Pii et al.,
2015). Aggregate composition and size have direct effects on how bacteria are recovered,

with other features including biological secretions, plant roots and organic matter binding
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together in different amounts altering how they must be handled (

Sand, day and
silt

Biological Environmental
secretions - Organic matter

Aggregate
composition

Microorganisms

Plant roots

Micro-aggregate < 250 um > Macro-aggregates

Figure 7).
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Figure 7: The composition of a soil aggregate. Aggregates are formed by the following six
features combining into a matrix which then forms the overall soil complex. These aggregates
exist as micro and macro aggregates based on their size. Sand, clay and silt are present
depending on the base strata, the environmental organic matter is compromised on surface
litter that is gradually degraded, the fungal, plant roots and microorganisms are all dependant
on what is present based on the above and below ground communities, as are the biological
secretions such as mucus, exopolysaccharides and other cellular excretions.

Aggregate size impacts the community structure of the associated microorganisms which in
turn dictate the key functions of the overall soil (Fortuna, 2012; Blaud et al., 2017). Further
variation is caused by the availability of nutrients, minerals, water as well as changes in the
organic matter, pH, temperature, and base stratum. All these features change with soil
horizon and distance, increasing variation on a 3D scale (Crowther and Grossart, 2015). As
such, bacterial diversity also functions on a larger scale from macro-environments up to
geographical environments. It is well established that microorganisms are non-randomly and
non-uniformly distributed throughout a space, with a meta-analysis showing that much of a

community composition can be explained in a manner analogous to plants and animals by the
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effects of the inhabited environment and the geographical distance (Hanson et al., 2012;

Franklin and Mills, 2003).

Endemism, the isolation of bacteria to specific geographic locations, was shown through the
isolation of 85 unique fluorescent pseudomonads from 38 samples over 10 sites in four
different continents. Of the 85 species, there was no crossover of genotypes at continental or
site level, suggesting strong endemism (Cho and Tiedje, 2000). This indicates how the high
level of spatial heterogeneity provided creates niches (microhabitats) in which unique
bacterial communities can exist and evolve (Tilman, 1994; Gause, 1934). Microhabitats exist
on such small scales that large samples can easily underrepresent the actual diversity in
samples and as such, small-scale sampling with high numbers of repeats is recommended to
help assess the community composition of these microhabitats (Kirk et al., 2004). Disruption
of these microhabitats when culturing in suspension creates difficulties in culturing, as
exposure to other communities quickly increases competition which favours more abundant
bacterial species, leading to the extinction of smaller fractions of the community. This has
been demonstrated through the use of sub-sampling to limit cell interaction, allowing
increased recovery of soil microorganisms, with sets of four Nitrobacter serotypes being
recovered in much higher percentages from small 1073 mm?3 volume soil samples (Grundmann

and Gourbiére, 1999).

Therefore, a specific sampling method that encompasses large scale site differences is
required. This can utilise covering two different soil habitats for different baselines. However
the sampling should also consider small scales for singular samples by using multiple sampling
points per biological replicate. These considerations to sampling are required to allow

accurate representation of the bacteria present which is the aim for this overall body of work.

Another issue arises from the complexity of soil aggregates, in which bacteria become
entrapped and the Methods achieving significant disruption are required to achieve
disaggregation is required for accurate assessment of microorganisms. (Lindahl, 1995). The
strong binding that occurs between bacteria and soil particles involves a variety of
mechanisms, the disruption of which may lead to severe cell damage and confound
downstream analyses (Lindahl and Bakken, 1995). A range of methods have been assessed

for disaggregation including simple methods such as mechanical disruption with a range of
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instruments, ultrasonic disruption and more complicated methods such as density gradient
centrifugation, with no clear consensus on which represents the most appropriate method

(Bakken, 1985; Martin and Macdonald, 1981; Lindahl, 1995).

The complexity of the habitat is not the only limiting factor to consider. The poor nutrient
content of the soil leaves many bacteria in a nutrient-starved state, which when exposed to
the high nutrient compositions of normal laboratory agars and broths, leads to nutrient shock
and death whilst also selecting for fast-growing bacteria which can form colonies/biofilms
(Aslam et al. 2010. Ferrari et al. 2005). Low nutrient, highly diluted or novel soil extraction
agars which mimic these bacteria's natural environment have been successfully used in the
past for the recovery of the hard to cultivate members of the soil microbiome (Davis, Joseph
and Janssen, 2005; Hamaki et al., 2005). A more novel approach is the use of isolation chip
(iChip) which utilises single cell diffusion chambers in situ for the high throughput recovery of
novel isolates from the environment (Nichols et al., 2010). Cell size distribution in taxa also
leads to bias as most colony-forming units are mostly derived from large cells; the frequency
of small cells in microscopic counts negatively correlates with percentage viability of plate
and microcolony counts (Schulz and Jgrgensen, 2001; Bakken and Olsen, 1987). However cell
size is a relatively plastic trait that has been linked to taxa but also growth conditions and the
growth phase can also effect cultivation of the soil microbiome (Portillo et al., 2013). When
alternative agars are coupled with long growth periods with the removal of competitive
bacteria from agar, high levels of previously uncultured bacteria have been recovered (Eilers

et al., 2001; Campoverde, 2015).

Further effects on the recovery of bacteria can be caused by the sample handling method,
with soil traditionally being oven-dried and then sieved to make it easier to work with.
Although homogeneity makes working with soil easier, it also affects key sets of soil
parameters with a direct impact on microbial community structure (Blaud et al., 2017;
Thomson et al., 2010). Traditional culturing methods reveal a significant loss in microbial
community members due to soil drying (Mikha, Rice and Milliken, 2005; Griffiths et al., 2003).
This is exacerbated by rewetting soil which increases respiration, due to the mobilisation of
nutrients that favour certain species leading to alterations in the community composition
(Clein and Schimel, 1994). As such it is preferable to perform both DNA and culturing
examination of soil communities with freshly sieved undried soil (Thomson et al., 2010).
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The issues caused by the complexity of the soil environment listed above are seen as a range
of explanations as to why, at most, only ~1 % of the soil microbiome has been cultured (Aslam
et al., 2010). As such many studies have attempted to resolve these limitations using
metagenomic based approaches, by assessing the full community composition using meta-
genome shotgun sequencing or via other taxonomic resolution methods such as 16S rRNA
gene sequencing (Popescu and Cao, 2018). However, DNA based approaches face similar
biases due to limitations caused by the soil matrix, as well as biases caused by different DNA
extraction methods and amplification biases (Delmont et al., 2011; Carrigg et al., 2007). Out
of vertical soil sampling, cell separation by density, cell lysis protocol, and distribution DNA
fragment via size, the effect of cell lysis was shown to have the largest effect on the number
of operational taxonomic reads, particularly for rare taxa (Delmont et al., 2011). Even if
sample sizes, handling and DNA extraction were standardised, use of different quality filtering
tools and assemblers used post-sequencing are also known to introduce bias that can lead to
non-replicable and comparable results even within the same sample (Bharti and Grimm,

2021).

A further consideration when looking at the rhizosphere of a particular plant from a natural
environment is how to ensure that the root originates from the plant of interest. If it does
not, the rhizosphere analysis is not relevant. Root identification is traditionally achieved by
microscopy differentiating root characteristics such as diameter, colour and texture which is
enough to distinguish between genera of trees (Biddle, 1998; Cutler et al., 1987). However,
many rhizosphere studies do not check whether the roots originate from the species of
interest, preventing the ability to conclude that results are relevant to their investigation. To
overcome this, an unpublished LAMP assay was developed at Forest Research to confirm oak
origins for rhizosphere samples based on the isolated, amplification and subsequent colour
change in the presence of an intercalating dye (Bridget Crampton, personal communication,

2021).

Because of the complex nature of the soil, sampling, sample transport, storage and processing
must all be considered as during this time a range of chemical changes can take place. As
discussed here, changes in the chemistry of soil have effects on the microbiome of a sample,
so samples must be processed and stored using consistent parameters to ensure minimal
variations to microbiome composition. Processing of samples before suspension and
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enumeration of the microbiome on agar is another point in which the biochemistry of samples
may change drastically enough to affect community composition. It is also the first point in
the process in which small aggregates will be exposed to each other, allowing for competition

to occur, which will affect both DNA extraction and physical culturing.

The aims of the chapter were:

e To optimise the method used to screen soil samples for AOD bacteria.

e To observe the effect of different storage conditions on the number of different
bacteria recovered and the amount and purity of DNA recovered from soil samples.

e To increase the diversity and number of culturable cells recovered from soil samples
by optimising the method used for the disaggregation of cells.

e Toidentify the most proficient method to obtain high-quality DNA for further analysis
rhizosphere soil.

e To pick the most suitable sampling method to reduce the effect spatial variation on
samples.

e To use molecular methods to identify rhizosphere samples originating from oak, and
to confirm that the diseased trees are suffering from AOD to ensure samples are

relevant to the study.

3.3. Results

3.3.1. lIdentification of bacteria from Forest Research samples
A selection of bacterial isolates, mainly from oak and Tilia (lime) trees with various bleeding
cankers collected from a range of different sites, were provided by Forest Research. The aim
was to find an appropriate method to identify AOD bacteria and, later, other bacterial isolates
of interest, which could be used when analysing samples collected from Hatchlands. Firstly,
High-Resolution Melt (HRM) analysis was performed on the samples (2.2.12) to allow for the
identification of any of the bacteria which are commonly isolated from the AOD lesion
microbiome. Isolated DNA was extracted from single colonies (2.1.2; 2.2.1) prior to PCR
amplification of the 16S rRNA gene (2.2.6) and the bacteria were identified from the
sequencing products (2.2.11). Isolates of interest underwent gyrB and rpoB gene sequencing
to allow for more accurate identification. Finally, results from both sequencing and HRM

analysis were compared to the TagMan probe results from Forest Research, allowing
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comparison between the application of the three methods. An example confirmation of the
identification of AOD bacteria using the HRM method are shown below (Figure 8, Figure 9).
Comparative identification showed similar results for the three identification methods,
though the Tag-man probe identified multiple AOD isolates, while HRM identified one and
16S rRNA sequencing was more suitable for the identification of other isolates as shown in

Table 8.

Lonsdalea
britannica

Gibbsiella
quercinecans

.

7
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Figure 8: Melt curve obtained from multiplex High resolution melt, in which species specific
primers are used to amplify DNA and then 0.5 °C temperature increases are used to generate
fluorescent based curves based on the denaturation of the PCR products for the detection of
AOD lesion bacteria. Samples originated from a set of Forest Research swabs taken from oaks
and lime trees from a number of different sites across the UK. Positive controls are depicted
by coloured peaks where orange, green, purple and blue represent Brenneria goodwinii,
Rahnella victoriana, Lonsdalea britannica and Gibbsiella quercinecans, respectively. Black
peaks indicate the presence of both Brenneria and Gibbsiella in these samples.
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Figure 9: Melt curve obtained from high resolution melt protocol 2 which uses standard PCR
followed by temperature increases of 0.5 °C from 68 °C for the differentiation of Rahnella
species, using one primer set that binds to all species but with different melting temperatures.
The samples originated from Forest Research swabs. 16S rRNA gene sequencing gave mixed
results of R. variigena and R. victoriana. HRM identified isolates as R. victoriana, shown by the
black peaks, the purple line shows the negative control and the blue peak shows R. variigena
positive control.

Table 8: Identities of bacterial spikes from Forest Research. Tagman probe results were
obtained at Forest Research. High Resolution Melt (HRM) analysis was used to assess agar
spikes for AOD bacteria. Non-AOD lesion isolates were identified by 16S rRNA gene
sequencing, with gyrB and rpoB sequencing used to confirm the identification. - = no
identification of AOD bacteria. No growth indicates that no isolates were recovered on solid
media.

Location Culture Tagman probe ID | HRM ID 16SrRNAID | gyrBID rpoB ID
Shenley Shen 1 - Serratia
glossinae
Shen 2 - Serratia
glossinae
Shen 3 - No Growth
Shen 4 - No Growth
Shen 5a B. goodwinii No Growth
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Shen 5b

B. goodwinii

No
Amplification

Shen 6 - No
Amplification
Shen 7 - No
Amplification
Shen 8 B. goodwinii No
Amplification
Shen 9 - No
Amplification
Shen 10a | - No
amplification
Shen 10b | - No
amplification
Tilia Tilia 1 B. goodwinii Erwinia E.
toletana toletana
Tilia 2 - Erwinia E.
toletana toletana
Tilia 3 - Erwinia E.
toletana toletana
Tilia 4 - Erwinia E.
toletana toletana
Tilia 5 - Erwinia E.
toletana toletana
Tilia 6 - Erwinia E.
toletana toletana

91




Wilderness | Wild 1 B. goodwinii, No Growth

G. quercinencans,
R. victoriana

Wild 2a-c | B. goodwinii, Rahnella R.

victoriana

G. quercinecans,
R. victoriana

wild 3 B. goodwinii, B. goodwinii | B. goodwinii | B. goodwinii
G. quercinecans

wild 4 B. goodwinii, No Growth
G. quercinecans

Wild 5 B. goodwinii, B. goodwinii | B. goodwinii | B. goodwinii
G. quercinecans,
R. victoriana

Wwild B. goodwinii, B. goodwinii | B. goodwinii | B. goodwinii

6a, b G. quercinecans,

The HRM results demonstrate increased sensitivity and the benefit of not having to culture
bacteria for the detection of AOD lesion pathogens, as shown by the detection of Brenneria
goodwinii in three Shenley samples, one Tilia and one Wilderness sample via the TagMan
method. These samples were not detected via other methods due to limitations with the
growth of cultures and PCR amplification issues with specific primers. HRM and 16S rRNA
gene analysis detected B. goodwinii in the same samples as the TagMan probe indicating all
methods reliably identified the pathogen, however, only one AOD species was detected in
each sample via those methods as opposed to three by TagMan probe. The Tilia (lime tree)
cultures were all tentatively identified as E. toletana by 16S rRNA gene sequencing. The gyrB

PCR primers used could not amplify the gyrB gene, and instead, rpoB gene sequencing was

used to confirm this identity.
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3.3.2. Optimisation of the dispersal of bacteria from soil aggregates
Within the literature, there is no definite published method to achieve maximum separation
of bacteria from the soil matrix and as such, identification of the optimal method was
required. Following the initial suspension of soil in % Ringers as described in 2.1.5, the most
cited procedures were assessed which included disruption in a sonicating water bath,
mechanical disruption using a magnetic stirrer or disruption in a shaking incubator at 28 °C.
Each disruption method was attempted at different power outputs and time frames to obtain
an idea of the most efficient method for the separation of the most bacteria from the soil
complex. Dilutions were made and spread on LB agar and, after incubation for two days, the
number and diversity of colonies were counted, generally showing that longer and harsher

treatments allow for high CFU and morphotype recovery (Figure 10 - Figure 15).

200
B 200 RPM

Il 500 RPM
= 1000 RPM

Average viable bacteria (CFU/Q)

) 10 15
Treatment Time (mins)

Figure 10: Isolation of bacteria from soil on a magnetic mixer. The soil was disrupted at three
different speeds using a Teflon bar on a magnetic stirring plate, for 5, 10 and 15 minutes. The
average CFU recovered on LB agar from each RPM at 107* with n=3 with error bars
representing standard deviation.
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Figure 11: The average morphologically distinguishable colonies from soil on magnetic stirrer.
The soil was disrupted at three different speeds using a Teflon bar on a magnetic stirring plate,
for 5, 10 and 15 minutes. Colonies were recovered on LB agar from each RPM at 10™* with
n=3 with error bars representing standard deviation.
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Figure 12: Isolation of bacteria by disruption in an ultrasonic water bath. The soil was
disrupted for 15 minutes with samples being taken at three-minute intervals. The average
CFU at 10™* with n=3 and standard deviation error bars are shown.
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Figure 13: The average morphologically distinguishable colonies from soil disrupted in an
ultrasonic water bath. The soil was disrupted for 15 minutes with samples being taken at
three-minute intervals. Colonies were recovered by disruption in an ultrasonic water bath at
10™* with n=3 and standard deviation error bars shown.
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Figure 14: |solation of bacteria in a shaking incubator. The soil was disrupted for 6 hours with
samples being taken at 0, 1 and 3-hour intervals. The average CFU recovered by disruption in
a shaking incubator at 200RPM at 1072 with n=3 and standard deviation error bars shown.
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Figure 15: The average morphologically distinguishable colonies recovered by disruption in a
shaking incubator. The soil was disrupted for 6 hours with samples being taken at 0, 1 and 3-
hour intervals. Samples were incubated at 200RPM at 1072 with n=3 and standard deviation
error bars shown.

A higher number of colony-forming units (CFU) and in all cases, excluding 15-minute
treatment in an ultrasonic water bath, a higher number of visually distinct morphotypes could
be gained by increasing the length of treatment. For disruption using a magnetic stirrer,
increasing the RPM to 1000 resulted in the highest level of morphotypes as well as CFUs as

demonstrated in Figure 10 - Figure 15.

The optimal method for dispersion of cells was 10 g of soil suspended in 95 ml of Ringers
followed by mechanical disruption using a magnetic stirrer at 1000 RPM for 15 minutes, then
dilution to 10™* which on average led to the highest recovery of cells (within the 30-300 CFU
range), and the widest range of morphotypes, compared to shaking incubation (no significant
difference P > 0.05 with ultrasonic water bath). This was tested using the numerically highest
average of each variable at 107* and running paired sample T-tests. The result for each pairing
was P < 0.05, meaning there was a statistically significant difference in the mean CFU and the

number of morphotypes recovered.
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3.3.3. Optimisation of soil DNA extraction
Due to the same limitations of separating bacteria from the soil matrix but with the added
complexity of environmental contaminations such as humic acids further limiting recovery,
extraction of high amounts of pure DNA (ng/uL) is difficult. There are commercial kits that are
available to recover purified DNA from soil samples, which remove contaminants that can
interfere with the purification and downstream application of extracted DNA. The kits have
set protocols provided by the manufacturer, however, the time that the sample is
homogenised to ensure cell lysis is not specified, because it varies depending on the machine
used and the composition of the soil. Both a Disruptor Genie (Scientific Industries, Inc) and a
TissueLyser LT (Qiagen) were chosen as suitable equipment to test at a range of time frames.
The outputs were compared using a Nanodrop DNA spectrophotometer (2.2.9) to see which
method resulted in the highest amount of DNA recovery and how the length of

homogenisation affected the purity of the extracted DNA (Figure 16 - Figure 18).
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Figure 16: The amount of DNA (ng/uL) recovered from the soil at both different time frames
in both the Disruptor genie and TissueLyser LT n=1.
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Figure 17: The purity of DNA from the A260/A280 ratio recovered from the soil at both
different time frames in both the Disruptor genie and TissuelLyser LT n=1.
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Figure 18: The purity of DNA from the A260/A280 ratio recovered from the soil at both
different time frames in both the Disruptor genie and TissuelLyser LT n=1.

The highest amount of recovered DNA was gained by using the Disruptor Genie for 45 minutes
prior to extraction by the Power Soil Pro kit (Qiagen) (Figure 16). However, more interesting
are the purity results for both the A260/280 and A260/230 ratio, where DNA can only be
considered pure if the value exceeds 1.8. This means that the Disruptor Genie run for 45

minutes was the only run that gave 'pure' DNA (Figure 17 and Figure 18). This optimisation
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experiment was run on trial kits which limited the amount of replications that could be

performed, as such the results are indicative but give no significant conclusion.

3.3.4. Soil storage optimisation
To determine the best method to ensure that the biological composition of samples remains
consistent with those seen at the point of sample collection, storage conditions were tested.
The currently available storage conditions were average room temperature (18-20 °C), +4 °C,
-20 °C and -80 °C freezers. These storage temperatures were tested following collection of
samples, by immediately extracting DNA and culturing bacteria on a solid medium (LB) for a
control O-hour result. DNA was extracted and tested weekly for purity (2.2.9) and bacteria
extracted in suspension (2.2.3) and cultured to count the number of CFUs and colony
morphologies recovered (Figure 19 - Figure 22). A two-sample T-test was applied to both CFUs
and diversity, comparing the mean from week 0 to each subsequent week. This allowed for
any statistically significant change in the mean to be detected by the generation of a P-value
< 0.05. A mixed-effect analysis was used to assess if significant differences could be seen
between samples. This was used due to missing values for week 2 caused by colonies being

‘Too Numerous To Count’ (TNTC) leading to both fixed and random errors.

Room Temperature
4°C Fridge

-20 °C Freezer
-80°C Freezer

Fod o

Average viable bacteria (CFU/qg)
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Figure 19: Different storage conditions effect on the number of bacteria recovered from soil.
The average colony forming units at 1073 recovered from the soil after storage in different
conditions for a month and sampled weekly, n=3 with standard deviation error bars.
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Figure 20: Different storage conditions effect on the types of bacteria recovered from soil.
The average number of morphologically distinguishable colonies recovered from the soil after
storage in different conditions for a month and sampled weekly, n=3 with standard deviation
error bars.
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Figure 21: Different storage conditions effect on the number of bacteria recovered from soil.
The average number of colonies forming units at the 107 dilution recovered from the soil
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after being stored in different conditions for a month and sampled weekly, n=3 with standard
deviation error bars.
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Figure 22: Different storage conditions effect on the types of bacteria recovered from soil.
The average number of morphologically distinguishable colonies at 10™* recovered from the
soil after being stored in different conditions for a month and sampled weekly, n=3 with
standard deviation error bars.

Both the CFUs and morphotypes were consistently recover from all storage conditions for the
full three weeks of the experiment (Figure 19 - Figure 22). A spike in CFU counts and a drop
in morphology can be seen during week two for fridge samples when diluted to 107 (Figure
21 and Figure 22). This could possibly be attributed to high levels of respiration leading to
moisture in the sample that is known to cause a sudden boom in nutrients and subsequently

an increase in the species that favour these nutrients (Clein and Schimel, 1994).

Both room temperature and fridge storage show the highest level of variation in samples as
demonstrated by the large error bars, which are not present for both freezer samples. The
statistical analysis also showed all methods as consistent with both mixed-effects analysis and
two sample T-tests, both showing no statistical significance between means (P > 0.05). As
such -20 °C appears the most consistent method as it consistently shows the lowest deviation
through error bars of the course of the experiment. However, statistical analysis was only

applied to 107* dilution data, due to missing data in the week 2 analysis at 1073,
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3.3.5. Storage of DNA in DNA Shield
Storage of soil before DNA extraction was shown to be an issue (data not included), with pure
DNA not isolated after even one day of storage under all storage conditions (room
temperature, -4°C, -20°C and -80°C). Therefore, alternative options for the long-term storage
of soil prior to DNA extraction were investigated. One potential option was to use DNA/RNA
shield (DRS, Zymo) which inactivates enzymes and viruses to ensure stable long-term storage
of DNA below -20 °C. Following soil collection, half was sieved in the field and the other half
was bought back to the lab and then sieved. From both lab and field sieved samples, 250 mg
of soil was placed in an Eppendorf containing no DRS, another containing 2.25 mL of DRS and
finally, 1 g of soil was placed in 9 ml of DRS. DNA extraction was performed on both the field
and lab sieved samples (2.2.4) in three treatments and the purity and concentration of DNA
(ng/uL) was measured by using the Nanodrop (2.2.9). The remaining soil samples were then
frozen at -20 °C for seven days before DNA was extracted and the purity and concentration

of DNA (ng/uL) was measured by using the Nanodrop (

Table 9 and

Table 10).

Table 9: Purity and concentration of DNA extracted from soil (n = 3). Soil was collected and
either sieved in the field or laboratory and then had immediate DNA extractions performed
prior to storage.

Sample A260/280 A260/230 ng/uL
Field 1.82 +0.03 1.42+0.2 62.9+3.7
Lab 1.85 +0.02 1.82+0.1 130.3+£15.1

Table 10: Purity and concentration of DNA extracted from soil after 7-day storage (n = 3). Soil
was collected and either sieved in the field or laboratory and then frozen at -20°C with or
without shield for 7 days.

Sample A260/280 A260/230 ng/uL
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250 mg Lab sieved 1.77 £ 0.05 1.57+£0.08 96.9+5.1
(no DRS)

250 mg Field 1.83 £ 0.03 1.82 £ 0.04 205.2£20.1
sieved (no DRS)

Lab 250 mgin 2.25 2.02+0.1 0.50+0.2 41+0.5
ml DRS

Field 250 mg in 1.87 £0.02 1.59+0.01 9.8+1.0
2.25 ml DRS

Lab 1 gin 9 ml DRS 1.85+0.02 1.26+0.3 3.3+09
Field 1 g in 9 ml 1.97+0.1 0.65+0.2 56+1.3
DRS

The results showed that immediate sieving of soil in the lab resulted in good levels of pure
DNA compared to DNA extracted from samples sieved in the field. However, after storage
high-quality DNA was only recovered from field sieved samples not stored in DNA shield, with
lab handled sieved not stored in DNA shield being the second highest and purest DNA

recovered.

3.3.6. Hatchlands Park Sampling

The sampling took place over the course of two days during which oak trees were selected
based on health status and the availability of other oaks to be paired with as described in
Section 3.2.1. The sample numbers by location, pairing and health status can be seen in Table
11. As trees were selected, their locations were noted to be plotted on a map in ArcGIS
(Figure 23). Samples were then collected in accordance with the standardised method in
section 2.1.1. All 80 samples were collected and bought back to the lab for processing on the
second day.

Table 11: Hatchlands Park sample identities. Hatchlands Park samples divided by their original

location, each tree is paired to the number in the adjacent column for that location with the
health status of the tree indicated by the column name.
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Hatchlands Park Rhizosphere samples

Parkland Woodland

AOD symptomatic Healthy AOD symptomatic Healthy
H1 H2 H11 H12

H3 H4 H13 H14

H5 H6 H15 H16

H7 H8 H17 H18

H9 H10 H19 H20
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Figure 23: Map detailing the location of rhizosphere soil samples taken from Hatchlands Park
site. Healthy and AOD symptomatic diseased trees were selected in a paired model with odds
and evens being paired from 1 and 2 through to 19 and 20.
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3.3.7. LAMP confirmation of oak roots
Loop-mediated isothermal amplification (LAMP) (3.2.4) of extracted root DNA (3.2.3) was
used to confirm that rhizosphere soil was adhered to oak roots and not to other plants from
the surrounding environment. Each sample was tested in batches by biological sample (4
replicates from each tree) and the resulting colour change from pink to yellow (Figure 24) was

recorded as positive or negative if no colour change occurred.

Figure 24: Results for Hatchlands H6 samples following Loop-mediated isothermal
amplification. The resulting colour change seen in a reaction for the amplification and
detection of actin genes from oak species. Yellow indicates a positive reaction while negative
reactions remain pink due to lack of amplification.

Table 12: Loop-mediated isothermal amplification results. Each cardinal point of each root
sample separated by both their original sample location (parkland or woodland) and their
health status (AOD or Healthy). Samples are positive for oak (green) if a colour change was
seen in the first amplification and negative for oak (red) if no change in colour was recorded
when undergoing the amplification. Samples were considered late positives (yellow) if a
second DNA extraction resulted in a positive amplification as the result implied other plant
roots may be present in the sample.

Hatchlands Park Rhizosphere samples

Parkland Woodland

AOD symptomatic Healthy AOD symptomatic Healthy

H12N
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The results in

Table 12 shows that 55 of 80 samples contained oak roots, while 27 samples were shown not
to contain oak roots even after two rounds of LAMP. The 20 late positive samples shown in
yellow did not amplify in the first round of LAMP and required re-extraction of DNA to obtain

a positive amplification. All trees had two or more rhizosphere samples containing oak roots,
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allowing for two positive samples per tree for a total of 40 samples taken forward for further

work.

3.3.8. AOD confirmation of biological sample bleeds

All selected AOD symptomatic oak trees from both parkland and woodland had visible stem
bleeds which were recorded during rhizosphere sampling (3.2.2). In cases where the stem
bleeds were low enough to reach, swabs were taken for further confirmation of AOD
symptoms by the presence of AOD bacteria found in lesions. As such nine swabs were
processed in the lab and HRM analysis was performed (Table 13).

Table 13: High resolution melt results for Hatchlands lesion swabs. + indicates the presence
of that species in the sample, while - indicates no detection. N/A: No cultures grew from

samples 5 and 9 as such no results were obtained for these samples. * indicates dry bleeds
that were not actively weeping.

Tree Brenneria Gibbsiella Rahnella Lonsdalea
goodwinii quercinecans victoriana britannica

1 + + - -

3 + + - -

5 N/A N/A N/A N/A

7 + - - -

9 N/A N/A N/A N/A

11 + - - -

13* - - - -

15* - - - -

17 + - - -

B. goodwinii was found in five of seven viable samples (two samples were removed due to no
growth on agar from swabs), while G. quercinecans was detected in two. However, neither R.

victoriana nor L. britannica were found in any of the samples.
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3.4. Discussion
Soil is a difficult medium to work with, numerous studies have explored the consequence of
different sampling processes and their effect on the recovery of organisms (Brumfield et al.,
2020; Lauber et al., 2010). In much of the literature, the soil is dried first as it provides a
standardised medium to work with, in which parameters like moisture content can be
controlled (Griffiths et al., 2003). Likewise, sieving is used to not only remove rocks and other
detritus from the soil, but to also increase homogeneity in samples by reducing the spatial
heterogeneity caused by the 3D complex of pores across the soil horizon that supports
different microbial communities. However, both methods cause direct reductions in
respiration, cultivable bacterial counts and microbial biomass (Blaud et al., 2017; Thomson et
al., 2010). As such, soil used for this work was not dried in an attempt to maintain a consistent
microbial community structure from the point of sampling. Sieving however was necessary to
process samples but was performed immediately before extracting DNA from the soil or

culturing to reduce any bias that it may cause.

Storage of samples seems to be rarely discussed in the literature but was considered here due
to the number of samples being collected at one time: four replicates from five biologically
paired trees, giving a total of 80 samples. Long-term storage was unavoidable and therefore
required assessment to ensure that that microbial community structure alteration was
minimised during this time. The results of section 3.2 have shown that soil can be collected
and stored with only minor effects observed on the colony-forming units and different cell
morphologies recovered from samples after long periods. The optimal storage temperature
for the culturing of organisms was found to be -20 °C in section 3.2.4 with very little deviation
on either of the parameters assessed. One caveat of this work is that it was only performed
on nutrient rich media, and subsequently use of other alternative media will have to be
optimised separately. Another is that the generally heterogenous nature of soil makes it
difficult to compare week to week as variation in results could simply be to lack of
homogeneity found in the medium. Nevertheless, the results here can still be used to inform
the storage and recovery methods, despite conclusive statements about their effects being

difficult to make.
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Sample storage is seen to be a critical component of the analysis of microbial communities by
the 16S rRNA gene and as such the effects were investigated (Rochelle et al., 1994). The
results obtained here are conflicting as storage of samples for DNA extraction gave mixed
results from both soil storage optimisation and storage of DNA in DNA Shield. All storage
options gave rise to impure DNA after even one day of storage under all conditions, but pure
DNA could be extracted from frozen soil implicating a suitable storage method. The extraction
method of DNA shield was not optimised which is likely why the recovery of DNA from section
3.5 was inefficient, only yielding impure DNA, thus requiring further optimisation. Therefore,
to ensure pure DNA will be recovered from samples, immediate extractions should be
performed with frozen aliquots of soil with and without DNA shield being taken prior to
storage as back-ups. It should be noted that storage conditions confer less variation that
environmental conditions, and as such DNA extraction from soil stored at any temperature
for two weeks has shown only slight variations in relative abundance of taxa (Lauber et al.,

2010).

For culturing of bacteria from soil, one of the key issues noted is the detachment of bacterial
cells from their substratum, which is difficult to achieve at sufficient levels without the
disruption or damage of cells (Buesing and Gessner, 2002). Mechanical disruption via blenders
and stomachers or ultrasonic disruption with probes and water-baths are commonly
employed in the literature and as such were all considered (Richter-Heitmann et al., 2016;
Liebeke et al., 2009; Buesing and Gessner, 2002). Optimisation of the method used to extract
bacteria from the soil matrix was successful in demonstrating that harsh mechanical
disruption of soil in suspension is sufficient to separate cells from the micropores that they
exist in. Other methods of disruption mentioned in the literature showed significant
reductions in the CFUs recovered from samples, which could be attributed as either due to
damaging cells or failing to separate them from the matrix. However, the limitation of this
work is that it was only applied to bacteria that are easily recoverable on single standard
nutrient rich media. There is potential that this method will be insufficient when applied to
members of the soil microbiome that are traditionally harder to culture and these methods

need to be applied across a range of media optimised for the recovery of soil bacteria.

The sample collection method used here aims to reduce biases caused by the spatial
heterogeneity of soil that is known to affect the performance of plants on a site-wide to soil
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particle scale level (Xue, Huang and Yu, 2016; Huang et al., 2013). Three methods were
employed to address this spatial heterogeneity, firstly by selecting multiple sampling points
for each tree to ensure the reduction of bias on individual samples. Secondly, by reducing
spatial variation between healthy and diseased trees by sampling in pairs, important
individual differences between closely located trees may be observed. Thirdly, by using two
different environments the effect of habitat on the sampling bias might be observed. This
should allow for three levels of interaction to be observed when studying genomic data and
may reveal interesting relationships that might otherwise be missed if only observing the
health and disease rhizosphere without greater consideration to the effect of spatial
heterogeneity. One aspect that should be noted is that while most paired samples were < 10
m apart, samples 5-6 and 9-10 are almost 80 m apart. These were the closest healthy and
diseased paired trees that could be obtained in the parkland site where trees were mainly

found in small coppices (Figure 23).

The LAMP and HRM results from sections 3.2.7 and 3.2.8 demonstrate that AOD lesion
bacteria were present in bleeds in both parkland and woodland trees, proving that AOD was
present across the site. While some swabs from bleeds did not reveal the presence of AOD
bacteria this could be due to bleeds being dry at the time of swabbing, which led to no
bacteria being recovered on agar. The LAMP results showed that despite the same sampling
method being used for each sample, oak roots were not always recovered. This demonstrates
that it is important to check root samples do originate from the species of interest for the
validity of results. Initially, it was hoped that this would be done in the field so that if oak roots
were not recovered then samples could be taken again. However, the method was not field-
tested at the date of sampling and as such had to be performed when back in the laboratory
meaning samples that did not contain oak had to be excluded for further analysis. This led to
issues with the samples taken as 27 were not positive for the oak genes. To ensure even
sampling numbers for each biological sample, only two positive samples were taken forward
for further analysis (Chapter 3 and 4) following the LAMP results, with other samples being

excluded from further analysis.

The work presented in this chapter demonstrates an optimised method for the collection of
soil samples, their storage and handling for the isolation of both physical cultures and DNA
from samples. It highlights the importance of considering the effect of each parameter on the
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outcome gained when investigating such a complex sample. Finally, this work shows the need
for sample validation when working with plants in a natural environment to ensure that
subsequent results are of relevance to their field, which is not currently practised in most

studies.
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Chapter 4. Environmental
reservoirs of the AOD

bacteria.
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4.2. Introduction
With no current point of origin currently confirmed for the four bacteria associated with AOD
lesions, the two most likely options are that the bacteria originate from the soil, or exist as
endophytes (Compant et al., 2021; Chaparro et al., 2012). A. biguttatus could also be acting
as a vector, but its inconsistent presence in AOD makes this less likely (Denman et al., 2018;
Reed et al., 2018). The majority of soil-borne diseases are caused by fungal species due to
their ability to survive in the soil as saprophytes on residual plant matter or in a dormant state
as spores and sclerotia, until a chance to infect arises (Sharma, Sharma and Kardile, 2021;
Delgado-Baquerizo et al., 2020). However, there are a limited number of plant pathogenic
bacteria which are capable of surviving in soil for long periods that have environmental and
economic impacts due to their damage to woody plants and food crops (Raaijmakers et al.,

2009).

For example, an unclassified Rahnella species, closely related to Rahnella aquatilis causes mild
decay in onion bulbs and has been recovered from over 25 % of onion bulbs which cannot be
sold (Asselin et al., 2019). Agrobacterium tumefaciens invades plants through wounds in the
rhizosphere where they bind to cell walls and transfer tumour-inducing plasmids into the
plants' cells to trigger cell proliferation and the production of a gall (Finer, Fox and Finer,
2016). Another example is Pectobacterium carotovorum which spreads from seed tubers into
soil, moving to new points of infection in a wide variety of food crops (Kushalappa and
Zulfiqar, 2001). However, Erwinia amylovora, which shares many pathogenicity traits with P.
carotovorum, is unable to survive for longer than five weeks in the soil complex (Zhao, Blumer
and Sundin, 2005; Hildebrand, Tebbe and Geider, 2001). Nonetheless, E. amylovora in water
continues to be pathogenic and soil irrigated with this water can still cause fireblight disease
in pear trees (Santander et al., 2020). Could the AOD bacteria be well-adapted to the soil
complex, allowing it to survive for long periods? Failing this, can AOD bacteria survive the soil
complex for long enough to use roots as the point of entry to cause infection in oaks, in a

manner analogous to E. amylovora.

It has been discussed at length in previous chapters how bacteria are not randomly
distributed. One of the original tenets of microbiology arises from Baas Becking who

originated the statement ‘everything is everywhere, but the environment selects’ is no longer
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considered true (De Wit and Bouvier, 2006). The reality is that everything is not everywhere,
and the environment does not always select. Global distribution, environment and other
factors play key roles in the distribution of microorganisms (van der Gast, 2015). As such it
cannot be said that the bacteria that cause AOD are going to be present in the soil. Instead,
individual assessment based on their genus characteristics is the only way to predict their

ability to survive in soil.

All four of the AOD lesion bacteria used to belong to the family Enterobacteriaceae due to the
previous classification on classical phenotypic descriptions (Paradis et al., 2005). However,
more modern genomic-based approaches have led to the division of the family (Adeolu et al.,
2016b). The new division leaves 33 of the original 68 genera in the family Enterobacteriaceae,
with none of the AOD pathogens remaining. Brenneria and Lonsdalea moved to the
Pectobacteriaceae and Gibbsiella and Rahnella to the Yersiniaceae (Janda and Abbott, 2021;
Soutar and Stavrinides, 2020). For their species-level groupings, the Pectobacteriaceae are
predominantly associated with vegetation and insects, but not with environmental samples.
Rahnella and the Yersiniaceae appear to be ubiquitous organisms not confined to a singular
niche, being found commonly in environmental samples including soil, water and food (Brady
etal., 2022; Asselin et al., 2019; Kampfer, 2015b). Gibbsiella, is not seen to be associated with
any one niche at the family level, but again the limited genus isolates have come from
vegetation such as apple, pear and oak trees, insects and animal samples (Geider et al., 2015;
Brady et al., 2012; Saito, Shinozaki-Kuwahara and Takada, 2012). As such it seems reasonable
to expect the detection of Gibbsiella and Rahnella from soil samples, but less certain for the

other members of the AOD bacteria.

The possibility of the recovery of Brenneria goodwinii and Lonsdalea britannica from soil
seems less feasible when looking at the soft rot bacteria, of which the two most studied
Pectobacteriaceae (Dickeya and Pectobacterium species) are close relatives of Brenneria and
Lonsdalea. Environmental survival of these bacteria is noted as poor in optimum conditions,
and although survival in the rhizosphere is favourable, the antagonistic effects of other
microorganisms are well-noted in preventing the detection of low numbers of these bacteria
seen in environmental samples (Czajkowski et al., 2015; Perombelon and Hyman, 1989).
Further doubt is cast due to a more recent paper in which the detection of Brenneria and
Gibbsiella in both rainwater and soil was tested over 84 days. Gibbsiella was reisolated from
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rainwater up to 84 days after inoculation and 28 days after inoculation from the soil.
Brenneria however, was deemed non-viable in soil and rainwater immediately following
inoculation and only detectable with gPCR methods for 28 days, leading to the conclusion
that while G. quercinecans was viable in a range of ecological niches, B. goodwinii was unable

to survive outside of the host (Pettifor et al., 2020).

Further understanding of the potential of the ability of AOD lesion bacteria to survive in the
soil is required to see if it could function as a reservoir of infection. The literature raises several
clear questions, can the AOD bacteria survive in soil, can a specific recovery method be used
to isolate these bacteria at a higher rate, due to their lack of finesse in soil and can they be
detected in any wild oak rhizosphere samples collected from a site currently suffering from
AOD? If they are not present in soil, can the same method be used to detect them from other

environmental niches?

4.3. Results

4.3.1. Detection of AOD bacterial DNA in soil
The quality and quantity of DNA isolated from pure cultures of AOD bacteria (Method 2.4)
were assessed by Nanodrop (method 2.9). This DNA was then used in a multiplex HRM
analysis (2.12) to ensure that positive identification of each bacterium could be obtained
(Figure 25). 50 pL of pure DNA was spiked into 250 mg microcosms of soil which was then
used for DNA extraction. The eluted soil DNA was analysed via the multiplex HRM method
with the pure DNA run alongside as a positive control. The resulting HRM curves show that

positive controls amplified while eluted DNA extract from soil did not (Figure 26).

117



Figure 25: Positive identification of Brenneria goodwinii (red), Rahnella victoriana (brown)
and Gibbsiella quercinecans (green), using DNA extracted from pure cultures in a multiplex
HRM analysis. Negative control included (purple).
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Figure 26: Positive amplification of DNA from pure cultures of Brenneria goodwinii (red),
Rahnella victoriana (brown) and Gibbsiella quercinecans (green), but negative amplification
of the same respective species after spiking DNA into the soil and then performing DNA
extraction on the whole soil sample.

4.3.2. EMB colour testing
While working with different B. goodwinii strains many appeared as white colonies on EMB,
despite being frequently identified by their metallic green sheen on the agar. As such seven
strains were assessed to see under which conditions B. goodwinii becomes metallic green on
EMB. Strains were streaked out on EMB in triplicate and then incubated for 48 hours under

both anaerobic and aerobic conditions. Table 14 shows that anaerobic conditions are required
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for all B. goodwinii strains to turn green, while only two exhibited pigmentation under aerobic
conditions. Example comparisons of the type strain have been provided showing how the

conditions change the morphology of species (Figure 27).

Table 14: List of the strains of Brenneria goodwinii streaked on EMB agar and whether metallic
green colonies were obtained after 48-hour incubation under aerobic and anaerobic
conditions.

Presence of metallic green colonies on EMB

Strain Aerobic incubation Anaerobic incubation
FRB 1417 NO YES

FRB 171 NO YES

BH 4/25a YES YES

FRB 186 NO YES

FRB 183 NO YES

BH 1/28a NO YES

BH 1/28b YES YES
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Figure 27: Images of Brenneria goodwinii type strain FRB 1417 on EMB. Plate A was incubated
under aerobic conditions and did not show any metallic green colonies, while plate B was
incubated under anaerobic conditions and shows complete pigmentation to metallic green.

Due to the lack of pigmentation observed for the majority of Brenneria strains grown
aerobically on EMB agar, the type strain for Gibbsiella quercinecans was tested. The type
strain also did not appear metallic green so the same test was applied for all G. quercinecans
strains. While three strains of G. quercinecans could aerobically turn metallic green on EMB,
the majority also required anaerobic conditions to do so (Table 15). An example of the
difference between colony appearance is provided below, showing the metallic green colour

obtained in anaerobic conditions (Figure 28).
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Table 15: List of the strains of Gibbsiella quercinecans streaked on EMB agar and whether
metallic green colonies were obtained after 48-hour incubations under aerobic and anaerobic
conditions.

Presence of Green colonies on EMB

Strain Aerobic incubation Anaerobic incubation
FRB 977 NO YES
N79 NO YES
BH 1/65b YES YES
FOD 9.25 NO YES
Gg5 YES YES
Ggb6 NO YES
Gql NO YES
R-14 NO YES
R-28 NO YES
R-126 NO YES
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Figure 28: Images of Gibbsiella quercinecans strain Gql on EMB. The left plate was incubated
under aerobic conditions and did not show any metallic green colonies, while the right plate
was incubated under anaerobic conditions and shows complete pigmentation to metallic
green.

4.3.3. Growth curves for soil spiking experiments
Before spiking soil with known concentrations of bacteria it was important to know how long
it takes to grow bacteria up to an OD of 0.5. This optical density was chosen as it guarantees
bacteria to be in the exponential stage of growth and at their most metabolically active and
hopefully most adaptable to a new medium, in this case, soil. Method 2.1.8 was followed for
each bacterium (B. goodwinii, G. quercinecans, R. victoriana and Pseudomonas

laurylsulfativorans). The growth curves are presented in Figure 29 - Figure 32.
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Figure 29: Growth of Brenneria goodwinii in LB batch culture over 26 hours. Optical density
at 600 nm was measured at hourly intervals. Mean and SD are presented for two biological

replicates.
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Figure 30: Growth of Gibbsiella quercinecans in LB batch culture over 26 hours. Optical density
at 600 nm was measured at hourly intervals. Mean and SD are presented for two biological

replicates.
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Rahnella victoriana Growth Curve
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Figure 31: Growth of Rahnella victoriana in LB batch culture over 26 hours. Optical density at
600 nm was measured at hourly intervals. Mean and SD are presented for two biological

replicates.

Pseudomonas laurylsylfativorans Growth Curve
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Figure 32: Growth of Pseudomonas laurylsulfativorans in LB batch culture over 26 hours.
Optical density at 600 nm was measured at hourly intervals. Mean and SD are presented for

two biological replicates.

All species excluding B. goodwinii reached the stationary phase within 24 hours, with the
majority doubling their optical density every hour after the initial lag phase. The time taken

to reach an optical density of 0.5 at 600 nm differed for each bacterium with B. goodwinii

124



being the slowest at nearing 15 hours. R. victoriana, G. quercinecans and P. laurylsulfativorans

reached an OD of 0.5 required for spiking in 9, 7 and 10 hours, respectively.

4.3.4. Survivability of AOD bacteria in soil
Recent publications have provided findings that bacteria isolated from the lesions of AOD
symptomatic trees are not able to survive in the soil matrix (Pettifor et al., 2020). To assess
this Brenneria goodwinii, Gibbsiella quercinecans, Rahnella victoriana and Pseudomonas
laurylsulfativorans were spiked into the soil environment with method 2.1.10. Initially,
alkaline lysis was attempted on cultures plated directly from the undiluted Ringers soil
suspension to isolate mixed genomic DNA for HRM detection of AOD pathogens from mixed
cultures. Identification using this method was not possible due to the resulting unpredictable
spikes from nonspecific amplification during HRM analysis. This meant that detection of AOD
pathogens from mixed wholes plates would not be possible, limiting the application of
detection in high numbers of samples. Instead, single colonies would have to be re-streaked
on both EMB and LB agar after which they were re-incubated for 48 hours at 28 °C. Finally,
the identity of the single isolates was confirmed using the multiplex HRM method (2.2.13)

following alkalic lysis (Figure 33).
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Figure 33: A) High-resolution melt curve for Brenneria goodwinii (red) Rahnella victoriana
(brown), and Gibbsiella quercinecans (green) after the soil was spiked at 0 hours using method
2.4 multiplex protocol 1that identifies all four key species associated with AOD using specific
primers for each species: spiked samples (black) show positive amplification of to each
reference curve. B, D, F, H. Protocol 1: High-resolution melt curves for R. victoriana and G.
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quercinecans for weeks 1, 2, 3 and 4 following soil spike at 0 hours. C) Protocol 1: High-
resolution melt curve for B. goodwinii for week 1 following soil spike at 0 hours. E, G, |)
Brenneria Protocol 3 that specifically identified the different species of Brenneria: High-
resolution melt curves for B. goodwinii for weeks 2, 3 and 4 following soil spikes at 0 hours.
All samples were run with a negative (purple) from sterile soil. All samples and controls were
performed as replicates of n = 3.

The high-resolution melt curves generated weekly here show that all three species of AOD
bacteria are capable of surviving in the soil matrix over a period of four weeks. Protocol 3 was
used after week 2 as the multiplex identification for B. goodwinii stopped working, including
amplification of the positive control. All negative controls remained negative throughout the
testing period, demonstrating that none of the AOD bacteria were observed in non-sterile
soil. No growth was recorded on any of the negative control sterile soil plates, showing that

autoclaving had produced sterile samples.

4.3.5. Survivability of AOD bacteria in EE broth
To ensure that specific enrichment could be used to increase the chance of recovery of AOD
bacteria from soil, B. goodwinii, G. quercinecans, R. victoriana and L. britannica were
inoculated into 15 ml of EE broth and left to grow for 48 hours in a 28 °C shaking incubator
before plating out on EMB. All four bacteria were capable of growth in EE broth followed by

culturing of EMB media.

4.3.6. Survival and recovery of AOD bacteria oak-related niches
Due to the limitations of detecting the AOD bacteria in mixed cultures from soil identified in
4.2.4, an alternative method involving the enrichment of enteric bacteria was trialled. This
method aimed to reduce the number of bacteria isolated, reducing competition and therefore
increasing the potential for identification of the AOD lesion bacteria. Due to the lack of AOD
bacteria identified from soil collected from Hatchlands park using the method used for the
artificial spiking experiment (4.3.4), acorns and leaves were also tested as alternative

(endophytic) sources of the AOD bacteria.

To assess if the EE recovery method was suitable for the identification of the members of the
AOD lesion microbiome from different oak-related materials, the inoculation method
described in method 1.8 was used to spike six replicates of 10 g of soil, acorns and leaves.
Miles and Misra triplicate drop plates were made for each bacterium to identify the CFU being

spiked into each microcosm (Table 16). Six of each niches were spiked for B. goodwinii (Bg),
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G. quercinecans (Gq), R. victoriana (Rv) and L. britannica (Lb), as well as six of each niche being
withheld from inoculation to act as a negative control. Each week one acorn, leaf and soil
sample were suspended in EE broth as described in 2.1.7 and incubated for 48 hours at 28 °C
while shaking at 250 RPM. Following 48-hour enrichment, undiluted samples were plated on
EMB, GAM and R2A media under both anaerobic and aerobic conditions. DNA extraction was
performed by alkalic lysis on a loopful of culture from undiluted samples on all plates. The
resulting DNA was then used in a multiplex HRM analysis (2.5), and high-resolution melt
curves were generated to identify AOD bacteria that had been successfully re-isolated from

each niche. Table 17 details the bacteria that were re-isolated from each niche per week.

Table 16: The colony forming units calculated from Miles & Misra plates (n=3) for each species
used in the spiking experiments.

Bacterium Average CFU/mL from OD 0.5
B. goodwinii 1.3x10° CFUmlI'+ 0.3 x 10°
G. quercinecans 8.6 x 108 CFUmMI*+ 1.2 x 108
R. victoriana 2.3x10° CFUmI'+ 0.4 x 10°
L. britannica 5.1x10° CFU mI't+1.3 x 10°

Table 17: The identities of AOD bacteria recovered from the spiked soil, acorns and leaves.
Bacteria were spiked into the three niches and sampled at weekly intervals over the course
of six weeks before being identified by HRM in triplicate. * = pre-enrichment of samples in
BPW. - = no detection of AOD pathogens in samples. In many columns more than the
artificially spiked bacteria have been identified in samples indicating that these AOD bacteria
were present prior to spiking. This is reinforced by the identification of AOD bacteria in large
numbers of the negative control samples.

Week one Brenneria Gibbsiella Rahnella Lonsdalea Negative
goodwinii quercinecans | victoriana britannica control

Soil Bg*, Rv Gq Rv Lb*, Rv Rv

Acorn Bg, Lb, Gq Lb, Gq Rv Lb Lb
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Leaf Bg, Rv Gq Rv, Gq, Bg Lb Ry, Lb, Gq

Week 2

Soil Bg* Gq, Rv Rv Lb* Rv

Acorn Bg, Rv Gq Rv Lb -

Leaf Bg Gq, Rv, Bg Rv, Gq, Bg Lb, Rv -

Week 3

Soil Bg* Gq Rv Lb* Rv

Acorn Bg, Lb Gq, Bg Rv, Lb Lb Lb

Leaf Bg, Rv Gq, Rv Rv, Gq, Bg Lb, Rv Lb

Week 4

Soil Bg* Gq Rv Lb* Rv

Acorn Bg - Rv Lb

Leaf Bg Gq Rv, Gq, Bg Lb, Gg, Ry, | Lb
Bg

Week 5

Soil Bg*, Gq Rv, Gq Lb* Rv

Acorn Bg Gq Rv Rv Gq

Leaf Bg, Gq Gq Bg, Gq Lb Lb

Week 6

Soil Bg* Gq, Rv Rv Lb* Rv
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Acorn Gq Gq Bg, Gq Lb -

Leaf Bg Gqg, Rv Bg, Gq Lb -

While the use of EE is suitable for the recovery of all the key AOD lesion bacteria from both
acorns and leaves, both B. goodwinii and L. britannica were initially not recovered from the
soil after the 0-hour time point. However, including a pre-enrichment step in buffered
peptone water (BPW), allowed recovery of B. goodwinii and L. britannica for the full six weeks.
Each spike was successful for the recovery of the target organism excluding the B. goodwinii
spiked acorn tested in week 6, G. quercinecnans acorn spike in week 4, R. victoriana leaf spikes
in weeks 5 and 6, R. victoriana acorn spike in week 6 and L. britannica acorn spike week 5. It
appears B. goodwinii and R. victoriana were lost from their acorn spike niches after weeks 5
and 4 respectively, while R. victoriana was also lost from the leaf spike niche following week
5. The remaining negative results indicate a different issue, as the bacteria were isolated from

the same niche in the following weeks.

The results also show more than just the original spiked AOD bacteria were recovered from
many niches. R. victoriana was recovered from nine leaf and two acorn samples which it was
not spiked into, as well as being consistently recovered from the negative control soil samples.
G. quercinecans was recovered from one soil sample, four acorn samples and nine leaf
samples which it was not spiked into. L. britannica was recovered from six extra acorn samples
and four-leaf samples. Finally, B. goodwinii was identified in four leaf samples and one acorn

which it was not spiked into.

4.3.7. Comparison of single isolate identities from both recovery methods
Following recovery in both Ringer’s and EE broth, 16S rRNA and gyrB gene sequencing was
performed on single colony isolates from two Hatchlands Park samples. The aim was to
identify which method could be used in unison with HRM screening for the classification of
potentially interesting novel isolates that showed a preference for healthy or diseased
rhizosphere soil. Suspension of samples 7E, 7N, 8N, 8W, 13N, 13W, 14E and 14W led to the
103 Ringer’s isolates and 96 EE isolates. A table detailing the EzBiocloud and BlastN results

can be seen in Suppl. Table 1. The Ringer’s suspension method led to the isolation of a
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consistent set of bacteria regardless of the sample. 48 % of these bacteria belonged to the
genera Pseudomonas, Bacillus and Stenotrophomonas, with the remaining 52 % distributed
over other genera such as the Streptomyces and Paenibacillus . EE isolations, however,
showed more division by the tree sample with H7 being dominated by Serratia, H8 containing
more Citrobacter, and uncultured bacteria, H13 Rhodococcus, Buttiauxella and Escherichia,

and H14 Rahnella and Serratia.

4.3.8. HRM analysis of bacteria from Hatchlands Park samples
From the results obtained through sections 4.2.4-4.2.6, an appropriate testing method for the
detection of AOD pathogens in soil, leaves and acorns was decided upon. The method
described in 1.6 in which samples were manually disrupted pre-enriched in BPW, enriched
using EE broth and plated on EMB was followed by alkalic lysis of a loopful of culture from
undiluted samples. Extracted DNA underwent multiplex HRM in triplicate, Table 18 presents

the identification for each sample.

Table 18: The AOD bacteria identified in environmental samples from Hatchlands Park,
Guildford, UK. Bg = Brenneria goodwinii, Gq = Gibbsiella quercinecans, Lb = Lonsdalea
britannica and Rv = Rahnella victoriana. Samples that could not be collected are marked by
N/A and samples without no AOD bacteria identified are marked by -. Tree identity is broken
up by tree number (H#) and P = parkland, W = woodland, H = healthy and D = diseased.

Tree identity Soil Leaves Acorn
H1PD Rv N/A N/A
H2 PH Rv - Gq

H3 PD Rv - Lb, Gq
H4 PH Rv - -

H5 PD Rv - -

H6 PH Rv - -

H7 PD Rv Rv Rv
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H8 PH Rv Rv Rv

H9 PD Rv, Gq Rv Rv
H10 PH Rv - Rv
H11 WD - Gqg, Rv Gq, Rv
H12 WH Rv - N/A
H13 WD Rv - Gq
H14 WH Rv, Gq - Rv Gq
H15 WD Rv N/A Lb, Gq
H16 WH - - Gq
H17 WD Rv, Gq - N/A
H18 WH Rv - Lb, Rv
H19 WD Rv Rv N/A
H20 WH Rv Rv Bg, Lb, Gq

The results from the Hatchlands Park samples demonstrate similar patterns to the results
from the spiking experiment. R. victoriana can be isolated from all three niches, being present
in 18 of 20 soil samples, and the most commonly isolated AOD bacteria from leaves and
acorns. G. quercinecans also appears to be environmentally widespread being isolated in soil,
though far less frequently. However, it is more frequently isolated as an acorn endophyte
than as a member of the phyllosphere. L. britannica and B. goodwinii are the least frequently
isolated species from oak-related material within this study, only being isolated from acorns

from both healthy and diseased trees.

132



4.3.9. gyrBidentification of EE isolates

While performing the HRM analysis of oak isolates, rhizosphere EE enrichments were serially

diluted to produce mixed colony plates which were then repeatedly restreaked for the

isolation of single colonies. Glycerol stocks were made for the single colonies and

subsequently re-cultured onto LB agar. Overall, 505 isolates were obtained from the 40

enriched rhizosphere soil samples. gyrB sequencing was performed on all isolates, which

could be split into six groups following identification.

1. Buttiauxella and Cedecea

2. Citrobacter, Klebsiella, Raoultella, Kluyvera and Lelliottia

3. Escherichia

4. leclercia and Scandinavium

5. Rahnella

6. Serratia

From the 1000 bootstrap maximum likelihood trees generated for each group, the isolates

shown below in Table 19 were chosen for MLSA to identify novel species which were

taxonomically described in later work.

Table 19: The Genus group and the number of isolates in each group. Isolates are further
separated by their BlastN identity based on the gyrB gene and the percentage identity from

the Blast result.

bacterium 3AFRMO03

Genus group Blast result Le;;:i:;a(ﬁ)
Buttiauxella: 11
H11S14 Uncultured bacterium 3AFRMO03 95.96
H13N10 Uncultured bacterium 3AFRMO03 95.96
H7N4 Uncultured bacterium 3AFRMO03 95.28
H19516 Rhodococcus erythropolis/ Uncultured 96.50/95.96
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Rhodococcus

erythropolis/

Uncultured

Hes1e bacterium 3AFRMO03 96.50/95.97
HAES I;I;:tdeoricl:);cgsAFRMggythropo//s/ Uncultured 96.36/95.82
H1SE14 f;l;:tcioric;);c;sAFRMg;ythropo//s/ Uncultured 96.36/95.83
H2N9 Rhodococcus erythropolis/ Rahnella aquatilis 99.60/99.29
H3N1(2) Rhodococcus erythropolis/ Rahnella aquatilis 99.46/99.06
H8N7 Rhodococcus erythropolis/ Rahnella aquatilis 99.73/99.53
H5W8 Rhodococcus erythropolis/ Rahnella aquatilis 99.46/99.06
Cedecea: 13
H11S18 3AFRMO3/Cedecea neteri 89.22/89.08
H18E4 3AFRMO03/Cedecea neteri 89.95/88.81
HOW11 3AFRMO03/Cedecea neteri 89.22/89.08
H6S10 3AFRMO03/Cedecea neteri 89.22/89.08
H16N7 3AFRMO3/Cedecea neteri 89.22/89.08
H18W14 3AFRMO3/cedecea neteri 89.49/89.23
H19S8 3AFRMO3/cedecea neteri 89.35/89.23
H6W4 3AFRMO3/cedecea neteri 89.35/89.23
H20N1 3AFRMO3/cedecea neteri 89.41/89.16
H1W6 3AFRMO3/cedecea neteri 89.49/89.37
H14W9 3AFRMO03/cedecea neteri 89.49/89.37
H15E8 3AFRMO03/cedecea neteri 89.49/89.37
H20N9 3AFRMO3/cedecea neteri 89.49/89.37

Rahnella: 10
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H16E12 Rahnella sp. CB-2021b/R. variigena 98.11/97.71
H11S4 Rahnella sp. CB-2021b/R. variigena 97.94/97.63
HIE2 Rahnella sp. CB-2021b/R. variigena 98.25/97.57
H11S5 Rahnella sp. CB-2021b/R. variigena 98.10/97.47
H16E13 Rahnella sp. CB-2021b/R. variigena 98.11/97.44
H18E1 Rahnella sp. CB-2021b/R. variigena 98.11/97.44
H13N2 Rahnella aquatilis/R. variigena 92.45/92.23
H20N7 Rahnella aquatilis/R. variigena 92.18/92.18
H7N8a Rahnella aquatilis/R. variigena 92.18/92.18
H12E4 Rahnella aquatilis/R. variigena 91.91/91.91
Serratia: 6
H13W7 Serratia quinivorans 97.04
H12W9 Serratia quinivorans 97.04
H1S10 Serratia inhibens/ S. plymuthica 99.73/99.06
H2N10 Serratia inhibens/S. plymuthica 99.73/99.06
H6S14 Serratia inhibens/ S. plymuthica 100/99.06
H3E7 Serratia inhibens/ S. plymuthica 99.60/98.65
Leclercia: 13

H10E8 Leclercia adecarboxylata/ Leclercia sp. LSNIH3 | 99.46/99.46
H9E1a Leclercia adecarboxylata/ Leclercia sp. LSNIH4 | 99.46/99.46
H10E4 Leclercia adecarboxylata/ Leclercia sp. LSNIH5 | 99.46/99.46
H6S9 Leclercia sp. 29361/Leclercia adecarboxylata 99.46/96.63
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H6W5 Leclercia sp. 29361/Leclercia adecarboxylata 99.46/96.63

H6S3 Leclercia sp. 29361/Leclercia adecarboxylata 96.50/95.15

H20N5 Leclercia sp. 29361/Leclercia adecarboxylata 96.63/95.28

H6W6a Leclercia sp. 29361/Leclercia adecarboxylata 96.36/95.01

H6WS Leclercia sp. 29361/Leclercia adecarboxylata 96.63/95.28

H4N4 Leclercia sp. 29361/ Leclercia sp. 119287 93.13/92.99

H18E8 Leclercia sp. 119287/ L. adecarboxylata 93.26/93.26

H19S6 Leclercia sp. 119287/ L. adecarboxylata 93.40/93.40

H17515 -Scandma\-//um goeteborgense/Kluyvera 92.60/90.19
intermedia

H11S7 Scandinavium goeteborgense/Leclercia sp. 93.53/90.04
119287

Scandinavium: 4

HAN3 Scandinavium goeteborgense/Kluyvera 97.98/89.99
ascorbata

HSW4 Scandinavium goeteborgense/Kluyvera 97.84/89.85
ascorbata

HAE14 Scandinavium goeteborgense/Kluyvera 97.71/90.26
ascorbata

HSW7 Scandinavium goeteborgense/Kluyvera 97.71/89.99
ascorbata

H5WS Scandinavium goeteborgense/Kluyvera 97.84/89.95

ascorbata
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4.4. Discussion
Bacteria have well-noted limitations on their range of habitats due to spatial environmental
heterogeneity (Walters and Martiny, 2020). The first section of the work presented in this
chapter looks at how bacteria can be detected from different environmental sources. DNA
extraction followed by HRM detection was not sufficient for the detection of AOD bacteria in
soil, independent of their direct presence or the presence of their pure DNA. Detection of
bacteria using differential media such as EMB was not suitable, even for preliminary
identification due to the inconsistency in the colour change of colonies from red/black/white
to metallic green. The majority of B. goodwinii and G. quercinecans strains required anaerobic
conditions for the fermentation of lactose to occur, leading to the development of a metallic
green colour on EMB. As such, AOD bacterial colonies could not be visually distinguished from
others for further confirmation using HRM. Instead, plates made from undiluted EE

suspension would be the most viable way to detect AOD bacteria from soil and other samples.

Recently it was indicated that B. goodwinii could not be recovered from soil following
inoculation, suggesting it enters a viable but non-culturable state and as such, shows a limited
range of environments outside of its host (Pettifor et al., 2020). Here conclusive evidence is
provided that this is not the case. B. goodwinii, alongside G. quercinecans, L. britannica and
R. victoriana are all capable of survival following inoculation into soil and remain recoverable
for four and then six weeks in two separate experiments. The initial four-week experiment
required nothing more than disrupting soil in Ringer’s solution, followed by both selective and
non-selective plating on solid media. However, the method ran into severe limitations due to
the inability to use undiluted Ringer’s suspensions for the detection of the AOD bacteria. Melt
curves generated showed spikes differing from those of the reference strains so that
individual specific melts for the AOD bacteria could not be observed. This was presumably
due to non-target amplification from the variety and number of taxa isolated through non-
specific isolation. As such single colonies had to be isolated from plates made from serially
diluted Ringer’s suspensions, increasing the time for the workflow and labour required to
identify AOD bacteria in samples. During the experiment these issues were minor, however,
when applying the workflow to the rhizosphere samples from Hatchlands Park it would be
unfeasible to screen every isolate. Although the method was sufficient to identify the B.

goodwinii, G. quercinecans and R. victoriana from the soil over the course of four weeks, a
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separate method, which would allow for the identification of all four AOD bacteria from
environmental samples, without the need for dilutions and single colony isolations would be

favourable.

The former family Enterobacteriaceae have often been the focus of investigation due to their
pathogenic potential in humans. As such enrichment methods for their isolation from food
are well documented, with a focus on the isolation of bacteria that have been left in viable
but non-culturable states (Clarke, 2004). The low nutrient content of soil in some ways is
comparable to this, in that bacteria can be shocked upon being put into higher nutrient
environments, thus limiting their recovery (Aslam et al., 2010). As such the use of recovery
methods for the Enterobacteriaceae from food has a reasonable basis. The first step here was
to observe the growth and detection of the AOD bacteria in EE broth, which was successful.
The aim was then to use EE broth to specifically select the Enterobacteriaceae, increasing the
chances of recovering the AOD bacteria while reducing the noise generated in the melt curve
from non-specific binding in other taxa. Due to the lack of AOD bacteria detection in soil from
the results in 4.2.4, it was also decided to include other oak-related material in the second
spiking test to see if the method could be applied to other samples. Leaves and acorns were
chosen, as aside from invasion through the rhizosphere, the phyllosphere and inherited seed
endophytes are where endophytic bacteria originate from (Compant et al., 2021; Rahman et
al., 2018). B. goodwinii and L. britannica were not recoverable in EE broth following the 0-
hour time point unless suspended in BPW first. Whether this is due to the low nutrient
environment of soil, leading them to enter the viable but non-culturable state as suggested
by Pettifor et al., 2020, or due to nutrient shock from the composition of EE broth (Aslam et
al., 2010), or a weakened state leaving them to be outcompeted in broth (Vos et al., 2013),
can only be speculated. Nutrient shock, followed by out competition seems most plausible,
due to the ability of prior BPW suspension to enable the recovery of these species. Aside from
this issue, the method appeared to be sufficient for the identification of all four AOD-related
bacteria from each of the three niches. The method also did not suffer from the same pitfalls
as those encountered with Ringer’s suspension, with plates made from undiluted EE
suspensions producing clear melts for the AOD bacteria in their sample. The most obvious
benefit from this was the detection of multiple bacteria within samples, with species that

were not spiked into samples being identified. This led to the identification of R. victoriana in

138



most sample types, G. quercinecans in many leaf samples and L. britannica in acorns, giving
support to the testing of leaves and acorns alongside the Hatchlands Park rhizosphere

samples.

While the EE recovery method had appeared to circumvent the issue of having to dilute the
suspensions prior to plating and identifying single colonies for HRM analysis, the drawback of
B. goodwinii and L. britannica showing reduced ability to be recovered from soil did raise
some issues. A comparison of both methods for the isolation of novel bacteria for the
taxonomic classification of unknown members of the oak rhizosphere in the next chapter was
also of consideration. With only 1 % of bacteria cultivable under normal laboratory conditions,
it is well-recorded that the use of enrichment methods for specific groups of bacteria greatly
increases the recovery of traditionally hard-to-culture members of the soil microbiome
(Nguyen et al., 2018). The results provided a further basis to use EE broth, as a distinct
isolation pattern arose with specific genera being identified in each of the representative
trees. Moreover, the gyrB percentage identities from BlastN for the Buttiauxella/Rhodococcus
isolates were low, averaging around 95 % indicating the potential for novel species. Finally,
sample H14W and H14E showed a large number of Rahnella isolates, namely R. variigena and
R. victoriana indicating the potential for the isolation of AOD-relevant species. Overall,
despite the limitation identified through the spiking experiment, Enterobacteriaceae
Enrichment was chosen as the most suitable method for the screening of Hatchlands Park
samples for the AOD bacteria, while simultaneously being used to isolate species for further

investigation.

Using the EE enrichment method, both R. victoriana and G. quercinecans were identified in
oak rhizosphere soil, though G. quercinecans was only identified in three of the 20 samples
screened and the presence of R. victoriana in 14 of 20 samples suggest a widespread
distribution. Leaf endophytes gave lower numbers of recoveries with R. victoriana being
isolated from six of 20 samples and G. quercinecans being isolated from only one. This is of
less surprise as the phyllosphere is seen to be a hostile environment to microbial life with a
thick physical barrier to internal entry and inhospitable conditions due to environmental
fluctuations (Bashir et al., 2022). Acorns, however, proved a consistent reservoir of the AOD
bacteria with each member being identified at least once. R. victoriana and G. quercinecans
were consistently isolated, while L. britannica was isolated four times in triplicate from 60
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samples, twice from acorns from both healthy and diseased oaks. B. goodwinii was only
clearly isolated once from the acorn of a healthy oak, though given the results from section
4.2.6 this may be more of a limitation of the recovery method, than an indication of their full
distribution. While the study was small, being limited to 20 different trees from one site, the
consistency in results allow us to hypothesis the origin of the AOD bacteria. While all bacteria
appear to have the ability to survive in a range of environmental niches, B. goodwinii and L.
britannica lack the competitive finesse to survive in the competitive, nutrient-deficient
environment that soil offers. G. quercinecans and R. victoriana are competitive, flexible
microbes which appear to have a wide environmental dispersal. However, all AOD bacteria
appear to have the ability to be endosymbiotic in acorns. Further investigation, coupled with
refinements to the enrichment method which increase the recovery of B. goodwinii may show
a further relation of these bacteria to seed stock in oak. If they were to be inherited
endosymbionts from acorns, their role in AOD would be purely a consequence of the
environmental predisposition that leads to the tree no longer able to keep their pathogenic
ability at bay, making them opportunistic pathogens. They may be, as many endosymbionts
are, playing the role of latent pathogens which cause disease because the conditions allow

for it (Turner, James and Poole, 2013).

The isolates from enrichment with EE obtained from the rhizosphere soil samples embodied
a large proportion of this work. Sequencing of gyrB genes allowed 505 isolates to be
identified, of which 58 appeared to belong to novel species with interesting associations with
either healthy or diseased trees. This work was then further carried on in chapter 5 with the
complete set of taxonomic classifications of the Cedecea, Leclercia and Scandinavium-like

isolates.

Overall, this chapter presents a framework for the identification of the AOD bacteria from
different environmental samples, by selecting the relevant bacteria at multiple different
levels, their isolation and chance of detection are increased. Though not performed here,
single colonies could also be isolated with this method. This methodology has led to the
identification of AOD bacteria in several different samples and has begun to reveal their
possible environmental reservoirs. However, the method is not perfect, with B. goodwinii
seemingly lacking the competitive edge to consistently lead to isolation from real-world
samples. Further improvements with agars, such as crystal violet pectate medium could be
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used to increase the chance of identification. Alternatively, the use of a more sensitive
identification method such as the Tagman probe could also increase the chance of
identification. However, one major drawback of having to enrich the bacteria is that
determination of cell density from samples is no longer possible reducing the analysis to

gualitative rather than quantitative assessment.
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Chapter 5. The Taxonomic
Classification of Oak

Rhizosphere Novel Species
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The work in this chapter represents the taxonomic classification of the novel species from the

oak rhizosphere and have been published in the following papers:

Maddock D, Arnold D, Denman S, Brady C. Description of a novel species of Leclercia, Leclercia
tamurae sp. nov. and proposal of a novel genus Silvania gen. nov. containing two novel
species Silvania hatchlandensis sp. nov. and Silvania confinis sp. nov. isolated from the

rhizosphere of oak. BMC Microbiology. 2022;22:1-18.

Maddock D, Kile H, Denman S, Arnold D, Brady C. Description of three novel species of
Scandinavium: Scandinavium hiltneri sp . nov ., Scandinavium manionii sp . nov . and
Scandinavium tedordense sp . nov ., isolated from the oak rhizosphere and bleeding cankers

of broadleaf hosts. Frontiers in microbiology. 2022; October:1-14.

Maddock D, Brady C, Denman S, Arnold D. Description of Dryocola gen. nov. and two novel
species, Dryocola boscaweniae sp. nov. and Dryocola clanedunensis sp. nov. isolated from the

rhizosphere of native British oaks. Systematic Applied Microbiology. 2023;46:12639
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5.1.Introduction

Taxonomy has been a key feature of the journey to understanding the bacteria associated
with Acute Oak Decline. All isolates identified from bleeding lesions, namely Brenneria
goodwinii, Gibbsiella quercinecans and Rahnella victoriana underwent taxonomic

classification using a polyphasic approach as discussed fully in Chapter 1 (section 1.6).

Bacterial taxonomy utilises a polyphasic approach to supply enough information on the
identity and unique features of a species, that differentiate it from others. As such the current
approach for taxonomic classification requires not only genotypic information but also,
chemotaxonomic and phenotypic data (Raina et al., 2019). These features have been utilised
since the first models of systematic bacterial classification which were based on morphology,
culturing conditions and biochemical and pathogenic characteristics to identify bacteria
(Hugenholtz et al., 2021). They remain essential, not only for fully defining a species, but for
providing clarity in situations where genome based species delineation has caused taxonomic
confusion (Palmer et al., 2020). For example, when describing several new Bradyrhizobium
species, the average nucleotide identity (ANI) values showed no clear differentiation between
the novel species, nor members of the same species. Meanwhile, clear phenotypic traits
(alongside other phylogenetic analysis) supported the formation of these new species
(Ramirez-Bahena et al., 2009). As such many taxonomists maintain that due to different
evolutionary rates (a fundamental concept of evolutionary pressure), combined with the
different computational procedures, genomic data must be used in conjunction with
phylogenetic and phenotypic data to give a holistic, polyphasic taxonomic definition of new
species (Rossell6-Mdra and Amann, 2015). The combination of these features with genotypic
data to best categorise biological organisms and their high level of variability, was fully
realised as a polyphasic taxonomy later into the 1990s when 16S rRNA gene analysis became

instrumental (Vandamme et al., 1996).

Phylogenetic studies using T1 RNase digestion of the 16S rRNA gene were first utilised to
classify 10 methanogenic bacteria in 1977 (Fox et al., 1977). The 16S rRNA genes fulfils many
of the essential features of a phylogenetic marker and as such has been considered the gold
standard for taxonomists for the last 30 years (Clarridge, 2004). All microorganisms contain a

copy, averaging 1,500 bp, evolving slowly due to its important highly conserved nature as it

144



plays a critical role in translation, while showing a range of conserved, variable and
hypervariable regions (Church et al., 2020). This is further aided by widely available universal
primers for the gene and growing amount of 16S rRNA gene data available through online
repositories such as GenBank (Benson et al., 2013; Coenye et al., 1999). However, the highly
conserved nature of the gene is also a limitation on the differentiation of certain families of
bacteria, including the Enterobacterales. A meta-study using data from GenBank found that
the phylogenetic trees generated were inconsistent in the taxonomic position of the species
included. Consistent poor bootstrap values and Bayesian support were also observed (Naum,
Brown and Mason-Gamer, 2008). Using the best representative sequence for each species
available on GenBank, Church et al. performed a meta-study aligning and identifying the
differences in the 16S rRNA gene which can be seen in Table 20. The results highlight the poor
taxonomic resolution of the 16S rRNA gene within the Enterobacterales, where 10 % cannot
be identified to species level and only a single mismatch is seen between the Escherichia-
Shigella-Pantoea-Klebsiella-Raoultella-Cronobacter group of genera (Church et al., 2020;
Paradis et al., 2005).

Table 20: Summary of ability of the 16S rRNA gene to identify clinically relevant
Enterobacterales (formerly Enterobacteriaceae). Taken from Church et al., 2020.

Genus No. of Total no. of | No. of No. of % ldentity

sequences in tested identical divergent

the genus positions positions positions

multisequence

alignment
Escherichia | 4 1,463 1,435 28 98.09
Shigella 4 1,539 1,530 9 99.42
Pantoea 13 1,424 1,332 92 93.54
Klebsiella 7 1,379 1,322 57 95.87
Raoultella 4 1,453 1,426 27 98.14
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Cronobacter |7 1,548 1,499 49 96.83
Enterobacter | 11 1,428 1,340 88 93.84
Proteus 5 1,466 1,448 18 98.77
Citrobacter 13 1,456 1,376 80 94.51
Salmonella 2 1,505 1,480 25 98.34
Providencia 9 1,436 1,370 66 95.40
Cedecea 3 1,466 1,446 20 98.64
Edwardsiella | 5 1,549 1,537 12 99.23
Hafnia 3 1,415 1,371 44 96.89
Serratia 18 1,379 1,265 114 91.73
Yersinia 18 1,449 1,395 54 96.27

As such when investigating the order Enterobacterales a polyphasic approach which
incorporates phylogenetics and phylogenomics is seen as the favourable option. Multilocus
sequence analysis (MLSA) is a phylogenetic approach which uses partial sequences of
conserved housekeeping genes to generate higher resolution phylogenetic trees, to
illuminate evolutionary distances based on short allelic mismatches (Glaeser and Kampfer,
2015b). Essential housekeeping genes are known to display a negative correlation between
their level of expression and their evolutionary rate, a feature shown in all branches of life
(Vieira-Silva et al., 2011; Drummond and Wilke, 2008). However, to overcome the bias single
gene sequences cause in phylogenies due to the distorting effects of recombination at a single
locus, multiple genes must be used. In an ideal situation a set of genes would apply to

prokaryotes allowing for recombination. However, this is not possible as genes in distantly
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related taxa would be uninformative if present at all, and if they were conserved enough for
one set of primers, would be unlikely to evolve at a sufficient speed for classification. Instead,
it is more appropriate to use single copy genes that do not show selective advantages due to

recombination or linkage, for distinguishing species within a family (Gevers et al., 2005).

In recent years with reductions in price driving availability, high throughput whole genome
sequencing has improved the understanding of the evolutionary relationship of bacteria,
allowing for more powerful taxonomic delineation of species. Experimental evidence has long
suggested that computational comparison of genomes is to be the new gold standard of
prokaryotic taxonomy (Chun et al., 2018). ANI and in silico DNA-DNA hybridisation (isDDH)
are the most widely used, with both software and online tools available (Jain et al., 2018).
These tools have been used to identify Candidatus species, which cover novel bacteria not yet
isolated, but identified based on genomic sequencing information alone (Overmann et al.,
2019). Candidatus species currently represent over 50 % of the microbial phyla in taxonomy
databases, based on genomic information. However, they remain informally named as the
International Code of Nomenclature of Prokaryotes requires a pure-culture type strain
(Konstantinidis, Rossell6-Mora and Amann, 2017). In 2020 the International Committee on
Systematics of Prokaryotes (ICNP) rejected the proposal to incorporate DNA sequences as
nomenclature into the ICNP infrastructure (Sutcliffe, Dijkshoorn and Whitman, 2020). As such
a new initiative called SeqCode, a new code of nomenclature based on DNA sequences as the
type information has been launched (Hedlund et al., 2022). However, this new code of
nomenclature has not been fully implemented and instead the holistic approach that
polyphasic taxonomy gives to identifying new species is still required (among other criteria)
for valid recognition of any new species names by the International Journal of Systematic and

Evolutionary Microbiology (IJSEM).

These are essential features to understand in the face of modern taxonomy which is rapidly
changing in response to both sequencing and bioinformatic developments, and the order
Enterobacterales is a perfect example of this. The single family Enterobacteriaceae in the
order Enterobacterales was initially created in 1937 to contain a single genus Enterobacter
and 112 species; many of which are now genera including Escherichia, Shigella and Proteus
(Janda and Abbott, 2021; Rahn, 1937). While the genera in the family changed much over the
following 40 years it was plagued by nomenclature issues, limited phenotypic data and non-
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standardised testing. Much of this was remedied in the 1970s when the Centre for Disease
Control and Prevention classified a number of known and novel taxa using a standardised
polyphasic approach, involving ~200 phenotypic properties with DNA-DNA hybridisation and
molecular G + C content comparisons (Farmer et al., 1985). The most recent development in
the taxonomy of the Enterobacterales involved the separation of the previously single-family
order into seven new families: Erwiniaceae fam. nov., Pectobacteriaceae fam. nov.,
Yersiniaceae fam. nov., Hafniaceae fam. nov., Morganellaceae fam. nov., and Budviciaceae
fam. nov. along with the family Enterobacteriaceae. This was based on the comparison of a
number of phylogenetic and genomic features, namely phylogenetic construction based on
1548 core proteins, 53 ribosomal proteins and four MLSA genes combined with whole

genome comparisons (Adeolu et al., 2016a).

Aside from the environmental and clinical significance of this bacterial group, from a purely
taxonomic standpoint the Enterobacterales represent a fascinating set of organisms. As such
the work in this chapter presents a polyphasic taxonomic approach to classify several novel
species and genera, isolated from rhizosphere samples of both healthy and AOD symptomatic
oak. The aim of these taxonomic classifications was to further understand the role of the
Enterobacterales in relation to native British oaks while further elucidating the evolutionary

and environmental function of a rapidly changing and important group of bacteria.

5.2.Results:
5.2.1. Genotypic characterisation:

Scandinavium

The concatenated MLSA maximum likelihood phylogenetic tree (Figure 34) shows all novel
strains isolated in 4.2.9 included in the study were separated into four clusters in a single well-
supported clade containing the type strain of S. goeteborgense. Cluster 1 constituted five
strains from Q. robur rhizosphere soil, the type strain of S. goeteborgense (CCUG 66741") and
BIGb0156, isolated from rotting apple in France (Samuel et al., 2016). The high bootstrap
support and minor sequence variation within this cluster suggests these strains belong to S.

goeteborgense. Cluster 2 contained one Q. robur rhizosphere strain, H17515", and two strains
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isolated from Tilia spp. lesions, SB 3.3 and TWS1c. One Q. robur rhizosphere strain, H11S77,
and one strain isolated from Q. rubra, BAC 14-01-01, formed Cluster 3, while Cluster 4
constituted a single strain from a Tilia x europaea lesion, TWS1a'. The clear division from the
S. goeteborgense cluster and high bootstrap support of Clusters 2 to 4 suggested that the
strains belong to three potential novel Scandinavium species.
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Figure 34: Maximum likelihood tree based on the concatenated partial gene sequences of
infB, atpD, and gyrB. Sequences included are for the genus Scandinavium, the three proposed
novel species, Scandinavium hiltneri sp. nov., Scandinavium manionii sp. nov. and
Scandinavium tedordense sp. nov., as well as close phylogenetic neighbours. Xenorhabdus
nematophila (ATTCC 190601") was included as the outgroup. Percentages for bootstrap
values exceeding 50 % following 1000 replicates are shown. The scale bar indicates the
number of substitutions per site. Type strains are denoted via .

The 16S rRNA gene comparisons demonstrated high pairwise similarity percentages of all
three proposed type strains to S. goeteborgense, with 100 % completeness. TWS1a™ was
lowest at 99.03 % similar, while H17515" showed 99.80 % similarity and H11S7" showed 99.86
% sequence similarity. Although the 16S rRNA gene comparisons indicated that the strains
belong to Scandinavium, differentiation between any of the strains from each other and the
type strain was not possible based on their 16S rRNA gene sequences. This is of little surprise
as the 16S rRNA gene is poor at differentiating between species of Enterobacteriaceae due to
its high homogeneity (Glaeser and Kampfer, 2015b; Naum, Brown and Mason-Gamer, 2008).
As such the 16S rRNA gene phylogenetic tree shown in Suppl. Fig. S1 does not accurately
represent the position of the novel species, with low bootstrap values and loose clustering of

the proposed novel type strains with the type strain of S. goeteborgense.

Dryocola

In the maximum likelihood phylogenetic tree based on the concatenated MLSA data (Figure
35), the strains isolated from oak rhizosphere soil (Chapter 4.2.9) were divided into two
strongly supported clusters descended from the same node, with no validly published species
present in the clade. The first cluster (Cluster 1) contained five isolates that showed little
sequence variation, while the second cluster (Cluster 2) contained eight isolates with minor
sequence variation, but both with 100 % bootstrap support suggesting two potential novel
species. A recently described, but not yet validly published species, ‘Cedecea colo’ (Boath et
al., 2020) was included in the clade on a separate branch on the border of Cluster 1, but with
low bootstrap support. The position of both potential novel species clusters, in relation to
their closest phylogenetic neighbours, suggests they belong to a novel genus. The inclusion of
‘Cedecea colo’ in the potential novel genus clade suggests that this species may not belong to
Cedecea, as the three validly published Cedecea species are contained in a separate

monophyletic clade with 99 % bootstrap support.
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Figure 35: Maximum likelihood tree based on the concatenated partial gene sequences of
fusA, leuS, pyrG and rpoB from species of the proposed genus Dryocola gen. nov., and its
closest phylogenetic neighbours Cedecea and Buttiauxella. Brenneria salicis (ATCC 157127)
was included as the outgroup. Percentages for bootstrap values exceeding 50 % following
1000 replicates are shown. The scale bar represents the number of substitutions per site. Type
strains are denoted via .

H11S18" (Cluster 1) demonstrated highest 16S rRNA pairwise sequence similarity to Cedecea
neteri (98.7 %), while H6W4T (Cluster 2) exhibited highest similarity to Buttiauxella izardii
(98.6 %). Again, the taxonomic position of the proposed novel genus and species was not
reliably represented by either the neighbour joining or maximum likelihood 16S rRNA gene
phylogenetic trees (Suppl. Fig. S2 and Suppl. Fig. S3). In both trees the isolates clustered

loosely with species of Buttiauxella and Cedecea, but with no, or very low, bootstrap support.
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Leclercia and Silvania

In the maximum likelihood phylogenetic tree based on the concatenated MLSA sequences
(Figure 36), the 12 strains were separated into four clusters. Cluster 1 contained three strains
isolated from one healthy and one diseased oak tree, the type strain of L. adecarboxylata
(LMG 26507) and four strains identified as belonging to Leclercia whose genome sequences
were downloaded from GenBank. Due to the lack of sequence variation and phylogenetic
distance between these strains and the type strain of L. adecarboxylata, it was concluded that
they belong to this species. Cluster 2, situated proximal to the L. adecarboxylata cluster,
contained strains isolated from three cardinal points around two healthy oaks, one in the
parkland and another in the woodland, and was strongly supported by a bootstrap value of
99 %, suggesting the strains belong to a novel species. Clusters 3 and 4 were contained in a
clade with 99 % bootstrap support and consisted of one and two strains, respectively, isolated
from both healthy parkland oak and diseased woodland oak rhizosphere soil. This clade was
situated on a separate lineage on the border of the Leclercia clade with a greater phylogenetic
distance, suggesting the strains could belong to a potential novel genus with two novel
species. An additional six strains, identified as Leclercia sp. in GenBank, clustered on three
separate lineages in the Leclercia clade (G3L and 119287; 796-1 and W6; and Colony 189 and
LSNIH1), suggesting they belong to several further potential novel Leclercia species. Of the six
strains, Z96-1 has been incorrectly assigned to L. adecarboxylata, strain W6 was suggested as
a novel species based on the computational analysis of its whole genome and the remaining
four have yet to be classified at the species level. Additionally, based on MLSA, the taxonomic
status of Leclercia pneumoniae 49125" was unclear, as it clustered on the border of the

Enterobacter clade, far removed from Leclercia.
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Figure 36: Maximum likelihood tree based on the concatenated partial gene sequences of
atpD, infB, gyrB and rpoB from species of the proposed genus Silvania gen. nov., the novel
species Leclercia tamurae sp. nov. and their closest phylogenetic neighbours. Xenorhabdus
nematophila (ATTCC 190601T) was included as the outgroup. Percentages for bootstrap
values exceeding 50 % following 1000 replicates are shown. The scale bar represents the
number of substitutions per site. Type strains are denoted via ".

Strains H6S3T and HEWS5 (Cluster 2) showed 99.40 — 99.55 % 165 rRNA gene pairwise sequence

similarity to several Enterobacter species including E. huaxiensis, E. cancerogenus, E.
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sichuanensis and E. chengduensis as well as 99.33 % to L. adecarboxylata. The strains
suggested as belonging to a potential novel genus by MLSA, H4N4T (Cluster 3) and H19S6"
(Cluster 4), displayed highest pairwise similarity to Lelliottia jeotgali with 99.48 % and 99.45
% to L. adecarboxylata, respectively and a generally high similarity to Lettiottia and
Enterobacter species. This is reflected in the 16S rRNA gene maximum likelihood phylogenetic
tree (Suppl. Fig. S4) where strains from the potential novel Leclercia species cluster within the
Enterobacter clade, and species of the potential novel genus are situated on separate lineages

in proximity to the Lelliottia clade.

5.2.2. Box PCR:

Scandinavium

The BOX PCR results demonstrated notable levels of intra-species diversity within the samples
as seen in Figure 37. All strains belonging to one of the proposed novel species could be
differentiated from each other based on their banding patterns, indicating that the novel

isolates were not clonal.

S. goeteborgense gp_nl?]%glon// gp.hrlmlé@erl Sp.t%((l)c\)/rdense

2.3 4EESENGREEsES D 10 11 12 -ve HL

Figure 37: BOX PCR fingerprinting patterns generated from strains of the proposed novel
species of Scandinavium. (1) Scandinavium goeteborgense CCUG 667417, (2) Scandinavium
goeteborgense HS5W7, (3) Scandinavium goeteborgense H4E14, (4) Scandinavium
goeteborgense H5W4, (5) Scandinavium goeteborgense H4N3, (6) Scandinavium
goeteborgense H5WS5, (7) Scandinavium manionii H17515", (8) Scandinavium manionii TWS1c
(19) Scandinavium manionii SB 3.3, (10) Scandinavium hitlneri H11S7", (11) Scandinavium
hiltneri BAC 14-01-01 (12) Scandinavium tedordense TWS1a'. -ve is negative control. A 1Kb
Hyperladder (Bioline) was run as a size marker in both the first and last wells.
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Dryocola

The results from the BOX PCR demonstrated that although some isolates were clonal
regardless of sampling location, a degree of genetic diversity exists within both proposed
novel species (Figure 38).

Dryocola boscaweniae sp.nov  Dryocola clanedunensis sp. nov

9 10 11 12 13 -ve

Figure 38: BOX PCR fingerprinting patterns generated from strains of the proposed novel
genus Dryocola. (1) Dryocola boscaweniae H18 W14, (2) Dryocola boscaweniae H19S8, (3)
Dryocola boscaweniae H14W9, (4) Dryocola boscaweniae H6WA4', (5) Dryocola boscaweniae
H1W®6, (6) Dryocola boscaweniae H15ES8, (7) Dryocola boscaweniae H20N1, (8) Dryocola
boscaweniae H20N9, (9) Dryocola clanedunensis H16N7, (10) Dryocola clanedunensis H6S10,
(11) Dryocola clanedunensis HOW11, (12) Dryocola clanedunensis H18E4, (13) Dryocola
clanedunensis H11518", (14) negative control. A 1Kb Hyperladder (Bioline) was run as a size
marker in both the first and last wells.

5.2.3. ERICPCR:
Leclercia and Silvania
ERIC PCR was performed on all 12 strains. The results from the ERIC PCR (Figure 39) showed
that clonal isolates were present, especially in isolates H6S3T, HBW8 and H6W6a from tree
six, however genetic diversity was observed between and within all of the clusters identified

in the MLSA phylogenetic tree.
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Leclercia adecarboxylata Leclercia tamurae sp. nov. Silvania gen. nov.

Figure 39: ERIC PCR fingerprinting patterns generated from strains of Leclercia
adecarboxylata, Leclercia tamurae sp. nov. and the novel genus Silvania gen. nov. (1) Leclercia
adecarboxylata LMG 2803", (2) Leclercia adecarboxylata LMG 2650, (3) Leclercia
adecarboxylata H10E4, (4) Leclercia adecarboxylata H9E1la, (5) Leclercia adecarboxylata
H10ES8, (6) Leclercia tamurae H6S3", (7) Leclercia tamurae H6WS, (8) Leclercia tamurae
H6W®6a, (9) Leclercia tamurae H20NS5, (10) Leclercia tamurae H6WS5, (11) Leclercia tamurae
H6S9, (12) Silvania hatchlandensis H19S6, (13) Silvania hatchlandensis H18ES, (14) Silvania
confinis H4N4T, (15) negative control. A 1Kb Hyperladder (Bioline) was run as a size marker
in both the first and last wells.

5.2.4. Genomic characterisation:

Scandinavium

Genomes sizes varied slightly by MLSA Cluster, with strains exhibiting an average size of 4.67
Mbp. The DNA G + C content reported for the genus remains consistent, ranging from 53.9 to
54.5 %. The genome features and assembly accessions are listed in Suppl. Table. S2. The
resulting phylogenomic tree (Figure 40) generated from these sequences demonstrated,
similarly to the MLSA maximum likelihood tree, that Clusters 2—4 constitute potentially novel
species within the genus Scandinavium. Cluster 2 (H17515" and SB 3.3), Cluster 3 (H11S7" and
BAC 14-01-01) and Cluster 4 (TWS1a") are distinct from each other, group with no known

species and have between 80 — 100% bootstrap support for each branch.
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The isDDH and ANIb values, presented in Table 21, confirm that Clusters 2—4 constitute three
novel taxa. The strains within Clusters 2 and 3 exhibited isDDH and ANIb values exceeding the
suggested cut-off values on 70 and 95 % (Goris et al., 2007; Konstantinidis and Tiedje, 2005a),
respectively, while the values between each Cluster were below these cut-off values. HSWS5,
a representative strain from Cluster 1, shared 69.1 and 70.2 % isDDH similarity with the type
strain of S. goeteborgense, CCUG 667417, and with BIGb0156, respectively. These values could
be considered borderline, however as the ANIb similarity between H5W5 and CCUG 667417
and BIGb0156 is 95.9 %, there is support for its classification as S. goeteborgense. The Average
Amino Identity (AAl) values were less informative with all strains included in the comparisons
showing 94-100 % similarity with each other. However, despite the conserved nature of the
proteins analysed, isolates assigned to the same species showed 98-100 % similarity while
different species could be identified by AAI values ranging from 94 to 97 %, the top end of
which only slightly exceeds the 96 % cut-off for species delimitation (Konstantinidis and

Tiedje, 2005b)
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Figure 40: Phylogenomic tree for the genus Scandinavium including the three proposed novel
species, Scandinavium hiltneri sp. nov., Scandinavium manionii sp. nov. and Scandinavium
tedordense sp. nov., and close phylogenetic neighbours. 100 replicate GBDP pseudo-
bootstrap support percentages are shown (> 50 %). ds GBDP distance formula was used to
scale branch lengths, and the tree was rooted at the midpoint. Type strains denoted via .
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Table 21: in silico DNA - DNA Hybridisation d5 matrix (isDDH — top right) and Average Nucleotide Identity based on BLAST (ANIb — bottom left)
percentage values for novel Scandinavium species and S. goeteborgense. Shaded boxes represent values that exceed the cut off point for species
delimitation (>70 % isDDH and >95 % for ANI).

iSDDH | 4 2 3 4 5 6 7 8
ANIb
1 100 69.1 84.1 52 51.5 52.2 52 48.6
2 95.9 100 70.2 53.3 53.3 53.7 53.5 50.4
3 97.71 95.9 100 52.1 515 52.3 52.1 48.6
4 92.5 92.6 92.4 100 84.5 63.5 62.8 59
5 92.6 92.7 92.6 97.75 100 62.7 62.3 58.5
6 92.8 92.9 92.7 94.8 95 100 96.7 56
7 92.6 92.7 92.5 94.5 94.8 99.4 100 55.3
8 92 92 91.9 92.3 94.1 93.7 93.4 100
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(1) Scandinavium goeteborgense CCUG 667417 (GCA_003935895), (2) Scandinavium goeteborgense H5W5 (GCA_024765015), (3) Scandinavium
goeteborgense BIGb0156 (GCA_004361715), (4) Scandinavium hiltneri H11S7" (GCA_024764835), (5) Scandinavium hiltneri BAC 14-01-01 (GCA_024764795),
(6) Scandinavium manionii H17S515" (GCA_024764775), (7) Scandinavium manionii SB 3.3 (GCA_024764955), (8) Scandinavium tedordense TWS1a'
(GCA_024764965).
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Dryocola

Genome sizes of the two potential novel species varied, with strains of Cluster 1 ranging from
4.82 — 5.23 Mbp and strains of Cluster 2 being 4.4 — 4.45 Mbp. The DNA G + C content was
53.0 - 53.9 mol % across strains from both potential novel species. Genomes sequences were
submitted to GenBank under the BioProject number PRINA814476, and genome features and

assembly accessions are listed in Suppl. Table. S3.

The resulting phylogenomic tree (Figure 41) from the TYGS analysis demonstrated both
potential novel species clusters formed a robust clade with ‘Cedecea colo’, with 100 %
bootstrap support. The clade is positioned between the Buttiauxella and Cedecea genus
clades also with 100 % support, reflecting the position observed in the MLSA phylogenetic
tree (Figure 35) and further supporting the description of a novel genus, two novel species

and the possible transfer of ‘Cedecea colo’ to the novel genus.

The genome comparison values demonstrated that strains from Cluster 1 shared ANI values
of 99.1 % and AAl values of 99 % to each other, and 81.7 — 82.4 % ANI and 82 — 86 % AAl to
species of Buttiauxella and Cedecea. Cluster 2 strains demonstrated 99.1 - 100 % similarity
through ANI values and 99.0 % AAl values with each other, and 81.9 —82.8 % ANl and 83 — 87
% AAI to species of Buttiauxella and Cedecea. The intra-species values exceed the suggested
95 % similarity required to delimit species for ANI and 96 % for AAIl (Konstantinidis and Tiedje,
2005b), confirming that both clusters constituted single taxa (Figure 41). The conclusions
drawn from the ANI analysis were confirmed by in silco DNA-DNA hybridisation (isDDH) with
both clusters exceeding the cut-off value of >70 % indicating a different species while showing
high similarity to each other (Goris et al., 2007). Both the ANI values and isDDH values for

each cluster can be seen in Table 22.
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Figure 41: Phylogenomic tree of the proposed genus Dryocola gen. nov., and its closest
phylogenetic neighbours. GBDP pseudo-bootstrap support values from 100 replicates
exceeding 50 % are shown at the nodes, with an average branch support of 94.4 %. Branch
lengths are scaled from the ds GBDP distance formula and the tree is rooted at the midpoint.
Tsignifies the type strain and GenBank assembly numbers are shown in parentheses.
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Table 22: In silico DNA-DNA Hybridisation (isDDH —top right) and Average Nucleotide Identities matrix (fastANI — bottom left) percentage values
for Dryocola boscaweniae sp. nov. and Dryocola clanedunensis sp. nov. and all species of Cedecea and Buttiauxella, the closest phylogenetic
neighbours. Shaded boxes represent values that exceed the cut off point for species delimitation (>70 % isDDH and >95 % for ANI).

isDDH
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

fastANI

1 100 94 94 264 |26.4 | 357 | 228 |22.7 |228 |23.7 [23.8 |23.6 |23.6 |24.2 |233 |24.1
2 99.1 100 | 100 |26.5 |26.5 |358 |228 |22.7 |22.6 | 239 |23.7 |23.6 |23.6 |24.2 | 233 |24.1
3 100 99.1 | 100 |26.4 |26.4 | 358 |228 |22.7 (226 |23.7 |23.7 |23.6 |23.5 |24.2 |233 |24.1
4 84.2 84.2 | 84.2 |100 | 89.9 | 264 |22.7 |22.7 |226 |229 |23 229 | 229 | 233 |22.7 |23.7
5 84.1 84.1 | 84.1 |99.1 | 100 |26.5 |22.7 (228 |22.7 |239 |245 |23.7 |264 |239 |245 |24.2
6 88.5 88.6 | 88.6 | 83.9 |88.7 {100 |229 |228 |228 |23.6 |235 |235 |233 |241 |23.2 |24.1
7 81.9 81.8 | 819 |81.7 | 81.8 | 819 (100 |289 |289 |216 |215 |215 |21.3 |22 214 | 223
8 81.6 816 [ 816 | 818 | 818 | 816 |859 (100 |289 |218 |214 |215 |213 |219 |213 |22.2
9 81.7 819 |81.7 | 817 | 818 |817 |8.1 [89.1 |100 |21.6 |21.6 |21.6 |21.3 |219 |215 |223
10 82.4 825 [ 824 | 821 | 826 |823 |81 81.1 | 81.1 |100 |31.3 |30.8 |31 35.8 [30.3 | 315
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11 82.3 823 | 82.3 | 81.7 | 829 | 819 |80 80.4 | 80.7 | 87.5 {100 |30.8 |39.1 [30.1 |32.7 |29.3
12 82.2 82.1 | 82.2 | 81.8 | 82.2 | 82 81 80.7 | 80.9 | 86.6 | 86.8 | 100 |30.2 |29.8 |29.8 | 28.9
13 82.2 82.2 | 82.2 |81.7 | 84.1 | 818 | 809 |80.6 |80.7 |87.3 |91 86.3 | 100 | 29.8 |44.6 | 294
14 82.6 82.6 | 826 |82.1 |82.6 |823 |813 (809 |81.2 |89.2 |8.7 | 8.3 |8.5 [100 |29.6 |31.3
15 82.1 829 |82.1 | 815 | 8.9 | 819 |809 |80.7 | 80.9 |86.7 | 87.9 |86 919 |86.2 | 100 | 29.5
16 82.9 82.8 [ 82.8 [ 824 | 828 |826 |815 |81.2 |81.2 |87 85.6 | 85.3 |86.7 | 86.7 | 8.5 | 100

(1) Dryocola boscaweniae H6W4T (GCA_025215095), (2) Dryocola boscaweniae H18W14 (GCA_025215115), (3) Dryocola boscaweniae H20N1
(GCA_025215145), (4) Dryocola clandunensis H11518T (GCA_025215155), (5) Dryocola clandunensis H16N7 (GCA_025215105), (6) ‘Cedecea colo’
ZA 0188 (GCA_011808225), (7) Cedecea davisae DSM 45627 (GCA_000412335), (8) Cedecea lapagei ATCC 338557 (GCA_001571265), (9) Cedecea
neteri NCTC 11466 (GCF_900635955), (10) Buttiauxella agrestis ATCC 33320" (GCA_000735355), (11) Buttiauxella brennerae ATCC 51605"
(GCA_001654925), (12) Buttiauxella ferragutiae ATCC 51602" (GCA_001654915), (13) Buttiauxella gaviniae ATCC 51604 (GCA_001654835), (14)
Buttiauxella izardii CCUG 35510 (GCA_003601925), (15) Buttiauxella noackiae ATCC 51607" (GCA_001654865), (16) Buttiauxella warmboldiae

CCUG 355127 (GCA_003818135).
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Leclercia and Silvania

Whole genome sequencing was performed on five novel isolates from the four MLSA clusters
(H10E4 — Cluster 1, H6S3" and H6WS5 — Cluster 2, HAN4T — Cluster 3, and H19S6" — Cluster 4).
The genomes showed little variation, with the size and G + C DNA content ranging from 4.71
—4.87 Mbp and 55.6 — 56.4 mol %, respectively. The genomes were submitted to GenBank
under the BioProject numbers PRNJA837588 and PRNJA837589, and the genome features
and accession numbers are listed in Suppl. Table. S4. All sequenced genomes were found to
be free of contamination following alignment and comparison of the 16S rRNA gene

sequences obtained from both the whole genomes and Sanger sequencing.

The phylogenomic tree (Figure 42), based on whole genome comparisons, supported the
phylogeny demonstrated in the MLSA tree, with H10E4 confirmed as belonging to L.
adecarboxylata along with other strains identified as Lecleria sp. in the MLSA tree. H6S3 and
H6WS5 formed a well-supported cluster in the Leclercia clade, along with strains GL3 and
119287 in a separate cluster which could constitute another novel species as in the MLSA
tree. Strains Z96-1, W6, Colony 189 and LSNIH1 appear further removed from the Leclercia
clade, suggesting that they could constitute another novel genus, with three novel species.
The two strains from Clusters 3 and 4 formed a clade with 100 % bootstrap support, clearly
distant from the Leclercia clade and did not contain any validly published type strain or
reference strain confirming these strains constitute a novel genus. Finally, Leclercia
pneumoniae 491257 was furthest removed from the Leclercia clade on a separate lineage and

did not cluster with any known type strain or reference strain.
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Figure 42: Phylogenomic tree of the proposed genus Silvania gen. nov., the novel species
Leclercia tamurae sp. nov. and their closest phylogenetic neighbours. GBDP pseudo-bootstrap
support values from 100 replicates (> 50 %) are shown at the nodes, with the average branch
support of 94.4 %. Branch lengths are scaled from the ds GBDP distance formula and the tree
is rooted at the midpoint. Tdenotes type strain, and GenBank assembly numbers are shown
in parentheses.
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To complement the phylogenomic comparison, a DNA similarity matrix was created through
ANI, AAl and isDDH comparisons. The ANI and isDDH values are presented in Table 23. H10E4
displayed isDDH values between 87.4 — 89.0 %, ANI values between 98.4 — 98.6 % and AAl
values of 99 % to the type strain of L. adecarboxylata LMG 2803" and other strains identified
as L. adecarboxylata, far exceeding the 70 %, 95 % and 96 % similarity values used to delimit
species for isDDH, ANI and AAIl (Goris et al., 2007; Konstantinidis and Tiedje, 2005b). Likewise,
strains from Cluster 2 (H6S3™ and H6WS5) demonstrated 89.9 % isDDH, 98.6 % ANI and 98 %
AAl values to each other but < 70 % isDDH, < 95 % ANI| and 95 % AAIl values to L.
adecarboxylata, confirming they belong to a single novel taxon. Finally, H4N4T (Cluster 3) and
H19S6" (Cluster 4) were 45.6 % similar based on isDDH, and 92.1 % and 95 % similar based on
ANI and AAl, respectively. Both strains demonstrated lower values of < 35 % isDDH, < 88 %
ANl and 90 — 91 % AAl to strains of Leclercia, providing further support for their classification
of a novel genus. Therefore, Leclercia tamurae sp. nov. for strains in Cluster 2, and Silvania
gen. nov. with Silvania hatchlandensis sp. nov. and Silvania confinis sp. nov. for strains in

Clusters 3 and 4 are proposed.

The isDDH, ANI and AAl values for the additional Leclercia strains support the phylogenies of
the MLSA and phylogenomic trees. Strains GL3 and 119287 demonstrated similarity values
indicating they belong to a novel species closely related to L. adecarboxylata and L. tamurae
sp. nov. Strains Z96-1, W6, Colony 189 and LSNIH1 are less related to species of Leclercia
based on DNA similarity values, suggesting these strains most likely belonging to another
novel genus, although further work would be required to fully understand their taxonomic
position. L. pneumoniae 49125" was least related to all strains of Leclercia species displaying
the lowest isDDH, ANI and AAl values, indicating that it is not a true member of the genus and

should be transferred to a novel genus.
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Table 23: Genome comparison values for in silico DNA - DNA Hybridisation (isDDH — top right) and Average Nucleotide Identity (fastANI — bottom
left) for Leclercia and Silvania species. Shaded boxes represent values that exceed the cut off point for species delimitation (>70 % isDDH and
>95 % for ANI).

isDDH
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

fastANI

1 100 90.1 | 89.4 | 876 |88.6 | 874 |26.2 {449 |446 |450 |451 |36.5 |36.6 |36.8 |37.6 |316 |31.2
2 98.6 100 | 88.4 | 88.0 | 88.6 |87.5 |26.5 [449 448 |454 (453 |36.7 |36.7 |37.0 |37.9 |31.7 |31.2
3 98.6 98.5 | 100 | 874 |89.0 | 875 |26.3 |44.7 |44.7 | 450 | 449 |36.5 |36.7 |36.7 |37.8 |31.7 |31.2
4 98.3 98.4 |98.4 100 |88.2 | 86.6 |26.2 |44.8 |45.0 |449 |45.2 |36.4 |37.1 |37.0 |39.3 |316 |31.0
5 98.5 98.5 |98.6 [ 984 | 100 |89.2 |264 |45.0 452 (454 |454 |36.8 |37.5 |37.2 |40.5 |31.7 |31.2
6 98.3 98.4 |98.4 | 98.2 |98.6 | 100 |26.5 |44.6 |44.8 |45.2 | 452 |36.8 |37.3 |369 |394 |31.7 |311
7 84.2 844 |1 84.3 1843 844 |843 (100 |26.6 |26.6 |27.1 |27.0 |26.7 |26.7 |26.9 |27.0 |26.0 | 25.8
8 91.8 91.7 |91.6 | 91.7 |91.7 | 916 (844 |100 |73.2 | 499 |49.7 |37.8 |38.0 384 |39.3 |329 |321
9 91.6 91.6 |91.6 | 91.7 |91.7 | 916 [84.4 |96.8 |100 |49.8 |49.6 |38.0 |38.1 |384 |39.1 |32.8 |32.0
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10 91.6 91.7 | 916 |91.6 |91.7 |91.7 |84.7 | 929 |929 |100 |89.9 |39.0 |39.3 |39.7 404 | 329 |32.2
11 91.7 91.7 | 91.7 | 91.8 |91.8 | 91.7 |84.6 |93.0 | 93.0 |98.6 | 100 |39.1 |39.0 |39.7 |40.2 |33.0 |32.2
12 89.0 89.1 | 89.1 | 89.0 |89.2 | 89.2 845 |89.8 {89.8 |90.0 |90.0 |[100 |94.6 |69.6 |43.1 |31.3 |30.6
13 89.0 89.1 | 89.1 | 89.2 |89.4 | 89.3 [845 |89.8 [ 89.8 |90.1 |90.0 [99.2 |100 |69.3 |43.5 |31.2 |305
14 89.2 89.2 | 89.1 894 | 895 | 894 (845 |89.9 |899 |90.2 |90.4 964 |96.4 | 100 |43.1 |31.4 |30.8
15 89.4 89.6 | 89.6 | 90.0 | 90.4 | 90.0 |84.7 |90.3 |90.1 [90.5 |90.5 |91.3 |913 |91.2 {100 |32.1 |314
16 87.2 87.1 | 87.1 | 87.2 |87.1 | 87.1 |84.0 |879 | 878 |87.6 |87.7 | 869 |86.9 |87.0 |87.5 |100 |46.5
17 86.7 86.8 | 86.8 | 86.8 | 86.8 |86.6 |83.8 874 |873 | 873 | 873 |86.6 |86.5 |86.6 |87.0 |92.1 |100

Strains which exceed the cut of values used for species delimitation are shown in shaded boxes (>70 % isDDH or >95 % ANI). 1 = Leclercia
adecarboxylata NBRC 102595" (GCA_001515505), 2 = Leclercia adecarboxylata 121 (GCA_011045715), 3 = Leclercia adecarboxylata H10E4
(GCA_025566045), 4 = Leclercia adecarboxylata 16400 (GCA_014489435), 5 = Leclercia adecarboxylata E1 (GCA_008931445), 6 = Leclercia
adecarboxylata E61 (GCA_008931385), 7 = Leclercia pneumoniae 49125 (GCA_018987305), 8 = Leclercia tamurae H6S3" (GCA_025566055), 9 =
Leclercia tamurae H6W5 (GCA_025566025), 10 = Leclercia sp. G3L (GCA_021117075), 11 = Leclercia sp. 119287 (GCA_009734485), 12 = Leclercia
Colony 189 (GCA_018513965), 13 = Leclercia sp. LSNIH1 (GCA_002902985), 14 = Leclercia sp. W6 (GCA_003336345), 15 = Leclercia sp. 796-1
(GCA_006171285) , 16 = Silvania hatchlandensis H1956" (GCA_025564065), 17 = Silvania confinis H4N4" (GCA_025564085).
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5.2.5. Cell imaging:

Scandinavium
All strains were observed to be straight rods averaging 1.14 x 2.27 um with peritrichous
flagella and fimbriae. TEM images showing this are presented in Figure 43. These features are

consistent with those seen for Scandinavium as originally described by Marathe et al. (2019).

A B
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e L)

-

[—T

Figure 43: Transmission electron microscopy of A) Scandinavium goeteborgense CCUG
667417, B) Scandinavium manionii sp. nov. H17S15", C) Scandinavium hiltneri sp. nov.
H11S7" and D) Scandinavium tedordense sp. nov. TWS1a' displaying their peritrichous
flagella arrangement. Scale bar, 1 um and 500 pum.
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Dryocola

All strains were straight rods with an average size of 1.17 x 2.28 um. Cells appeared as single
units, in groups of two or three and in chains. All strains were motile by peritrichous flagella
(Figure 44 a-f). This is in keeping with the genome annotation of the sequenced strains, which
revealed the presence of 55 genes that control the synthesis and motility of flagella in

prokaryotes. Both new species also show the presence of fimbriae.
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Figure 44: Transmission electron microscopy of Dryocola boscaweniae sp. nov. H6W4T (A, B,
C) and Dryocola clanedunesis sp. nov. (D, E, F) displaying the peritrichous flagella, fimbriae
and cell arrangement. Scale bar, 1 um.
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Leclercia and Silvania
All strains identified as Leclercia were straight rods averaging 1.38 x 2.26 um, while Silvania

gen. nov. strains were short straight rods averaging 1.31 x 1.81 um. Cells are motile with

peritrichous flagella and appear singly or in pairs (Figure 45).

Figure 45: Transmission electron microscopy images of A) Leclercia tamurae H6S3" B)
Leclercia tamurae H6WS5 C) Silvania hatchlandensis H19S6" D) Silvania confinis
H4N4Tdisplaying their peritrichous flagella arrangement. Scale bar, 1 um.
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5.2.6. Cell physiology:
Scandinavium
Strains appeared as moist circular colonies with a smooth, white centre and clear rim on CBA,
with colonies ranging from 1-3 mm in size. Growth was observed from 4—-37°C for all strains,
with no growth observed at 41°C. Growth was observed in TSB at a pH range of 6—8, while
salt was tolerated in concentrations from 1-8 % in NaCl-supplemented saline-free broth. All
strains in this study formed agglomerated masses of growth when the salt or pH range was

exceeded. All strains are oxidase negative, catalase positive and facultatively anaerobic.

Dryocola

The appearance of colonies on TSA after 48 h incubation at 28 °C were cream coloured, with
a darker convex centre, uneven margins and 1-2 mm in diameter. Strains from Cluster 1 grew
at 4, 10, 25, 28, 30 and 37 °C, but not 41 °C, while strains from Cluster 2 grew at 4, 10, 25, 28,
30, 37 and 41 °C. All strains grew across a pH range of 6 — 8, although strains from Cluster 2
were also capable of weak growth at pH 9. Growth for all strains was also observed in TSB
supplemented with up to 6 % NaCl, with some strains from both clusters exhibited weak

growth at 7 and 8 %.

Leclercia and Silvania

On TSA all strains tested appeared as circular, cream-coloured, convex colonies between 2 -
4 mm in diameter with entire, slightly undulate margins. All strains were observed changing
from cream to yellow pigmented which is a known feature associated with Leclercia, although
the time and conditions required for the pigment to form were not consistent (De Baere et
al., 2001). Leclercia species grew from 10 — 41 °C, while species of Silvania gen. nov. grew at
4 - 37 °C but not at 41 °C. The pH range at which growth was observed showed no difference
between strains from both genera, with consistent growth seen from pH 6 — 9. All strains from
both genera grew in a supplemented salt range of 1 — 7 % w/v, with the exception of L.
adecarboxylata LMG 28037, L. tamurae sp. nov. H6W6a and H6WS, and S. confinis sp. nov.
H4N4T which could not grow at 7 %. All strains were recorded as negative for oxidase and
positive for catalase production, which are key descriptive factors of the family

Enterobacteriaceae.
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5.2.7. Antibiotic resistance:
Scandinavium
Antibiotic resistance was recorded for penicillin V, penicillin G, ampicillin, and cefotaxime
while susceptibility to ciprofloxacin and tetracycline was recorded for all strains excluding

H17S15T, which showed low level susceptibility to ampicillin.

Dryocola
Antibiotic resistance to penicillin G and V was recorded, with susceptibility to tetracycline,
ampicillin, chloramphenicol and colistin sulphate observed for all strains of the novel species

as well as the type strains of Cedecea species.

Leclercia and Silvania
Antibiotic resistance for all strains from both genera was recorded for penicillin V and G, while
susceptibility was recorded for tetracycline, ampicillin, chloramphenicol, colistin sulphate,

streptomycin, cefotaxime, ciprofloxacin, cefepime, gentamycin and kanamycin.

5.2.8. Phenotypic characterisation:

Scandinavium

Differentiation of Scandinavium species based on phenotypic properties is quite limited with
only a few discriminating features between strains isolated in this study. The most important
phenotypic features for differentiation of Scandinavium species can be seen in Table 24. The
full results for reactions to each biochemical test can be found in the protologues in the
supplementary material. The novel strains belonging to S. goeteborgense were phenotypically
indistinguishable from CCUG 66741" apart from their ability to produce acid from potassium
2-ketogluconate. S. hiltneri sp. nov. is phenotypically unique in its ability to utilise citrate and
produce acid from sorbitol and D-raffinose. S. manionii sp. nov. can be phenotypically
differentiated from other Scandinavium species by the lack of lysine decarboxylase and
inability to utilise B-methyl-D-glucoside as a carbon source. S. tedordense sp. nov. is the only
species capable of acidification of both D- and L-fucose. All novel species can be distinguished
from the type strain of S. goeteborgense CCUG 66741T by their inability to utilise y-amino-

butyric acid, a-hydroxy-butyric acid and B-hydroxy-D,L-butyric acid as carbon sources.

Table 24: Key phenotypic characteristics that allow for the differentiation of all known
members of the genus Scandinavium. (1) Scandinavium goeteborgense (n = 2), (2)
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Scandinavium hiltneri (n = 2), (3) Scandinavium manionii (n = 3), (4) Scandinavium tedordense

(n=1).
Reaction 2 3
lysine decarboxylase + -
citrate utilization + -
sorbitol + -
Fermentation of:
D-adonitol + +
dulcitol Ve Ve
D-raffinose + -
D-fucose - -
L-fucose Vb -
D-arabitol + +
Utilisation of:
B-methyl-D-glucoside + -
fusidic acid + +
myo-inositol + -
D-aspartic acid + -
D-serine + -
minocycline + -
L-pyroglutamic acid + -
D-saccharic acid - Vb
p-hydroxy-phenylacetic acid + -
D-lactic acid methyl ester + -
tween 40 + -
y-amino-butyric acid - -
a-hydroxy-butyric acid - -
B-hydroxy-D,L-butyric acid - -
a-keto-butyric acid - -
acetoacetic acid + -
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+, 90— 100 % strains +; -, 91 — 100 % strains -; V, variable between species; ?, positive for type

strain; °, negative for type strain.

Dryocola

Both species from the proposed novel genus were clearly differentiated from each other
based on the phenotypic data as shown in Table 25 (by their fermentation of D-adonitol, D-
lactose, D-melibiose, D-raffinose, D-lyxose, D-arabitol, potassium 2-ketogluconate, potassium
5-ketogluconate and palatinose; and utilisation of D-melibiose, D-arabitol, L-arginine and- a-
hydroxy-butyric acid), and from Cedecea species (differing reactions to fermentation of L-
arabinose, L-rhamnose, methyl-aD-glucopyranoside phenol red and a-glucosidase and citrate
utlisation) as shown in Table 26. Differentiation from Buttiauxella based on the information
from other studies was less clear, although no single feature is known to be able to
differentiate Buttiauxella from other members of Enterobacteriaceae (Kampfer, 2015). The
most useful phenotypic characteristics for differentiation at the species and genus level are
listed in Table 25 and Table 26. All strains tested were observed as both oxidase negative and

strongly catalase positive.
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Table 25: Key phenotypic characteristics that allow for the differentiation between Dryocola boscaweniae sp. nov. and Dryocola clanedunesis
sp. nov. from each other, and existing species of Cedecea and Buttiauxella. (1) Dryocola boscaweniae (n = 3), (2) Dryocola clanedunensis (n = 2),
(3) Cedecea davisae LMG 76827, (4) Cedecea lapagei LMG 78637, (5) Cedecea neteri LMG 78647, (6) Buttiauxella agrestis, (7) Buttiauxella
brennerae, (8) Buttiauxella ferragutiae, (9) Buttiauxella gavinae, (10) Buttiauxella izardii, (11) Buttiauxella noackiae, (12) Buttiauxella
warmboldiae. Data for Buttiauxella (6 -12)* taken from [22].

Reaction 1 2 3 4 5 6 7 8 9 10 11 12
arginine dihydrolase + + - + + - - - - - v -
ornithine decarboxylase - v + - - + v + - + - -

Fermentation of:

glycerol + v - + - v - - - - - -
D-arabinose - - - - - v - - v + Vv +
L-arabinose + + - - - + + + + + + +
D-adonitol + - - - - - Vv - v - - -
L-rhamnose + + - - - + + + + + + +
methyl-a-D-glucopyranoside | + + - - - - Vv - - - - -
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D-lactose + + + - - + - -
D-melibiose - v + + - v - i
D-raffinose - v + - - - - -
D-lyxose - ND ND ND ND ND ND ND
L-fucose - + - - v + - +
D-arabitol + - v - v - - -
potassium gluconate - ND ND ND ND ND ND ND
potassium 2-ketogluconate - ND ND ND ND ND ND ND
potassium 5-ketogluconate - - + - + v + -
phenol red - ND ND ND ND ND ND ND
palatinose - + + + + \Yj + -
a-glucosidase - ND ND ND ND ND ND ND
o-galactosidase - ND ND ND ND ND ND ND
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N-acetyl-D-galactosamine ND ND ND + v + + + + +
Utilisation of:

citrate + + + v v - v + + -
D-melibiose ND ND ND ND ND ND ND ND ND ND
D-arabitol ND ND ND ND ND ND ND ND ND ND
L-arginine ND ND ND - - - - - - -
L-pyroglutamic acid ND ND ND ND ND ND ND ND ND ND
a-hydroxy-butyric acid ND ND ND ND ND ND ND ND ND ND

+, 90— 100 % strains +; -, 91 — 100 % strains -; v, variable; ND, not determined

* Data for the genus Buttiauxella were generated using standard biochemical tests, not API 50 CH
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Table 26: Key phenotypic characteristics that allow for the differentiation between (1)
Dryocola gen. nov., (2) Cedecea and (3) Buttiauxella.

Reaction 1 2 3
Arginine dihydrolase + (v)P (v)P
Ornithine decarboxylase (v)P Ve Ve
Fermentation of:

glycerol v VP (v)?
D-arabinose - - (v)?
L-arabinose + - +
D-adonitol V2 - (v)P
L-rhamnose + - +
methyl-aD-glucopyranoside | + - (v)P
D-lactose ve + va
D-melibiose V2 VP (v)P
D-raffinose (v)? VP V2
D-lyxose va - ND
L-fucose - - (v)?
D-arabitol V2 + (v)°
potassium gluconate + Ve ND
potassium 2-ketogluconate Ve - ND
potassium 5-ketogluconate Ve - vP
phenol red + - ND
palatinose Ve (v)? ve
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a-glucosidase + - ND

o-galactosidase Ve - ND

N-acetyl-D-galactosamine - ND ve

Utilisation of:

citrate - + (v)?
L-arginine VP ND -
a-hydroxy-butyric acid Ve ND ND

+,90 - 100 % strains +; -, 91 — 100 % strains -; V, variable between species; (V), variable within

species; ?, positive for type strain; °, negative for type strain; ND, not determined

Leclercia and Silvania

The new species and genus described all present phenotypically unique traits when tested
with commercial kits, which can be used for their differentiation from each another and their
closest relatives. Leclercia and Silvania gen. nov. can be distinguished based on a number of
traits including fermentation of D-arabinose and utilisation of p-hydroxy-phenylacetic acid
and fusidic acid. L. tamurae sp. nov. can be differentiated from L. adecarboxylata based on
the positive reaction to sorbitol and the inability to utilise D-adonitol or D-arabitol among
other traits, while Silvania gen. nov. species can be discriminated by reactions to indole
production, rhamnose and sucrose fermentation and pectin utilisation. Table 27 andTable 28
show the most useful phenotypic characteristics used for the differentiation between species
of Leclercia and Silvania gen. nov., respectively and Table 29 shows those for the
differentiation between the two genera. The full results for reactions to each biochemical test

can be found in the protologues in the supplementary material.

Table 27: Key phenotypic characteristics for differentiation of (1) Leclercia adecarboxylata (n
=4), (2) Leclercia pneumoniae 49125" and (3) Leclercia tamurae sp. nov. (n = 5).

Reaction 1 2 3
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sorbitol - - +
sucrose Ve - -
Acidification of:

D-adonitol + ND -
dulcitol Ve ND +
methyl-a-D- - ND Vb
glucopyranoside

D-trehalose + + Ve
D-raffinose Ve ND -
D-lyxose VP ND V2
D-arabitol + - -
potassium 2-ketogluconate | + ND -
potassium 5-ketogluconate | - - VP
palatinose V@ - i
malonate Vb + +
N-acetyl-B- - - Ve
glucosaminidase

Utilisation of:

sucrose - - Ve
stachyose Ve -
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D-salicin + ND Ve
3-methyl glucose - ND Ve
D-aspartic acid + ND -
pectin Ve ND -
citric acid - ND Ve
o-keto-glutaric acid - ND -
D-malic acid V@ ND Vb
potassium tellurite - ND VP
tween 40 + ND Ve
a-hydroxy-butyric acid Ve ND Ve
B-hydroxy-D,L-butyric acid | - ND VP
formic acid + ND Vb
Resistant to:

D-serine - ND Ve
nalidixic acid Vb ND +
troleandomycin - ND Ve

+, positive reaction; -, negative reaction; V, variable within species; 2, positive for type strain;

b, negative for type strain.
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Table 28: Key phenotypic characteristics for differentiation of (1) Silvania hatchlandensis sp.
nov. (n = 2) and (2) Silvania confinis sp. nov. H4N4T

Reaction 1 2
indole production + -
rhamnose + -
sucrose + -

Acidification of:

methyl-a-D- VP -

mannopyranoside

methyl-a-D- VP -

glucopyranoside

D-lyxose - +
D-tagatose - +
phenol red + -
B-glucuronidase + -
malonate Vb -

Utilisation of:

stachyose + -

N-acetyl-D-galactosamine | + -

L-pyroglutamic acid + -

pectin + -

185



guinic acid + -

o-keto-glutaric acid + -

D-malic acid + -

Resistant to:

D-serine - +
troleandomycin - +
nalidixic acid - +
potassium tellurite - +

+, positive reaction; -, negative reaction; V, variable within species; 2, positive for type strain;

b, negative for type strain.

Table 29: Key phenotypic characteristics for differentiation between (1) Leclercia* (n = 9) and
(2) Silvania gen. nov. (n = 3)

Reaction 1* 2
indole production + Ve
sorbitol Ve +
rhamnose + Ve
sucrose Vb va

Acidification of:

D-arabinose - +
D-adonitol Vb -
methyl-a-D-mannopyranoside - VP

186



methyl-a-D-glucopyranoside VP VP
D-raffinose Vb +
D-lyxose Ve VP
D-tagatose - VP
D-arabitol VA -
potassium 2-ketogluconate Vb -
potassium 5-ketogluconate Vb +
phenol red + Ve
palatinose Vb -
B-glucuronidase - Ve
malonate Ve Vb
N-acetyl-B-glucosaminidase Ve -
Utilisation of:

sucrose Ve +
stachyose Vb V2
N-acetyl-D-galactosamine - Ve
3-methyl glucose Ve +
D-aspartic acid Vb +
D-serine Ve +
L-pyroglutamic acid Ve Ve
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pectin VP Ve

quinic acid - Ve
p-hydroxy-phenylacetic acid + -
citric acid Ve +
o-keto-glutaric acid - Ve
D-malic acid Ve Ve
a-hydroxy-butyric acid Ve -
B-hydroxy-D,L-butyric acid VP -
formic acid Vb -

Resistant to:

fusidic acid + -

D-serine + Vb
Troleandomycin V2 VP
nalidixic acid V@ Vb
potassium tellurite Vb VP

+, positive reaction; -, negative reaction; V, variable within species; 2, positive for type strain;

b, negative for type strain. * Leclercia adecarboxylata and Leclercia tamurae sp. nov.

5.2.9. Fatty acid and methyl ester analysis:

Scandinavium

The major fatty acids were identified as Cis.0, C18:1 wW7¢, C17:0 cyclo, and summed feature 3
(Ci6:1 w7c and/or Cie1 w6c). Table 30 details the FAMEs profiles for all species

of Scandinavium. The fatty acid profiles of all strains of all species analysed were very similar.
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Table 30: The major fatty acid methyl ester (FAME) average % peaks and standard deviation
recorded for species of Scandinavium. (1) Scandinavium goeteborgense CCUG 667417, (2)
Scandinavium hiltneri (n = 2), (3) Scandinavium manionii (n = 2), (4) Scandinavium tedordense
TWS1a'.

Saturated fatty acids 1 2 3 4
3.2 3.2

Ci20 2.9 3.5
(£0.18) (£0.14)
7.5 7.0

Cia0 5.2 7.4
(£ 0.18) (£ 0.95)
31.0 31.1

Ci60 30.8 32.8
(£ 0.37) (£ 0.95)

Unsaturated fatty acids

16.5 16.2
Cizaw7c 15.6 14.7
(£1.48) (+0.96)
Cyclopropane fatty
acids
14.7 14.7
Ci7:0cyclo 16.4 13.1
(+ 0.35) (+ 4.36)
Summed features
. ] - 7.7 7.7
é. Ci14:03-OH and/or iso 27 8.1
16:1 (+ 0.24) (+ 0.07)
, 16. 5 16.3
3.6C16;1 w7/c and/or C16;1 17.9 18.0
woe (+0.84) (+3.37)
Dryocola

The major fatty acids for both novel species were Cig:0, C13:1 wW7¢, Ci7.0cylco, summed features
2 (C14:03-OH and/or iso-Ci6:1) and 3 (C16:1 w7c and/or Ci6:1 w6C). While the FAMES profiles were

mostly consistent between genera, differences between the novel genus, Cedecea and
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Buttiauxella were observed in the amounts of Cia.0 and Cis.0. The FAME profiles for all the
strains including Cedecea and Buttiauxella can be seen in Table 31, Buttiauxella results were

obtained from (Kampfer, Meyer and Miiller, 1997).
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Table 31: The average percentage of peak areas making up the fatty acid methyl ester composition of Dryocola gen. nov., Cedecea and
Buttiauxella species. (1) Dyrocola boscaweniae sp. nov. (n = 3), (2) Dryocola clandunensis sp. nov. (n = 2), (3) Cedecea davisae (LMG 7862"), (4)
Cedecea lapagei (LMG 7863"), (5) Cedecea neteri (LMG 78647), (6) Buttiauxella agrestis (n = 13), (7) Buttiauxella ferragutiae (n = 5), (8)
Buttiauxella gavinae (n = 11), (9) Buttiauxella brennerae (n = 7), (10) Buttiauxella izardii (n = 12), (11) Buttiauxella noackiae (n = 14), (12)
Buttiauxella warmboldiae (n = 5). Data for 6 — 12 taken from (Kampfer, Meyer and Miiller, 1997).

Saturated fatty acids | 1 2 3 4 5 6 7 8 9 10 11 12
Ci20 3.9 4.2 2.9 1.0 3.0 2.6 2.6 2.9 33
4.8 2.3 3.9
(x0.6) |(x1.2) (x14) |(£11) |(x06) |(x0.7) |(x3.0) [(£1.0) |(x0.8)
Cia0 5.8 6.9 6.1 6.5 6.9 6.7 6.4 6.6 5.0
4.6 2.6 3.9
(£x0.7) |(x0.4) (£1.8) |(£1.2) |(x1.2) |(x0.8) |(x0.8) |(£1.7) |(x0.4)
Ci60 34.0 31.3 26.0 27.1 26.1 24.9 26.8 28.3 25.6
35.9 33.1 29.6
(x0.8) |(x1.3) (£8.77) | (£2.1) |(£3.1) |(x3.1) |(x5.0) |[(x6.6) |(x2.1)
Ci70 0.4 0.5 1.1 1.4 1.3 1.4 1.3 1.0
- 0.7 1.6 -
(£0.1) |(x0.1) (£3.4) (£2.4) |(£23) |(x29) |(x1.6) |(x0.1)
Unsaturated fatty
acids
Ciz1w7c 11.3 16.0 15.8 15.4 14.0 15.3 15.5 14.9 18.0
11.6 20.2 21.2
(£1.8) |(x0.4) (x4.2) |(£2.2) |(£23) |[(x2.9) |(x3.6) |[(£3.1) |(x2.6)
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Cyclopropane fatty
acids
Cizocylco 13.6 | 126 1075 | 764 |1267 |1059 |11.12 |14.03 |87>
10 11.07 9.34
(£3.9) | (£3.9) (£9.68) (+2.01) (£4.34) | (£7.47) | (£4.96) | (£ 8.76) (+1.73)
C19.0w8c 0.93 2.1
0.9 2.5 0.9 - - - - - - -
(+0.76) | (+1.0)
Summed features
2: Ci4:0 3-OH and/or | 9.3 8.8 9.1 9.1 9.4 9.3 9.1 8.5 8.8
is0-Cae1 101 |96 8.5
' (£1.0) | (x1.5) (£3.4) |(£1.1) |(x1.5) |(x1.5) |(x25) |[(x2.1) |(x0.5)
3: Cis1 wW7c and/or | 19.9 15.8 22.5 30.4 20.8 21.7 20.3 17.8 25.6
Caet w6C 143 |113 |15.8
' (£2.9) | (£1.8) (£12.3) | (£4.9) | (£5.6) |(£6.1) |(£5.3) |(£8.0) | (£3.1)
5: Ci8:2 w6,9¢ and/or | 0.7 0.5
1.4 0.6 0.5 - - - - - - -
Cis:oante
180 (+0.4) |(£0.4)
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Leclercia and Silvania

Based on the results generated by the Sherlock Microbial Identification System Version 6.4
(MIDI Inc.), the key fatty acids were Cig:0, C1s:1 W7¢, summed feature 3 (Ci6:1 w7c and/or Cie:1
w6c). The fatty acid profiles for each strain can be seen in Table 13. Minor differences can be
observed between Cig.1 w7c¢ which is higher in Leclercia species and summed feature 3 (Ci6:1
w7c and/or Ci6:1 w6C) Which is higher in Silvania gen. nov. species.

Table 32: The major fatty acid methyl ester (FAME) average % peaks and standard deviation

for Leclercia and Silvania gen.nov. (1) Leclercia adecarboxylata (n = 2), (2) Leclercia tamurae
(n = 4), (3) Silvania hatchlandensis H19S6", (4) Silvania confinis HAN4T

Saturated fatty acids 1 2 3 4
3.7 3.8

Ci20 (+0.0) (£0.2) 3.5 2.9
53 54

Cia0 5.5 5.2
(x0.1) (£0.1)
26.4 28.4

Cie:0 25.8 24.4
(£1.2) (£1.1)

Cyclopropane fatty acids

7.1 9.3

C17;o C\/C|O 6.7 2.8
(x1.9) (£1.9)

Unsaturated fatty acids
21.4 20.0

Cig1w7c 18.4 14.9
(x0.2) (£0.2)

Summed features
7.5 8.7

2: C14.03-OH and/or iso-Ci6:1 7.4 7.8
(x0.0) (£ 0.0)
24.3 22.0

3: C16;1 w7c and/or C16;1 wbC 27.2 35.7
(x1.2) (£ 1.2)
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5.2.10. Virulence genes analysis of Scandinavium species:

Using the parameters provided, concise inference to the genes presents in these bacteria with
results of BLASTP comparisons to the VFDB demonstrated they possess 210-237 virulence
genes. Furthermore, several interesting enzymes were identified in KofamKOALA using the
relevant BRITE protein family identifications from the KEGG Mapper Reconstruction results.
The most noteworthy enzymes identified against the databases included pectinase,
adhesin/invasion protein homologues, proteins related to the assembly and utilisation of
flagella and pili and the core genes required for a T6SS and associated secreted proteins. The
presence of a T6SS was also identified by searching against the SecReT6, database with 156—
208 different genes being aligned when querying the annotated genomes. Alignments for the
membrane complex (TssJ, TssM, TssL, and TagL), baseplate (TssK, TssF-G, and TssE), spike
(PAAR and Tssl), sheath and tube (TssB, TssC, and TssD) and the distal end (TssA) were all
identified with high sequence identity, namely to sequences from members of genera such
as Enterobacter, Klebsiella and Yersinia for all strains, excluding H17515" (the type strain of S.
manionii) which lacked the membrane complex. The majority of genes required for a
functioning T2SS were also identified although either gspO or gspS appear to be absent.
Unsurprisingly, given the clinical importance of the type species, many proteins associated

with disease development in humans were also identified.

OrthoFinder assigned 34,172 genes (96.5 % of total) to 4,957 orthogroups. 50 % percent of all
genes were in orthogroups with 8 or more genes (G50 = 8) and were contained in the largest
2,044 orthogroups (050 = 2,044). There were 3,222 orthogroups with all species present and
2,867 of these consisted entirely of single-copy genes. Next the virulence genes from the
VFDB comparison were compared and OrthoFinder assigned 1,187 genes (99.6 % of total) to
145 orthogroups. Fifty percent of all genes were in orthogroups with 8 or more genes (G50 =
8) and were contained in the largest 55 orthogroups (050 = 55). There were 100 orthogroups
with all species present and 62 of these consisted entirely of single-copy genes. This meant
the virulence genes identified could be used to infer the phylogenomic position of all the

species of Scandinavium investigated in this work.

Finally, BLAST results from the RAST server against each novel genome demonstrated that the

novel quinolone resistance pentapeptide repeat protein QnrB96 is present with high
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homology in all the Scandinavium species. The homologue in S. hiltneri sp. nov. showed 95 %
sequence identity to the complete amino acid sequence, while S. manionii sp. nov. showed
96 % and S. tedordense sp. nov. showed 94 % similarity. Unsurprisingly the highest homology
was observed in H5WS5, the strain determined to belong to S. goeteborgense, with 99 %
sequence identity. The majority of strains displayed 7—11 amino acid substitutions in the gnrB
protein sequence when compared to the type strain of S. goeteborgense, excluding H5W5

which had a single substitution.

5.2.11. Plant growth promoting genes analysis of Leclercia and Silvania species:
To investigate the potential of L. adecarboxylata, L. tamurae sp. nov. and species of Silvania
gen. nov. as Plant growth promoting bacteria playing a positive role in the soil, their PGPT
were investigated computationally. The results from the DIAMOND MEGAN pipeline
comparison against the PLant-associated BActeria web resource (PLaBAse) database revealed
larger numbers of important plant interaction proteins through the PGPT viewer and KEGG
orthology viewer. The resulting PGPT data showed that each submitted annotated genome
had between 5,500 — 5,638 PGPTs aligned to known proteins. The majority produced indirect
effects such as stress relief and biocontrol, competitive exclusion and genes involved in
colonising the plant system. Of the direct effects, the main categories of the genes were
involved in bioremediation, phytohormone production and biofertilisation. The krona plots
produced show the PGPT possessed by the type strains of the novel species and L.
adecarboxylata H10E4 (Figures. 46 and 47). Traits of interest included potassium and
phosphate solubilisation, nitrogen and iron acquisition, sulphur assimilation and carbon
dioxide fixation, features which all directly aid plant growth by increasing nutrient availability.
Thirteen percent of the PGPT involved abiotic stress responses to neutralise salinity, osmotic,
nitrosative/oxidative, herbicidal, and acidic stress, which are predisposing environmental
factors in decline disease (Denman et al., 2022). It has been demonstrated previously that
highly acidic soils are known to contribute to AOD symptoms (Brown et al., 2018), especially
in parkland systems where many of the strains in the present study were isolated from. A
small number of zinc heavy metal resistance genes responsible for L. adecarboxylata MO1s
plant growth-promoting association (Kang et al., 2021) were identified in all species, although
most of the heavy metal resistance genes were related to iron. Few differences could be seen

between the Leclercia and Silvania gen. nov. species although H4N4™ had more alignments
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and the largest number of PGPTs identified. However, given their highly conserved AAl values

of 90 — 91 %, this is unsurprising and a further implication of their phylogenetic relatedness.
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Figure 46: Krona plot representation of the major plant growth-promoting traits found in Silvania hatchlandensis sp. nov. (H19S6T) and
Silvania confinis sp. nov. (H4N4T). Identification of PGPTs was performed by BlastP and HMMER annotation against the PGPT-BASE. Text
files of the annotation were downloaded, and Krona plots were made using the 'ktimportText’ command in Bioconda. Depth of annotation
is shown to level three of six, excluding pathways, gene names and accession numbers. QSR = Quorum sensing response, CER = Cell envelope
remodelling, EPS = Exopolysaccharide production, PIMS = Plant immune system stimulation and ISR = Induction of systemic resistance.
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Figure 47: Krona plot representation of the major plant growth-promoting traits found in Leclercia adecarboxylata (H10E4) and Leclercia
tamurae sp. nov. (H6S3T). Identification of PGPTs was performed by BlastP and HMMER annotation against the PGPT-BASE. Text files of the
annotation were downloaded, and Krona plots were made using the 'ktImportText’ command in Bioconda. Depth of annotation is shown to
level three of six, excluding pathways, gene names and accession numbers. QSR = Quorum sensing response, CER = Cell envelope

remodelling, EPS = Exopolysaccharide production, PIMS = Plant immune system stimulation, ISR = Induction of systemic resistance and ABAD
= Abscisic acid degradation
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The assessment made for each strain annotated genome comparison against plant bacterial
only interaction factors (proteins) or PIFAR, suggested that the novel species were all capable
of interaction with plants, but the identified interaction factors were related to virulence.
Between 31 — 32 % of factors were toxins (syringomycin and toxoflavin), 17 — 19 % were
exopolysaccharides (namely amylovoran), 8 — 9% of Silvania gen. nov. and 11 — 12 % of
Leclercia factors were for detoxification (of plant compounds such as isothiocyanate), and ~15
% were adhesion and metabolism genes. Between 0.6 — 0.9 % (Leclercia) and 2 % (Silvania
gen. nov.) of the identified bacterial plant interaction markers were PCWDE which are key
markers of phytopathogens. The features identified through PIFAR such as EPS, toxins and
PCWDE implicate the novel isolates as having pathogenic potential. These genes products are
associated with the invasion, colonisation and degradation of plant tissue (Toth, Pritchard and
Birch, 2006). However, many of these genes are also used by PGPB for the colonisation of
plants, where they continue to have a positive effect. Nonetheless, the identified
pathogenicity traits complicate the potential role of these isolates as PGPB concerning oak

(Monteiro et al., 2012).

Results from the comparison to the virulence factor database (VFDB), however showed 126 -
140 proteins from the novel strains were aligned to known virulence proteins from other
pathogens with the vast majority related to motility, immunomodulation and adhesion. Some
T6SS effector delivery system proteins were identified, although no complete set of the
assembly proteins and no secreted effector proteins were identified in the alignments. These
results imply that the novel isolates have low pathogenic potential, or if they are pathogenic

they possess novel ability which cannot be identified through database comparison.

Overall, it can speculate that these isolates may have a positive role in the rhizosphere
through several important direct PGPT genes such as heavy metal detoxification,
biofertilisation and phytochemical signalling which all aid plant growth and resilience.
Alongside gene products with/predicted to have direct effects are other positive PGPTs such
as stress relief for osmotic, heat, salinity and competitive exclusion genes which indirectly
benefit plants. However, based on the alignments made in both the VFDB and through the
PIFAR database the novel isolates here all contain genes related to virulence such as motility,
adhesion, and Immune modulation genes. These genes could implicate a potential for

pathogenicity, although all genes identified could also be utilised by PGPB for colonisation of
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the plant endosphere. While it cannot be concluded on the precise role these isolates play in
this niche, it is probable based on comparison to L. adecarboxylata MO1, that the novel
strains isolated in the present study promote plant growth through their action in the

rhizosphere, especially in relation to heavy metal detoxification (Kang et al., 2021).

5.3. Conclusions
Based on the genomic, genotypic, chemotaxonomic and phenotypic data this body of work
represents the isolation and identification of eight new species and two new genera. The full
protologs including the emended genus descriptions for Leclercia and Scandiavium can be

found in the Supplementary data file, along with the three related publications.

5.4. Discussion
The work presented in this chapter shows the application of the polyphasic taxonomic
approach to eight new species spread over four genera, two of which are novel. Individually
much can be said about each of the genera, but these conclusions are better left to their
respective publications. Instead on a general level this chapter demonstrates how little is
known about the oak rhizosphere microbiome. This study utilised specific enrichment of one
family of bacteria leading to the recovery and identification of eight new species. Altered
enrichment of other families could lead to the identification of numerous other new species
and genera. Within this work a group of potentially novel plant pathogens have been isolated,
which also appear to be present in weeping lesions on other broadleaf hosts, namely Tilia,
from which a novel species Brenneria tiliae has recently been isolated (Kile et al., 2022). This
has also led to the isolation of a potentially interesting group of novel PGPB that appear to be
predominantly associated with the healthy oak rhizosphere. Based on the computational
analysis performed in this work both groups of bacteria deserve further attention based on
their ability to interact with plants. The novel Leclercia species offers the most interesting
avenue for bioremediation, especially considering the ability of Leclercia adecarboxylata MO1

to reduce cadmium stress when applied to other plants (Kang et al., 2021).

One of the biggest contributions of this chapter is the clarity given to some rarely isolated
genera. The identification of the novel genus Dryocola, has begun to elucidate a relation
between Cedecea, a rarely isolated group of human pathogens, and Buttiauxella, a widely

distributed and commonly isolated group of bacteria which have been recorded playing the
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role of pathogens in humans and PGPB in the rhizosphere of several plants (Wu et al., 2018;
Farmer, 2015; Ferragut, lzard and Gavini, 1981). Likewise, the addition of new species of
Leclercia and Scandinavium help reveal the taxonomic position of these infrequently isolated
genera, that show low similarity to even their closest taxonomic neighbours. Furthermore,
the addition of the new genus Silvania, combined with the novel species of Leclercia have
highlighted the incorrect taxonomic identification of the species Leclercia pneumoniae, which
itself appears to be a novel, single species genus. Hopefully with the addition of these
bacteria, further clarification the order Enterobacterales has been granted and new closely

related species and genera will be more clearly defined.
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Chapter 6. Long Read 16S
rRNA Gene Sequencing of the

Oak Rhizosphere Microbiome
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6.1. Introduction:
The rhizosphere represents the primary point of contact between plants and soil, and so plays
an essential role in plant health (Yu et al., 2019). Microorganisms can have both positive
effects, through nutrient mobilisation and phytohormone production as well as antagonistic
roles as potential phytopathogens (Raaijmakers et al.,, 2009). The holistic approach to
understanding which bacteria are present or absent in specific rhizosphere samples has
become the standard approach in recent years. This is especially apparent within agriculture
where soil microbiomes can be significantly altered by crop management practices with
equally significant effects on crop yield (Li et al., 2017). However, generally little information
is known about how different changes alter the complete soil microbial taxa (Fadiji, Kanu and

Babalola, 2021).

The use of whole community comparison allows the discrimination of differences in the
microorganisms present, highlighting taxa that are overrepresented in one scenario in
comparison to another (Fadiji and Babalola, 2020). This has led to breakthroughs concerning
AOD, including the discovery of the shift in the endophytic microbiome of oaks suffering from
diseases. Both 16S rRNA gene metabarcoding and a multi-omics approach have identified two
distinct microbiomes correlating to oak health (Broberg et al., 2018; Sapp et al., 2016).
Recently, community analysis of rhizosphere samples revealed that these differences are not
limited to the endophytic oak microbiome. For example, healthy oaks presented non-extreme
soils with neutral to slightly acidic pH, moisture content, avaliable carbon and nitrogen and a
multitude of bacteria that can provide benefits to the host. Meanwhile, low and mid-stage
AOD oaks exhibited lower soil pH and their microbial composition differed significantly from
healthy oaks (Pinho et al., 2020). However, these findings were limited to family-level
identifications, allowing some broad conclusions based on the majority function of
microorganisms at this level but not differentiation based on species-level function. However,
they have been further supported by the findings that ammonia-oxidising bacteria (AOB) are
significantly associated with asymptomatic oaks and like the previous study this association
was correlated with soil pH. Interestingly, denitrifying bacteria did not follow the same
correlation but instead were influenced by the soil C:N ratio and the abundance of AOB. This
highlighted the potential to utilise specific bacteria to reduce stress on declining oaks by

altering C:N ratio and deacidifying soils (Scarlett et al., 2021).
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Given these findings does the rhizosphere community influence the decline spiral in which
less beneficial rhizosphere microbiomes limit the ability of a tree to respond to negative
environmental stimuli? Or does the health status of the tree directly affect the composition
of microbial life that its rhizosphere can host? Considering host root exudates significantly
shape the community structure of bacteria in the rhizosphere, it is reasonable to expect the
latter. Plants sink up to 20 % of their photosynthetic net gain into the soil, which comes at a
significant cost to the plant which appears to continuously secrete exudates and low-weight
anti-microbial compounds under regulation (Olanrewaju et al., 2019). Stressed trees,
however, are known to store carbon. For example, in Norway spruce when net carbon gain is
lower than amount utilised, carbon will be preferentially allocated to non-structural carbon
reserves (Huang et al., 2021). Interestingly the deposition of high amounts of carbon-based
root exudates is associated with young plants, while more mature plants use this carbon in
their shoots (Pausch and Kuzyakov, 2018). Moreover, abiotic stress which contributes to the
predisposing stage of AOD has well-recorded changes in root exudates and as such the
composition of the rhizosphere microbiome (Vives-Peris et al., 2020). From these studies,
speculation can be made that the health status of the tree will in some way influence the
rhizosphere microbiome and there will be a distinguishable difference between healthy and

diseased tree rhizospheres.

But what is the most appropriate method to observe the bacterial rhizosphere and compare
them between samples? Previous studies have utilised several different sequencing methods
(Fadiji and Babalola, 2020). Of these, PCR amplification and sequencing of genes with
different sequence compositions have been routinely used to evaluate microbial species
diversity in samples. The 16S rRNA gene has been the gold standard of prokaryotic
identification, in part due to its presence in most bacterial, archaeal, and mitochondrial
genomes (Gray, 2012; Acinas et al., 2004). Sequencing is generally performed on one of the
nine hypervariable regions (Bartram et al., 2011) followed by alignment against a 16S rRNA
gene database, such as the SILVA ribosomal RNA gene database project (Quast et al., 2013).
However, in more recent years as technological advances in DNA sequencing have reduced
the price of sequencing, whole genome shotgun metagenomics has gained favour. Total DNA

is extracted from the sample and then fragmented, these fragments are sequenced and
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aligned against other databases such as RefSeq (O’Leary et al., 2016) or GenBank (Benson et
al., 2013).

While both methods are frequently used to investigate complex environmental microbiomes,
there are pros and cons to each approach. A metastudy utilised National Ecological
Observatory Network data to compare 16S rRNA gene amplicon sequencing to whole genome
shotgun (WGS) metagenomics. Both sequencing methods identified highly similar bacterial
phyla, but WGS identified the microbes with higher resolution while also allowing the
identification of less dominant members of the microbiome (Brumfield et al., 2020). However,
the high biodiversity of WGS can lead to insufficient sequencing depths, which in turn requires
more reads for an already expensive process. This biodiversity goes further than the
prokaryotic scope of this study, covering all eukaryotic, viral and fragmented relic DNA
present as well, which in turn requires further sequencing depth (Semenov, 2021). The level
of sequencing required in a sample is immense with studies showing that even 300 Gbp of
sequencing data was still not sufficient to represent deep coverage of the soil community
(Prosser, 2015). So, while WGS metagenomics is the superior method in the assessment of
the microbial community analysis, it was both beyond the scope and financial range of this
study. As such 16S rRNA gene sequencing was both the suitable and affordable choice for the

assessment of the bacterial community composition of oak rhizosphere soil samples.

However, 16S rRNA gene sequencing is limited in its ability to reach species-level descriptions.
Traditional sequencing focuses on one to several of the nine hypervariable regions in the
~1500b bp gene, with different combinations of the hypervariable regions performing better
based on sample origin and or study focus (Sirichoat et al., 2021). However, the full 16S rRNA
gene sequence can provide high taxonomic resolution, to both species and strain levels
(Johnson et al., 2019). A comparisons of species identified from the same dataset for each

hypervariable region compared to the full gene can be seen below (Figure 48).
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Figure 48: Phylogenetic trees on the identified taxonomy for each variable region (V1-9) of
the 16S rRNA gene. The colour of each branch correlates to the percentage of sequences
within each clade that were not identified at the species level. The figure is adapted from the
results presented by Johnson et al., 2019.

These results are not isolated, with species-level findings seen in studies assessing microbial
diversity in anaerobic digesters and the spatiotemporal effect of bacterial communities in
polluted estuaries (Hongxia et al., 2021; Lam et al., 2020). However, to obtain the full 16S
rRNA gene many utilise PacBio long-read sequencing, which is prone to error rates higher
than short-read sequencing, with a singular long-read error rate for PacBio 1 being around 11
- 15 % (Rhoads and Au, 2015) though PacBio sequel Il sequencing offers better accuracy this
comes with a price increase. How can full 16S rRNA gene sequencing for species-level

bacterial identification with low error rates be achieved?

An emerging method is synthetic long read (SLR) sequencing, which was first commercialised
in 2014, though was not compatible with amplicon sequencing due to the use of DNA

identifiers assigned to a well with multiple molecules. More recent SLR methods have since
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utilised unique molecular identifiers that allow each molecule to be identified during
sequencing (Jeong et al., 2021). Loop Genomics published their commercially available option
showing error base rates of 0.005 % over full-length 16S rRNA genes, allowing for species
identification from complex samples and exact sequence variant identification in mock
microbial communities (Callahan et al., 2020). Likewise, an independent study showed that
the use of SLR 16S rRNA gene sequencing was a suitable tool for investigating complex
microbiomes such as the gut microbiota in comparison to the V3-V4 variable region, achieving

species-level identification (Jeong et al., 2021).

As such, in the scope of this study identification of the bacterial composition of the oak
rhizosphere the 16S rRNA gene is more suitable than WGS. To overcome the main limitation
of 16S rRNA gene sequencing (obtaining species-level delimitation) SLR sequencing was
utilised, which provides a low error rate. It was expected that the AOD symptomatic
microbiome would show siginificantly reduced alpha and beta diversity in comparison to the
healthy oak microbiome, due to the inability of the tree to support a healtheir more diverse
bacterial community. As such this work aimed to used SLR sequencing to compare the
microbiome of healthy and disased oak. This data then would highligh differences in the
abundance and diversity of healthy vs diseased oak micobiomes. Differences identified at the
species level were then be used to inform distinct differences in specific bacterial presence
and absence between diseased and healthy oaks, along with their associated protein

pathways and known environmental roles to infer effects on oak health.

6.2.Results

6.2.1. Whole Site Composition

When comparing samples based on location and health, the difference between woodland
and parkland (site) samples shows the largest effect. For each level of increase in taxonomic

rank the shared features become fewer and the unique taxa larger (

Table 33). Similar effects can be seen in comparisons of woodland healthy to woodland
diseased, and parkland healthy to parkland diseased although they are significantly smaller,

with each taxonomic rank continuing to share features. The least different of the comparisons
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is the complete healthy to diseased, which share the highest number of features and lowest
number of unique features, demonstrating the inability to combine the woodland and

parkland samples based on health status.

Table 33: The number of shared and unique taxa identified at each taxonomic rank between
different paired comparisons. The averaged taxonomic compositions of the microbiome
taxonomic OTU identifications were used for each set of sample divisions. The estimated
taxonomic composition of taxa was set to 1.0 % to remove OTUs that made up less than 1.0
% of the overall microbiome composition. The more closely related a sample the more shared
identifications are seen between each comparison, while further distance between samples
is indicated by the unique OTUs at each taxonomic ranking.

Woodland (W) & | Healthy (H) & | Woodland Healthy | Parkland Healthy

Parkland (P) Diseased (D) (WH) & Woodland | (PH) & Parkland
Diseased (WD) Diseased (PD)
Shared | Unique Shared Unique Shared | Unique Shared | Unique
OTUs OTUs OTUs OTUs OTUs OTUs OTUs OTUs
Taxa W &P w P H&D H D WH & |WH |WD|PH & |PH |[PD
WD PD
Phylum | 5 1 1 6 0 0 5 0 1 7/ 1 0
Class 11 2 5 16 0 0 13 0 1 15 0 1
Order |11 5 7 19 0 0 17 1 2 18 0 0
Family | 11 8 9 21 2 2 18 1 5 16 2 1
Genus |7 18 |11 | 24 2 0 21 4 3 17 3 2
Species | 0 14 |13 |6 2 4 7/ 6 4 6 2 6

The differences between the sequencing results are visually represent below in the Krona

plots (Figure 49 — Figure 54). The site classification exhibits the most differences seen in the
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date with the most abundant taxa in parkland being Acidobacter accounting for 26 % of the
bacteria identified, while the Proteobacteria are the largest phylum in the woodland
dominating 39 % of the identified bacteria (Figure 49 and Figure 50). Other visually apparent
differences include the Firmicutes and Verrumicrobia which are abundant phyla in the
parkland making up 15 and 6 % respectively, while in woodland samples they constitute a
smaller 4 and 1 % of the site-level identifications. Even within specific phyla, the differences
are striking, for example, the Proteobacteria which dominate the woodland are mainly
formed of the Alphaproteobacteria, more specifically the Bradyrhizobiaceae of the
Rhizobiales. Meanwhile, in parkland samples, the distribution between the Alpha, Beta and
Deltaproteobacteria is more even. Within the Alphaproteobacteria the Bradyrhizobiaceae are
still the most abundant (44 %), but the Hyphomicrobiaceae are also highly abundant at 27 %

while they constitute only 2 % in woodland samples.
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Figure 49: Krona plot of the woodland OTU identifications from the EzBiocloud Pipeline. Samples are organised by the abundance with red
samples on the bottom left of the plot being the most abundant, going clockwise showing a decrease in abundance, samples take the same order
of taxa from phylum to family level. The interactive plot can be accessed through the link in Suppl. Table. S5.
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Figure 50: Krona plot of the parkland OTU identifications from the EzBiocloud Pipeline. Samples are organised by the abundance with red
samples on the bottom left of the plot being the most abundant, going clockwise showing a decrease in abundance, samples take the
same order of taxa from phylum to family level. S The interactive plot can be accessed through the link in Suppl. Table. S5.
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The healthy and diseased woodland samples Krona plots demonstrate how little variation can
be observed between the samples based on health status (Figure 51 and Figure 52). Some
minor differences can be seen between the percentage abundance of these bacteria, with the
Bradyrhizobiaceae taking a larger proportion of diseased samples, with the difference being
a higher abundance of some other taxa in the healthy samples. The most notable difference
is the 9 % representation of the Planctomycetes in diseased samples and the 6 %
representation in the healthy samples, demonstrating how similar the composition of the

samples was.
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Figure 51: Krona plot of the woodland healthy OTU identifications from the EzBiocloud Pipeline. Samples are organised by the abundance with
red samples on the bottom left of the plot being the most abundant, going clockwise showing a decrease in abundance, samples take the same
order of taxa from phylum to family level. The interactive plot can be accessed through the link in Suppl. Table. S5.
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Figure 52: Krona plot of the woodland diseased OTU identifications from the EzBiocloud Pipeline. Samples are organised by the
abundance with red samples on the bottom left of the plot being the most abundant, going clockwise showing a decrease in abundance,
samples take the same order of taxa from phylum to family level. The interactive plot can be accessed through the link in Suppl. Table.
S5.
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The final Krona plots show a larger variation in taxonomic comosition can be seen between
healthy and diseased trees in the parkland (Figure 53 and Figure 54) than those seen in the
woodland trees (Figure 51 and Figure 52). First, the diseased samples show their largest
phylum to be the Actinobacteria, while healthy samples show Acidobacteria to be their most
abundant phylum. The composition of Proteobacteria is nearly identical between the two
samples at 20 %, but the Firmicutes show a larger representation in healthy samples at 16 %
while in diseased they only constitute 10 %. Finally, the difference between Verrucomicrobia
and Planctomycetes demonstrates the variable nature of the samples with them being 9 and

3 % of phyla in parkland diseased and 4 and 5 % of phyla in parkland healthy.
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Figure 53: Krona plot of the parkland healthy OTU identifications from the EzBiocloud Pipeline. Samples are organised by the abundance with
red samples on the bottom left of the plot being the most abundant, going clockwise showing a decrease in abundance, samples take the same
order of taxa from phylum to family level. The interactive plot can be accessed through the link in Suppl. Table. S5.
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Figure 54: Krona plot of the parkland diseased OTU identifications from the EzBiocloud Pipeline. Samples are organised by
the abundance with red samples on the bottom left of the plot being the most abundant, going clockwise showing a decrease
in abundance. The interactive plot can be accessed through the link in Suppl. Table. S5.
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6.2.2. Diversity Statistics:
The limited difference between samples is highlighted by the alpha diversity (Figure 55).
Species richness performed via Chaol analysis showed no significant difference between any
of the samples based on the different groups. The non-parametric Shannon diversity index,
which similarly showed no significant difference between any sample. Using significance to
identify the relationship between samples highlights a trend in which the lowest amount of
difference is seen between the two diseased samples, then between the two woodland
samples, next between the two healthy samples and finally the largest difference between
the two parkland samples. Phylogenetic diversity however was shown to be significant
between both woodland and parkland diseased samples when compared with parkland

healthy samples, indicating an important change between the two based on health status.
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Figure 55: The alpha diversity statistics taken for the whole site comparisons, with health as
the separator. Chaol indicated the species richness observed in the samples with no
significant difference identified (P > 0.05). The non-parametric Shannon diversity index
(NPShannon) was used, with significance being identified by P <0.05, again no significance
between any of the comparisons was identified. Phylogenetic diversity was also assessed, and
significance bars were included here as significance where P < 0.05 was identified between
the woodland diseased and parkland healthy samples and parkland diseased and parkland
healthy samples.

The beta diversity statistics, presented through an unweighted UniFrac principal coordinate
analysis (PCoA) also revealed interesting trends in the data. The PCoA analysis for the full site
data in which a clear separation based on the location of samples is apparent, being clearly
presented by the 1%t PC, though sample H19 does appear to cluster closer to the parkland

samples rather than the woodland samples it is associated with (Figure 59). Furthermore, the
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distribution of woodland samples is much larger than parkland samples, indicating a higher
level of spread identified in the analysis. the lack of relation based on health status of the
woodland samples in comparison with each other is clear in the PCoA, they are highly
dispersed with no clear clustering, highlighting the lack of relation between samples (Figure
57). However, differences based on health may be more apparent in parkland samples which
show a clearer clustering and distance based on disease status (Figure 58). Healthy samples

cluster in a similar fashion but with a higher 2" Principal Coordinate than diseased samples.

Principal coordinates analysis
[UniFrac, Species, Include Unclassified OTUs (Reads)]

2nd PC (8.728 %)
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g

-0.40 -0.35 -0.30 -0.25 -0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 Q.25 Q.30
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Figure 56: The beta diversity unweighted UniFrac principal coordinate analysis including
unclassified reads for the full site analysis. The 15 PC with the largest effect separates samples
based on location while the second PC appears to separate samples based on identity (tree
of origin). Health is poorly represented in the principle co-ordinates with low separation being
shown.
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Figure 57: The beta diversity unweighted UniFrac principal coordinate analysis including
unclassified reads for the woodland diseased and woodland healthy. The 1%t PC with the
largest effect separates samples based on identity (tree of origin) while the second PC appears
to separate samples based on health. Sadly despite the well represented distribution of the
principal co-ordinates (65 %) low clustering based on the metadate given is seen.
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Figure 58: The beta diversity unweighted UniFrac principal coordinate analysis including
unclassified reads for the parkland diseased and parkland healthy. The 15t PC with the largest
effect separates samples based on identity (tree of origin) while the second PC appears to
separate samples based on health. Despite a low coverage of the principal co-ordinates good
clear clustering of samples based on the metadata is seen, with healthy and diseased samples

separating clearly.

The unweighted pair group method with arithmetic mean (UPGMA) clustering tree shown
also supports the PCoA results, demonstrating that woodland and parkland samples cluster
separately, excluding H19 which clusters within the parkland samples (Figure 59). The tree
also shows that the clustering of parkland samples appears to be based on health status

rather than on their paired sample. For example, H2 and H8, and H6 and H4 are closely related

and H5, H7, H3 and H9 similarly show a close relationship. Meanwhile, the woodland samples
show random dispersal neither based on health status nor tree pairings.
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Figure 59: UPGMA unrooted UniFrac tree representation of the phylogenetic clustering of all
samples. Parkland diseased samples are shown in yellow, parkland healthy in red, woodland
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diseased in green and woodland healthy in blue. Paired samples are H1 and H2, H3 and H4
and so on.

6.2.3. LEfSe analysis:
Linear discriminant (LDA) effect size (LEfSe) analysis was used to identify taxonomic
biomarkers and functional biomarkers (proteins) with a P value < 0.05 to determine where

differences arose for groupings.

Woodland and Parkland

The differences between site-level samples were highlighted further by identifying 718
species-level bacteria significantly associated with either woodland or parkland rhizosphere
samples. Likewise, LEfSe analysis was used to identify functional biomarkers with a statistical
difference (P < 0.05) via phylogenetic investigation of communities by reconstruction of
unobserved states (PICRUst) between sites. The identification of 419 functional biomarker
genes, indicates that the differences seen at the species level are also likely mirrored in the
hypothetical function of those species. Due to the number of identified genes, a precise
understanding of these differences remains difficult. However, interesting virulence features
such as secretion systems could be manually searched for. Type Ill Secretion System (T3SS)
proteins were shown to be significantly associated with parkland samples. Several other
secretion system proteins were also found to be significantly associated with parkland
rhizosphere soil microbiomes. No significant difference was identified in any module through
the LEfSe PICRUSt analysis. The valine, leucine and isoleucine degradation pathways were
found to be the only significantly different pathways between woodland and parkland

samples.

Woodland Healthy and Woodland Diseased

Twenty-one differentially abundant bacteria could be identified, five of which appeared to
show an association with the healthy rhizosphere samples, while the remaining 16 bacteria
associated with diseased rhizosphere samples. Unlike the site-level comparisons, only one of
the taxonomic biomarkers was specifically associated with just one healthy sample which was
an unclassified member of the Paenibacillus. Likewise, LEfSe PICRUSt analysis was also
performed, which identified 12 differentially associated proteins, though all showed P values
around 0.047, which was near the cut-off. Of these 12 identified proteins, Salmonella plasmid

virulence protein B appears the most relevant to pathogenicity, with a weak association to
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woodland diseased trees. The cytochrome b6f complex was shown to have a low association

with diseased rhizosphere samples.

Parkland Healthy and Parkland Diseased

Differences between the parkland healthy and diseased samples were observed with 107
differentially abundant bacteria being identified. Of 107, only nine appeared to be
significantly associated with diseased samples. Those significantly associated appeared to be
members of the Gaiellaceae, Acidimicrobiaceae, Nocardioidaceae and Vicinamibacter though
the significance was small with P = 0.0472. Furthermore, though they showed a larger
association with diseased samples, they were still seen to be present in healthy samples. On
the contrary, healthy rhizosphere samples contained the remaining 98 differentially abundant
bacteria, 39 of which were exclusively associated with healthy samples including species
belonging to Luteolibacter, Porphyrobacter, Gemmata and Paenibacillus. LEfSe PICRUSt
analysis of functional biomarkers identified 20 orthologous proteins, which were all
associated with parkland diseased samples. The proteins identified seemed of little impact on
plant health aside from the accessory colonization factor AcfA. The Type Il general secretion
module was the only feature to be identified as differentially abundant and was associated
with healthy rhizosphere samples. Likewise, the only pathway that was identified was the
Vibrio cholerae biofilm formation pathway, which was also significantly associated with

healthy rhizosphere samples.

6.2.4. PERMANOVA results
To look for statistical significance between each of the groups, permutational multivariate
ANOVA (PERMANOVA) was performed for pairwise comparisons (Table 34). The largest
significance was seen between woodland and parkland samples with a P value of 0.001 being
recorded, for the full site data sets as well with further qualifiers of diseased and healthy. As
previously indicated, woodland healthy pairwise comparison to woodland diseased samples
was non-significant (P = 0.547). However, the parkland healthy pairwise comparisons to
parkland diseased samples showed a small significance value (P = 0.045). The Pseudo-F values
also provided information with site samples separated on health status having the smallest
effect. The largest effect was between woodland healthy and parkland diseased, with both
woodland samples showing a smaller effect size than parkland healthy, indicating a similar

dispersal.
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Table 34: The PERMANOVA results for each pairwise comparison from the full site datasets,
including the Pseudo-F and g values. The number of permutations was set at 999 and
significant P-values (< 0.05) they are indicated by *.

Pair 1 Pair 2 pseudo-F P-value g-value
Healthy Diseased 0.350 0.884 0.884
Parkland Woodland 20.796 0.001* 0.001
Woodland
0.896 0.547 0.547
Woodland Healthy
Diseased Parkland
17.87 0.001* 0.0015
Diseased
Parkland Healthy | 16.525 0.001* 0.0015
Woodland Parkland
27.387 0.001* 0.0015
Healthy Diseased
Parkland Healthy | 25.698 0.001* 0.0015
Parkland
Parkland Healthy | 2.346 0.045* 0.054
Diseased

6.2.5. Parkland paired samples
While the site-level results are interesting, it is difficult to draw meaningful conclusions from
the soil over such a large area due to the known heterologous nature of soil over large spatial
differences. This study was designed to consider both site-level differences and see if these
differences are present in paired trees, where spatial variation is minimalised. As such re-
analysis of the paired trees using the same SLR 16S rRNA gene data was performed to

understand individual differences.

Samples parkland diseased H1 and parkland healthy H2

The numbers from the composition of the microbiome show divisions between the paired
trees in which parkland healthy tree H2 supports a more diverse range of bacteria, while
parkland diseased tree H1 shows less diversity and a higher abundance of specific groups at

a range of taxonomic ranks, this is demonstrated through the unique taxa numbers in Table
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35. The Krona plots in show the vast difference in composition between samples, with the

distribution of the top three phyla being different between the two samples (Figure 60).

Table 35: The number of shared and unique taxa identified at each taxonomic rank for paired
parkland samples parkland disease H1 and parkland healthy H2. Averaged taxonomic
compositions of the microbiome taxonomic profiles were used with the estimated taxonomic
composition of taxa set to 1.0 %.

Taxonomic Rank Shared taxa Unique to parkland | Unique to parkland
diseased (H1) healthy (H2)
Phylum 9 0 1
Class 14 2 3
Order 19 6 4
Family 16 8 6
Genus 9 6 5
Species 3 7/ 3
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Figure 60: Krona plots of the OTU identifications from the EzBiocloud Pipeline. A = parkland diseased sample H1 and B = parkland healthy sample H2. Samples
are organised by abundance with red samples on the bottom left of the plot being the most abundant, going clockwise showing a decrease in abundance,
coloured from orange-yellow-green-blue. Links to the interactive plots can be found in Suppl. Table S5.
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Figure 61: The alpha and beta diversity stats generated from the parkland disease H1 and
parkland healthy H2 microbiome taxonomic profiles. Both The Chaol and NPShannon
demonstrate that the root regardless of location is the least diverse rich microbiome, with
diseased samples then showing a reduced richness and diversity compared to health samples.
This is also shown in the PCoA with samples type being the 1%t PC and most important feature,
with health status being the 2" PC with a reduced impact.

The diversity statistics reveal new trends in the paired datasets, with exorhizosphere samples
showing higher species richness by Chaol than endorhizosphere samples, though not at
significant levels (Figure 61). Likewise, healthy samples show the slightly higher but non-
significant richness and non-parametric Shannon diversity. The beta diversity shows that a
difference between paired exorhizosphere samples is observable, as is a difference between
endorhizosphere samples, but the largest difference is between the principal coordinate of
soil and root. The PERMANOVA results (Table 36) support this observation as the pseudo-F

value indicated the smallest effect observable is through the soil to soil, then soil to root from
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the same tree, then soil to root from the paired tree. However, none of the P values were

significant, indicating a conserved microbiome dispersal in all samples.

Table 36: PERMANOVA results for paired samples parkland diseased H1 and parkland healthy
H2. The test was performed with 999 permutations and significance was identified if P < 0.05.

Pair 1 Pair 2 pseudo-F P-value g-value
H1 H2 2.050 0.096 0.096
H1 Soil H1 Root 6.046 0.101 0.1212
H2 Soil 3.880 0.101 0.1212
H2 Root 9.456 0.101 0.1212
H1 Root H2 Soil 6.405 0.091 0.1212
H2 Root 3.442 0.333 0.333
H2 Soil H2 Root 6.434 0.101 0.1212

However, differences between the samples could still be identified and as such 453
differentially abundant taxa were identified by LEfSE analysis. Of these identifications, 242
were at the species level and 142 of those differentially abundant species were significantly
associated with rhizosphere samples of healthy trees. More importantly, unlike in the
grouped LEfSE analysis, PGPB can be identified in each pairing, but their roles appear to differ
somewhat. For example, Chrysolinea, Gaiella and large amounts of Planctomycetaceae
appeared associated with healthy rhizosphere sample H2. Meanwhile, the diseased
rhizosphere showed more associations with Solibacter, Mycobacterium, and Streptomyces.
LEfSE analysis also identified 104 functional biomarkers, of these 23 were associated with
parkland diseased H1 including MFS transporter, DHA1 family, multidrug resistance protein,
carboxylesterase 1 and beta-lactamase class C, all of which play important roles in antibiotic
resistance. Parkland healthy H2 showed a larger number of associated proteins, with those of
interest including the beta-lactamase class C, Enterobactin, and a type IV secretion subsystem

protein.
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Samples parkland diseased H3 and parkland healthy H4

Samples H3 and H4 represent interesting, paired trees in which a large proportion of the

microbiome composition above 1 % is consistent between trees, while a small but equal

distribution of tree-specific taxa can be observed at each phylogenetic level as shown in Table

37. The korona plot visually represents the high level of similarity seen between parkland

diseased tree H3 and parkland healthy tree H4 thought the most abundant taxa are different

they are proportionally the same between samples (Figure 62).

Table 37: The number of shared and unique taxa identified at each taxonomic rank for paired
parkland samples parkland diseased tree H3 and parkland healthy tree H4. Averaged
taxonomic compositions of the microbiome taxonomic profiles were used with the estimated

taxonomic composition of taxa set to 1.0 %.

Taxonomic Rank Shared taxa Unique to parkland | Unique to parkland
diseased (H3) healthy (H4)
Phylum 9 0 1
Class 15 2 3
Order 26 4 4
Family 21 5 5
Genus 11 3 4
Species 2 5 4
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Figure 62: Krona plots of the OTU identifications from the EzBiocloud Pipeline. A = parkland diseased sample H3 and B = parkland healthy sample H4.
Samples are organised by abundance with red samples on the bottom left of the plot being the most abundant, going clockwise showing a decrease in
abundance. Links to the interactive plots can be found in Suppl. Table S5.
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Figure 63: The alpha and beta diversity stats generated from parkland disease tree H3 and
parkland healthy tree H4 microbiome taxonomic profiles. Both The Chaol and NPShannon
demonstrate that the root regardless of location is the least diverse rich microbiome, with
diseased samples then showing a reduced richness and diversity compared to health samples.
This is also shown in the PCoA with samples type being the 1t PC and most important feature,
with health status being the 2" PC with a reduced impact.

The diversity plots show similar information to those of parkland diseased H1 and parkland
healthy tH2 in Figure 61 with both soil samples show the highest species richness and diversity
observations, though the roots of diseased parkland tree H3 show a higher average richness
and diversity than those of parkland healthy H4 (Figure 63). Again, no significant difference
can be identified through the alpha diversity statistics, indicating similarity in all samples. The
beta diversity plot again shows that the biggest observable difference is between the root
and soil components of the samples. However, this time there is no clear separation between

the diseased and healthy samples as there was in the first pairing. The soil samples show
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almost identical coordinates, and the root samples show a clustering due to a lower first
principal coordinate but otherwise no relation to their respective root sample or the
exorhizosphere soil sample. The PERMANOVA results (Table 38) shows that soil-to-soil
samples and then the root-to-root samples are the most similarly related, followed by a closer
relation of the root sample to the related soil sample than that of the paired tree. Again, no
significance was identified through pairwise comparisons.

Table 38: PERMANOVA results for paired parkland disease samples H3 and the parkland

healthy sample H4. The test was performed with 999 permutations and significance was
identified if P < 0.05.

Pair 1 Pair 2 pseudo-F P-value g-value
H3 H4 0.636 0.636 0.606
H3 Soil H3 Root 4.828 0.101 0.152
H4 Soil 0.404 0.614 0.614
H4 Root 6.700 0.101 0.152
H3 Root H4 Soil 6.009 0.091 0.1512
H4 Root 1.938 0.333 0.3996
H4 Soil H4 Root 7.782 0.101 0.1512

The close relation of the samples shown through the diversity analysis was also revealed
through the taxonomic biomarker comparison which again mirrored the small variation
between trees. One hundred and seven differentially abundant taxa were identified, of these
62 were identified as differentially abundant species, only 14 were associated with the
healthy sample H4, while the remaining 48 were more abundant in the rhizosphere of
parkland diseased H3. Species associated with H4 belonged to Flavitalea, Gemmatimonas and
uncultured members of the Planctomycetaceae. H3 however, showed stronger associations
with Streptomyces, Pseudocardia and Gaiella. The Fufnctional biomarker discovery showed
37 specific proteins assigned to each tree via LEfSe analysis. Twenty-five proteins were
associated with the H3 rhizosphere sample with the remaining 12 showing higher relative

abundance in parkland healthy tree H4. None of the identified proteins in parkland diseased
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H3 showed a clear role in plant health, but parkland healthy H4 had specific associations with
a HlyD family secretion protein which belongs to the Type | Secretion System, and a

membrane fusion protein, multidrug efflux system.

Samples Parkland diseased H5 and parkland healthy H6

Samples H5 and H6 display the most spatial variation of all the paired samples. Despite this,
they demonstrate a remarkably similar microbiome composition as shown in Table 39.
However, H5 does appear to support a larger number of unique taxa at each rank excluding
species, where most of the identifications fall under the 1.0 % estimated taxonomic
composition cut-off value. Again parkland diseased tree H5 and parkland healthy tree H6
demonstrates that there is very few differentially abundant taxa between spatially related
healthy and AOD symptomatic samples (Figure 64).

Table 39: The number of shared and unique taxa identified at each taxonomic rank for paired
parkland samples parkland diseased H5 and parkland healthy H6. Averaged taxonomic

compositions of the microbiome taxonomic profiles were used with the estimated taxonomic
composition of taxa set to 1.0 %.

Taxonomic Rank Shared taxa Unique to parkland | Unique to parkland
diseased (H5) healthy (H6)
Phylum 9 0 0
Class 16 1 0
Order 19 6 1
Family 21 6 )
Genus 14 6 3
Species 7 1 3
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Figure 64: Krona plots of the OTU identifications from the EzBiocloud Pipeline. A = parkland diseased sample H5 and B = parkland healthy sample
H6. Samples are organised by abundance with red samples on the bottom left of the plot being the most abundant, going clockwise showing a
decrease in abundance. Links to the interactive plots can be found in Suppl. Table S5.
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Figure 65: The alpha and beta diversity stats generated from the parkland diseased tree H5
and parkland healthy H6 microbiome taxonomic profiles. Both The Chaol and NPShannon
demonstrate that the root regardless of location is the least diverse rich microbiome, with
diseased samples then showing a reduced richness and diversity compared to health samples.
This is also shown in the PCoA with samples type being the 15t PC and most important feature,
with health status being the 2" PC with a reduced impact.

The previous trend is also seen in the paired comparison of parkland diseased tree H5 and
parkland healthy tree H6 samples, with exorhizosphere soil showing a closer composition to
one another, than to their respective endorhizosphere samples, with the same being true for
the endorhizosphere samples (Figure 65). Soil is richer and more diverse, after which diseased
roots appear to be more species-rich and diverse. Again, no significance was identified, and
the beta diversity showed similar clustering effects, though H5 diseased root samples appear

highly similar, while H6 healthy roots show more spread. The PERMANOVA results in Table
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40 support all the previous statements, with the whole H5 to H6 and then soil to soil showing
the smallest pseudo-F values, though interestingly the H6 root composition showed a slightly
closer relation to the H5 soil, than H6 soil.

Table 40: PERMANOVA results for paired parkland diseased tree H5 and parkland healthy tree
H6. The test was performed with 999 permutations and significance was identified if P < 0.05.

Pair 1 Pair 2 pseudo-F P-value g-value
H5 H6 0.362 0.726 0.726
H5 Soil H5 Root 7.286 0.101 0.152
H6 Soil 0.632 0.53 0.53
H6 Root 6.937 0.101 0.152
H5 Root H6 Soil 7.377 0.091 0.152
H6 Root 1.272 0.333 0.3996
H6 Soil H6 Root 6.991 0.101 0.152

The taxonomic biomarker comparison showed 113 differentially abundant taxa being
identified between disased tree H5 and healthy tree H6. Fifty seven of these differentially
abundant taxa were identified at the species level, of which only seven were associated with
healthy tree H6 while the remaining 50 were associated with disased tree H5. Healthy tree
H6 species were reported as Desulforhopalus sp., Streptomyces canus and Actinoallomurus
coprocola. While disased tree H5 showed larger associations with Defluviicoccus,
Streptomyces and Mycobacterium. The functional biomarkers revealed 40 differentially
abundant proteins, of which 17 were associated with H6 and the remaining 23 with H5. While
proteins associated with H6 showed normal cell regulatory roles, an MFS transporter, ACDE
family and multidrug resistance protein were also seen as significantly associated.
Meanwhile, H5 showed upregulated marker aligning to endoglucanase, a cellulase family

member, and chitinase both of which play degradation roles.
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Samples parkland diseased H7 and parkland healthy H8

Parkland diseased H7 and parkland healthy H8 samples were closely related which appear to
be similar in their taxonomic microbiome composition. From phylum to family level, the two
samples hardly deviate at all in taxa which make up over 1 % of the microbiome (Table 41).
Even at genus and species level, both trees appear to support very similar microbiomes, with
only a small amount of equally spread deviation between the two samples. The krona plots
show that although the samples are similar the dominant phyla are different in each sample,
indicating a larger difference in the composition of samples (Figure 66).

Table 41: The number of shared and unique taxa identified at each taxonomic rank for paired
parkland samples diseased tree H7 and healthy tree H8. Averaged taxonomic compositions of

the microbiome taxonomic profiles were used with the estimated taxonomic composition of
taxa set to 1.0 %.

Taxonomic Rank Shared taxa Unique to parkland | Unique to parkland
diseased (H7) healthy (H8)
Phylum 9 0 0
Class 18 0 2
Order 20 1 1
Family 21 1 1
Genus 13 3 6
Species 4 4 4
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Figure 66: Krona plots of the OTU identifications from the EzBiocloud Pipeline. A = parkland diseased sample H7 and B = parkland healthy sample H8.
Samples are organised by abundance with red samples on the bottom left of the plot being the most abundant, going clockwise showing a decrease in
abundance. Links to the interactive plots can be found in Suppl.table. S5.
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Figure 67: The alpha and beta diversity stats generated from the parkland diseased tree H7
and the parkland healthy tree H8 microbiome taxonomic profiles. Both The Chaol and
NPShannon demonstrate that the root regardless of location is the least diverse rich
microbiome, with diseased samples then showing a reduced richness and diversity compared
to health samples. This is also shown in the PCoA with samples type being the 1t PC and most
important feature, with health status being the 2" PC with a reduced impact.

The alpha diversity results show that healthy soil shows the highest species richness via
Chaol, with diseased soil showing a similar but average number of observations, though the
lowest number of observations in the diseased samples was 750 observations lower (Figure
67). Both the root samples showed similar observations though the diseased showed a slightly
higher average and larger spread. This is supported by NPShannon diversity, which showed

soil samples as more diverse, with parkland diseased tree H7s soil showing a higher average.
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The root samples showed parkland healthy tree H8 had a slightly higher average and lower
deviation between samples, while parkland diseased tree H7 showed large variability
between the number of observations, no significance was identified between any of the
samples. This is echoed in the beta UniFrac PCoA plot which shows a large distance between
H7 diseased root samples. The same effect is seen in the other beta diversity plots in which
the most distinct difference is between the endorhizosphere root samples against the
exorhizosphere soil samples, independent of the tree of origin. H8 healthy soil samples show
lower deviation than parkland diseased H7, though both samples have a high level of
variability. The PERMANOVA results in Table 42 support these conclusions, indicating soil
samples, independent of the tree, have the lowest pseudo-F value, followed by root-to-root
comparisons. Like the PERMANOVA results for parkland diseased tree H5 and parkland
healthy tree H6 in Table 8, H8 endorhizosphere roots show a more similar composition to the
parkland diseased tree H7 exorhizosphere soil samples, with the largest effect in the dataset
being seen between the parkland healthy H8 soil and roots.

Table 42: PERMANOVA results for paired samples from parkland diseased tree H7 and

parkland healthy tree H8. The test was performed with 999 permutations and significance
was identified if P < 0.05.

Pair 1 Pair 2 pseudo-F P-value g-value
H7 H8 0.561 0.572 0.572
H7 Soil H7 Root 4.635 0.101 0.152
H8 Soil 0.834 0.53 0.53
H8 Root 6.534 0.101 0.152
H7 Root H8 Soil 7.758 0.091 0.152
H8 Root 1.346 0.333 0.3996
H8 Soil H8 Root 12.499 0.101 0.152
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Only 78 taxonomic biomarkers were discovered using LeFSE analysis, of these only 42 were
assigned at the species level, with 21 being significantly associated with parkland diseased
tree H7 and 21 being associated with parkland healthy tree H8. H8 healthy samples showed
the largest associations with species belonging to the Gemmataceae, llumatobacter and
Anaerolinaceae, H7 diseased samples meanwhile showed associations with Kribbella,
Variibacter and Streptomyces. The functional biomarker results were limited with 16 proteins
identified, again these were evenly distributed. Parkland diseased tree H7 showed interesting
proteins such as streptomycin 3"-adenylyltransferase which mediates antibiotic resistance
(Prabhu, Vidhyavathi and Jeyakanthan, 2017) and 2'-hydroxybiphenyl-2-sulfinate desulfinase
which is responsible for the hydrolysis release of sulphties which can be pesticides and plant-
growth regulators (Sandler and Karo, 1992). Parkland healthy tree H8 however, presented no
proteins with clear environmental or plant health roles, though a minor pathway for

porphyrin and chlorophyll metabolism was more significantly associated with it.

Samples parkland diseased H9 and parkland healthy H10

The final pairing offers a unique perspective based on their location on the other side of the
parkland area of Hatchlands separated by the woodland which can be seen in the original
sampling map in chapter one (Figure 23). As Table 43 shows, they do differ considerably more
than some of the other pairings, with parkland healthy H10 supporting more unique taxa
above the 1.0 % ETC cut-off than parkland diseased H9 apart from at the species level. This is
also well supported by the krona plots in which diseased tree H9 supports Actinobacteria as
the largest phyla, while the healthy tree H10 supports Proteobacteria, though otherwise, the
order of abundance is very similar between the two samples (Figure 68).

Table 43: The number of shared and unique taxa identified at each taxonomic rank for paired
samples parkland diseased H9 and parkland healthy H10. Averaged taxonomic compositions

of the microbiome taxonomic profiles were used with the estimated taxonomic composition
of taxa set to 1.0 %.

Taxonomic Rank

Shared taxa

Unigue to parkland

Unique to parkland

diseased (H9) healthy (H10)
Phylum 9 0 0
Class 15 7) 4
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Order 19 2
Family 17 6
Genus U 5
Species 3 5
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Figure 68: Krona plots of the OTU identifications from the EzBiocloud Pipeline. A = parkland diseased sample H9 and B = parkland healthy sample
H10. Samples are organised by abundance with red samples on the bottom left of the plot being the most abundant, going clockwise showing a
decrease in abundance. Links to the interactive plots can be found in Suppl. Table S5.
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Figure 69: The alpha and beta diversity stats generated from the parkland diseased tree H9,
and parkland healthy tree H10 microbiome taxonomic profiles.

The diversity statistics show the high level of separation between samples. For both alpha
diversity plots, soil shows the highest species richness and diversity with healthy soil showing
higher richness, but slightly lower diversity. The root samples were less rich and diverse with
H9 diseased roots showing more observations in alpha diversity than H10 healthy roots
(Figure 69). However, none of the identified differences was shown to be statistically
significant, implying a close dispersal between the paired samples. The beta diversity plot

demonstrates the same trend as parkland diseased sample H1 and parkland healthy sample
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H2, with the clearest separation being between roots and soil, but with soil samples forming
two clear clusters based on their tree of origin. The difference between the root samples was
large, highlighting a closer relation to their respective endorhizosphere samples than to the
samples from the paired tree. The PERMANOVA results in Table 44 support the beta plot in
Figure 69 with a nearly statistically significant difference between the samples. When
breaking them down, the clearest relations are the same with soil to soil and then root to root
showing the smallest pseudo-F values, followed by soil to their respective root sample and
finally root to the soil of the paired tree.

Table 44: PERMANOVA results for paired samples parkland diseased H9 and parkland healthy

H10. The test was performed with 999 permutations and significance was identified if P <
0.05.

Pair 1 Pair 2 pseudo-F P-value g-value
H9 H10 1.800 0.055 0.055
H9 soil H9 Root 5.078 0.101 0.1212
H10 Soil 2.821 0.101 0.1212
H10 Root 5.768 0.101 0.1212
H9 Root H10 Soil 6.984 0.091 0.1212
H10 Root 3.052 0.333 0.333
H10 Soil H10 Root 5.839 0.101 0.1212

The differences identified in Figure 69 and Table 44 were reflected in the taxonomic
biomarker analysis which showed 386 differentially abundant taxa. Of these, 219 were
identified at the species level, and of these 122 were predominantly associated with parkland
diseased tree H9 while the remaining 97 were associated with parkland healthy tree H10. H9
showed high associations with Gaiella, Anaerolinea, Gemmata and Mycobacterium, while
H10 showed associations with Solibacter, Koribacter, Caulobacter, Saccharimonas and

Rhizomicrobium. The LEfSe functional biomarker analysis also supported this by the
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identification of 77 significantly differentially abundant pathways, of which 59 were
associated with diseased tree H9 with the remaining 18 being associated with healthy tree
H10. Some of the interesting proteins identified included Type Il secretion inner rod protein
HrpB2, Type IV pilus assembly protein PilC and a cysteine desulfuration protein SufE, all with
association to parkland diseased H9. Meanwhile, parkland healthy tree H10 had a HlyD family
secretion protein (of the T1SS), a methyl-accepting chemotaxis protein and an MFS

transporter, DHA1 family, multidrug resistance protein.

6.3. Discussion:
The work presented in this chapter demonstrates a two-pronged approach to assessing
rhizosphere soil microbiome composition. The first approach is more standardised where
samples are viewed in groups to identify differences between variables at a site level. These
results from this section reveal an interesting trend, in which woodland and parkland samples
show a high level of variation between their microbiome composition. This is to be expected
as different environments are thought to support different bacteria. For example, the
woodland environment was full of different tree species and other floor-based plants with a
layer of debris on the topsoil. This was being actively degraded, and as such the soil was
generally dark brown in colour, loosely packed and full of small decaying plant matter. These
features are indicators of good soil health, which is generally related to diverse and rich
microbiomes (Sokolov et al., 2020). However, this was not reflected in the diversity statistics
for the site comparisons where parkland rhizosphere samples were richer and more diverse.
This could correlate with the humic substances in woodland soil, which can interfere with

sequencing (Sharma et al., 2012; Sutton and Sposito, 2005).

When separating the samples into healthy and diseased woodland and parkland, the
variability and lack of trends in the woodland samples became apparent. This is most likely
due to the higher level of variability in the surrounding environment, because of plant matter
and other plant interactions. As such, the more sterile environment of the parkland appeared
to offer clearer samples to work with. Parkland samples showed a clear separation based on
health status in which the healthy rhizosphere supported richer and more diverse samples,
with a significant difference in the phylogenetic diversity observed between them. Moreover,
the difference was identified by PERMANOVA analysis, though with a small P value of 0.045.

Why a difference would exist here and not at the woodland site is a very interesting point. As
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noted, the woodland samples originated from apparently healthy soil, while the parkland soil
samples were compact, light brown and sandy, containing little decaying matter. Previous
studies at the same site have also shown that the parkland soil is more acidic and lower in
nutrient content (Pinho et al., 2020). Therefore, it is logical for the rhizosphere effect
previously discussed to have larger effects on the microbiome composition of the soil. This is
significant when considering that AOD has been seen to cause severe disruption to tree
exudate profiles (Wiley, 2020). The poor-quality soil may be unable to support rich and
diverse microbiomes alone. Instead, the rhizosphere effect plays an essential role in
supporting the microbiome richness and diversity, and when disrupted notable effects on the
microbiome are then seen. This leads to a primary conclusion that the disease status of oak
plays a role in the rhizosphere composition at the site level, depending on where samples

originate from.

However, site-level comparisons are of questionable relevance, considering the known
heterogeneous nature of the soil, in which small spatial effects have huge effects on
microbiome compositions, which only increase over larger distances. This study was designed
to also observe the effect in paired samples where spatial variation was minimalised. Due to
the cost and work involved, this analysis was limited to the parkland samples where a
difference was identified. To add a further layer of analysis, both endorhizosphere (root) and
exorhizosphere (soil) samples were sequenced to determine how the effect varied over the
whole of the rhizosphere. However, when removing spatial separation, the effects of diseased
and healthy are also diminished. In each pairing, no significance between any sample type
was found for the alpha diversity or PERMANOVA tests performed. However, a trend was
consistently identified in each pairing in which the soil samples were the most diverse and
rich in terms of alpha diversity, but they were also the most related and this was visible in the
beta diversity plots. This shows that by reducing the spatial variation, samples showed a clear
relation. The most interesting outcome of this was that despite the similarity between soil
sample populations, the root samples showed a consistent difference, from each other and
the soil. It is already know that the majority of root colonisers originate from the soil, most
specifically the rhizosphere, and that root exudates affect endosphere colonisers (Compant
et al., 2021). Therefore, two explanations can be inferred for the root sample differences.

Either the original composition of the endophytic composition of the root was different, or
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more likely as it is proven that endophytic colonisers alter with age, that the bacteria recruited
from the exorhizosphere into the endorhizosphere alter based on the tree. This could be
affected by AOD, leading to the altered endosphere rhizosphere microbiome, though further

work would be required to reveal this connection.

One consistently interesting result shown through each of the paired sample analyses is the
differentially abundant species analysis. Though conclusive statements are hard to make from
these results, trees are supporting different bacteria, with potentially significant roles relating
to how they respond to the environment. For example, all diseased rhizosphere samples
excluding parkland diseased tree H9 showed higher correlation to Streptomyces species, a
genus renowned for producing numerous antibiotic substances (Amaresan et al., 2020).
Hypothetically, the Streptomyces strains could be specifically recruited by trees for their
antagonistic effect on deleterious microorganisms, which would be especially beneficial for
weakened trees which are susceptible to infection. A generalisation is harder to make for the
healthy samples as the more abundant species were more unique per tree than those in
diseased, however, genera like Gemmatimonas, Gaiella and Planctomycetaceae were seen as
significantly associated with many healthy root samples. While little is known about
Gemmatimonas, Gaiella and Planctomycetaceae, they are potentially interesting genera.
Gaiella for example has been shown to metabolise complex chemicals in soil, such as
herbicides and has been suggested for bioremediation because of these properties (Pertile et
al., 2021). Likewise, the Planctomycetaceae are unique anaerobic nitrifiers, called ammox
bacteria (Buckley et al., 2006). This could be of significance as nitrogen-cycling bacteria are
known to be associated with healthy oak, and the parkland soil at Hatchlands was previously
shown to be compact, which increases the anaerobic potential of soil (Pinho et al., 2020;

Batey and McKenzie, 2006).

Overall, differences can be seen between the woodland and parkland samples, as well as the
parkland diseased and parkland healthy samples. However, using the paired model analysis
that the study was designed for, the differences between healthy and diseased trees cannot
be observed in paired samples. However, despite the similarity of the exorhizosphere
samples, endorhizosphere samples appear different from the soil and each other, highlighting

a potentially interesting avenue for further investigation. Furthermore, the differentially
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abundant bacteria present in each sample highlight interesting differences, which despite the

lack of statistical significance, might still play important roles in plant health.
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Chapter 7. General Discussion
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The overall aims of this thesis were to identify if rhizosphere soil could function as a reservoir
for the bacteria associated with AOD lesions; isolate and taxonomically classify potentially
interesting novel species of bacteria associated with the oak rhizosphere and assess the
community composition of the oak rhizosphere to see if structural differences exist in
correlation with the health status of the tree. Each chapter in this body of work represents a

contribution to answering these questions.

While the direct impact of Chapter three on the understanding of AOD is very limited, it does
give a rational on how to approach sampling the rhizosphere from start to finish. Currently,
there is no standardised approach to collecting, storing, and processing soil, generating
limitations on the ability to compare separate studies (Barillot et al., 2013). By demonstrating
where variability arises in the sampling process, future studies can utilise the most
appropriate method, minimalizing post-sampling variation and increasing the ability for
comparison to other studies. Sample collection was designed to minimise the effect of spatial
variation on the rest of the study. Two different environments over one site were picked, with
five pairs of healthy and diseased trees being identified, and four samples per tree collected
for each tree. While most studies appreciate the effect of spatial separation in rhizosphere
studies, methods to reduce the effect do not appear commonly considered, and the use of
paired environmental samples to reduce it was not identified in the literature (Vetterlein et
al.,, 2020). Short-term storage of samples was shown to have little effect on the
microorganisms that were recovered, using non-specific methods or the DNA extracted which
has previously been suggested (Lauber et al., 2010). However, the way that soil samples are
processed in the lab was shown to have a significant effect on the CFU and morphotypes of
bacteria isolated as well as the quality and quantity of DNA extracted. While this was
optimised for this work based on these samples and with the equipment available, it only
highlights a portion of the sample collection process that requires standardisation. Further
work would be required, including testing a larger number of soil types, and using further
equipment such as blenders and stomachers to find the best tool for substrate disruption.
Equally important would be to test these methods on different target groups, such as other
families of bacteria, to see if they are broadly applicable or if specific processing methods are
required for different study types. Perhaps the most important contribution of the

optimisation work is the first application of LAMP for the confirmation of rhizosphere soil as
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originating from oak. LAMP has been used for the identification of several different samples
including the identification of plant pathogens as a cost-effective and rapid colour change
system (Pritchard et al., 2016; Czajkowski et al., 2015). As noted in Chapter three, it is not
standard practice to identify where rhizosphere samples originate from, which is of little
surprise as visual root identification requires specialist knowledge and other sequencing
options are both time-consuming and financially unviable for many studies. The rapid
identification method ratifies these concerns while also proving a reliable method to confirm
the identity of root samples. The results for the LAMP section also indicate that this should
be standard practice for rhizosphere studies of a similar nature to this work. Over a third (37.5
%) of rhizosphere samples collected in this study did not originate from oak, without LAMP
identification these samples would have been included in the rest of this work which could
have altered and confounded the study outcomes. Instead, it can say with certainty that the
HRM identifications of AOD bacteria in rhizosphere soil, the novel isolates identified and the
full-length 16S rRNA gene sequencing analysis are all directly related to oak, and any impact
found is specific. As such it would be good practice to make this the standardised approach

to in vivo environmental studies relating to specific plants.

A large meta-study identified that within plant disease research, bacteria appear as the
second largest cause of stress within the biotic stress field (Gimenez, Salinas and Manzano-
Agugliaro, 2018). One issue with plant bacterial diseases is that unlike viruses, which almost
exclusively require an insect vector, transport and dispersal can be through, rain, wind, soil,
seeds/pollen and other biotic factors such as animals, people and insects (Purcell, 2009).
Dispersal of pathogens leads to the infection of a new host, completion of their life cycles,
potential epidemics as well as increased gene flow, causing the evolution of the pathogen
population (West, 2014). As such understanding dispersal is an essential focus for pathologists
as it enables early detection and the ability to influence and control the spread of pathogens.
Within the field of bacterial plant disease, the gram-negative bacteria Erwinia, Pseudomonas
and Xanthomonas are seen as the most destructive, economically important pathogens
(Sharma, Gautam and Wadhawan, 2014). These three genera exemplify the wide range of
dispersal strategies, with Erwinia amylovora being seen to use insect vectors, water, soil and
orchard worker clothes (Santander et al., 2020; Choi et al., 2019; West, 2014). Xanthomonas

is mostly associated with the movement of contaminated plant matter, mainly seeds (An et
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al., 2019), though a portion of its life cycle is spent outside of hosts in the soil where it is a key
member of the rhizosphere microbiome, making up 0.7 — 7 % of the community composition
(Bhattacharyya et al., 2018; Xu et al., 2018). Due to the high numbers of Xanthomonas in
rhizosphere soil, it has been speculated that it may be a reservoir of infection (Zhao, Damicone
and Bender, 2002). Meanwhile, Pseudomonas syringae, a model plant pathogen, is shown to
be a ubiquitous epiphyte, which was originally considered to be its main environmental niche.
However, recent work has shown that P. syringae is also found in aquatic habitats, such as
alpine lakes where it shows its highest number of genetic groups, some of which are
unobserved elsewhere. The identification of these reservoirs has shown that P. syringae is
associated with the water cycle and has ice nucleation activity that can influence snow and
rainfall, which leads to its ubiquitous dispersal through the water cycle (Morris, Monteil and

Berge, 2013).

Chapter four discussed at the length closely related genera of bacteria to those identified in
the AOD lesion microbiome and the probability of where the associated bacteria might be
isolated from. The first major contribution of chapter four is the knowledge that all the AOD
bacteria are capable of surviving in the soil matrix for extended periods, which differs from
the previous conclusions drawn from a similar experiment, in which Brenneria goodwinii
became viable but non-cultivable upon spiking into the soil environment (Pettifor et al.,
2020). From all tested sample types Rahnella victoriana appeared the most ubiquitously
dispersed environmental bacterium, being easily recovered from soil, leaves and acorns as
well as some other niches which were performed in this work but not included (bark swabs
and branch cuttings). This was as expected, as Rahnella is well-recorded as being a hardy,
ecologically diverse bacteria found in numerous environments (Janda and Abbott, 2021).
Given that it is seen in a large number of AOD lesion microbiomes, but not all, and that it is
seen to have a secondary role in the disease (Doonan et al., 2019), it seems reasonable to say
that findings support the hypothesis that Rahnella is most likely just playing an opportunistic
role due to its wide dispersal. Gibbsiella quercinecans shows a similar dispersal with
identifications made from soil, leaves and acorns, but it is less frequently recovered. More
importantly, it was significantly more associated with acorns than any other niche, potentially
indicating that maybe G. quercinecans is an oak endophyte, which would explain the high

proportion of lesions samples it is recovered from and the primary role it plays in lesion
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development (Doonan et al., 2019). While Lonsdalea britannica and B. goodwinii were only
identified in a few samples their sole recovery from acorns strongly implies they are inherited
members of the seed endophytic community. Though if true, this does not explain the
infrequent isolation of Lonsdalea in lesion samples, except through its poor ability to grow
from mixed cultures compared to the other members of the AOD lesion microbiome (Brady
et al., 2012). The implication of three of the members of the lesion microbiome being
endophytic in acorns, suggesting they are inherited members of the lesion microbiome is
concerning. Firstly, if endophytes are becoming pathogenic it would suggest trees showing
symptoms are already severely damaged, as to not be able to keep their endophytic bacteria
from becoming pathogenic. These concerns were also noted with Brenneria salicis, which is
endophytic in willow, where it also causes disease (Maes et al., 2017). The problems noted
are the inability to stop the spread of endophytes in the same way as free-living pathogens

and monitoring for presence no longer enables early prediction of disease (Maes et al., 2017).

Pathogens that attack plants through soil have the potential to be treated using biocontrol
agents. For example, Ralstonia solanacearum the cause of bacterial wilt diseases of tobacco,
has been suppressed through the addition of Bacillus amyloliquefaciens Z9M (Hu et al., 2021).
Other alternatives include the addition of chitin material to soil (Hjort et al., 2014) or the use
of microwaves (Nelson, 2015). Likewise, control of pathogens that enter through the ariel
section of the plant can be mitigated using different control methods. For example,
Xanthomonas campestris pv. pruni leaf spot infection can be reduced by 58 % complete foliar
infection to 22 % by pre-treatment with phage (Jones et al., 2008). Alternative methods also
include a range of fungal and bacterial biopesticides, which are now favoured due to the
reduced environmental pollution associated with agricultural chemicals (Ritika and Utpal,
2014). Treatment of diseases in the stem of plants can also be performed with injections of
antibiotics, although this is both labour-intensive and expensive, and must be frequently
repeated to relieve or delay symptoms and as such is not practical for agricultural or forest
trees (McManus and Stockwell, 2001). Some tree diseases have been treated with phage such
as the canker of Xanthomonas citri subsp. citri using bacteriophages combined with
acibenzolar-S-methyl which is a fungicide, applied with sprays and soil drenching (lbrahim,
Saleh and Al-Saleh, 2017). A few commercially available phage treatments against fire blight

exist including AgriPhages and Erwiphage, though their efficiency is hindered by many
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environmental features and require developments in their delivery strategies and formulas
(Vu and Oh, 2020; Buttimer et al., 2017). This has been suggested as a method for control of
emerging tree diseases such as AOD but phage control of these bacteria is yet to be published
(Grace et al., 2021). Another option could be the use of rhizosphere bacteria or endophytic
members of healthy oak to control pathogen levels, which has been shown to work with a
large number of model systems previously (Ciancio, Pieterse and Mercado-Blanco, 2019; De

Silva et al., 2019).

Chapter five leads on from the identification of AOD bacteria using specific enrichment, by
also isolating and identifying other members of the Enterobacterales from the same samples.
The first publication was for the classification of the three novel species of Scandinavium.
While many of the reported bacteria in the rhizosphere show plant growth-promoting
properties, the new isolates are reminders that soil remains a playground for microbial
activity with bacteria demonstrating pathogenic traits also identified in this work (Turner,
James and Poole, 2013). The reason that these bacteria were initially hypothesised as
phytopathogenic was due to their significant association and isolation from roots originating
from AOD-positive oak. However, suspicions were further roused when several other strains
which were included in this work originated from Tilia (lime) with bleeding lesions that are
symptomatically similar to AOD, where a novel species of Brenneria, B. tiliae was also isolated
and identified (Kile et al., 2022). Support was then given to the hypothesis based on the
identification of numerous virulence genes through whole genome database comparison. The
isolates contained the genes required for a functioning type VI secretion system, near
complete type Il secretion system and many virulence genes. However, pathogenicity trials
were not performed with these new strains and as such the isolation point and identification
of virulence genes were only used to speculate on their pathogenic potential. Going forward
it would be beneficial to identify if these isolates could cause disease through different

pathogenicity trials.

A novel genus, Dryocola, with two novel species proved to be another taxonomic group of
interest, though with a somewhat more complicated background. Dryocola forms a clear
cluster between Cedecea and Buttiauxella, and while both have been recorded as being
pathogenic in humans they show rather striking differences in their environmental roles

(Thompson and Sharkady, 2020; Patra et al., 2018). Buttiauxella are frequently associated
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with being positive, plant growth-promoting bacteria, which are seen to increase the growth
of roots and shoots as well as the overall dry mass of banana seedlings when inoculated in
the roots system (Araujo et al., 2021), and as plant growth and cadmium accumulation in
Sedum alfredii (Wu et al., 2018). Meanwhile, there are numerous reports of Cedecea causing
disease in different fruiting bodies of mushrooms (Liu et al., 2021; Yan et al., 2019). Though
not directly related to plant disease, their ability to infect and cause disease in different
eukaryotic organisms does paint them in a different light. As such there was little indication
as to what role Dryocola might play in the environment and comparison to databases and
metagenome comparisons were utilised. The results which were not included in this work
demonstrated a large repertoire of virulence genes including a T3SS, numerous effects,
PCWDE and other key genes associated with phytopathogens. Again, further work with
pathogenicity trials would be beneficial to understand if these traits are expressed in the

phenotype of species of Dryocola.

The final set of classifications were for three species spread between two genera, one novel
and the other belonging to Leclercia. Leclercia was composed of a single species of bacteria,
which is pathogenic in humans with infections often arising from the environment (Keren et
al., 2014; De Baere et al., 2001). However, much like Buttiauxella, the species is seen to have
a beneficial role to plants in the environment, with strain MO1 associated with heavy metal
detoxification (Kang et al., 2021) and strain LSE-1 noted for nitrogen fixing and indole acetic
acid producing properties that promote plant growth (Kumawat et al., 2019). As such it was
highly suspected that the novel species of Leclercia, L. tamurae would show similar properties.
This was confirmed with database comparisons for plant interaction and plant growth-
promoting genes, with L. tamurae showing highly similar identified profiles to those of L.
adecarboxylata. The novel genus Silvania was also expected to have similar potential to that
of the Leclercia species and, again using database comparisons, promising plant growth-
promoting bacterial species were identified, with larger numbers of beneficial genes for plant

growth being identified in both Silvania species than Leclercia species.

Overall, the classification work in this chapter has made several contributions to the field of
bacterial taxonomy as well as AOD research. The most obvious contribution is illuminating
the taxonomic evolutionary relationship between several interesting Enterobacteriaceae.

However, the three papers all go further than the required polyphasic taxonomic approach
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that is currently still used to classify bacteria. Each publication has considered the potential
role of the novel species in the environment that they were isolated from and use genome
comparisons to justify these predictions. However, a limitation of the work is highlighted here
in that none of these predictions utilised in vitro trials to see if their genetic potential was
seen in the phenotype. This would have been most interesting for the Dryocola species, based
on the large amount of potentially novel T3SS effectors identified. Nonetheless, the use of
these predictions makes the publications more useful when/if the species are identified in
future studies. A further contribution was the demonstration of how enrichment can lead to
the isolation of large numbers of novel isolates, potentially helping to remedy the fact that so
few bacteria can be isolated from soil under laboratory conditions (Steen et al., 2019). This
work focused on one enrichment method made for the former family Enterobacteriaceae,
though now it may be seen as an enrichment method for the order Enterobacterales, due to
the ability to recover bacteria from other families such as Rahnella from the family
Yersiniaceae. This methodology allowed the recovery of nine novel species of bacteria in this
work from one sample type; though other potential novel isolates were also obtained it was
not possible to classify them all in this work. Further use of different enrichment media Could
lead to larger portions of the currently uncultivable section of the soil microbiome being
identified, resulting in the isolation of more new and interesting isolates. Moreover, it
demonstrates the need to continue to work towards preserving our native species and other
afflicted species of oak from AOD as they may support unknown numbers of bacteria of
potential interest and importance. Possibly sequencing projects could identify groups of
interest and then obtain pure isolates using specific enrichment based on the groups

physiological growth properties.

The final chapter in this work presented two sequencing projects performed on forty of the
oak rhizosphere samples that were identified in chapter one. The first section of site-level
analysis could be seen as a proof of concept, a traditional sequencing project. Twenty
samples, five healthy and diseased samples from the parkland and woodland were
sequenced, with extractions performed on the two positively identified rhizosphere samples
for each tree, which were then pooled for sequencing. The results were promising with a
difference identified between the woodland and parkland samples, which was expected as

soil type and environment have consistently been cited as the most important factors
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contributing to microbiome composition in multiple different papers (Deakin et al., 2018; Vos
et al., 2013; Martiny et al., 2011). However, the site analysis also revealed a small difference
between the healthy and diseased samples within the parkland. This is not the first time that
differences in the rhizosphere microbiome of oak have been seen based on the presence of
disease. Oak at Hatchlands Park have previously been shown to show lower soil pH with
significantly different microbiome compositions than those seen for the healthy trees at the
same site. One of the main conclusions was that less extreme soil conditions and plant
growth-promoting microbiota were associated with healthy trees (Pinho et al., 2020).
Likewise, another study revealed links between ammonia-oxidising bacteria that showed a
significant association with asymptomatic oak rhizospheres (Scarlett et al., 2021). These
studies both concluded that bacteria with positive roles in plant health were significantly
associated with healthy oaks. The consensus of the sequencing data obtained from
Hatchlands samples came to a similar conclusion when looking at data collected from the
whole site. Parkland healthy oaks supported richer, more diverse rhizosphere microbiomes
than their diseased counterparts. Moreover, the bacteria that were identified as being
significantly associated with these healthy samples appeared to show PGP properties.
Porphyrobacter is a genus with limited information available, however, they have been shown
to increase plant growth by 60 % in model systems with cucumbers, with one strain COR-2
being patented for its PGP abilities under patent number KR102299675B1 (Zytynska et al.,
2020). Another example is Paenibacillus, which has previously been identified in microbiome
analysis of rhizosphere samples, with links to improved growth conditions for the associated
plants. P. polymyxa was identified with significant associations, a species previously suggested
as a model for host-microbe interactions based on its bio-fertilisation, biocontrol and abiotic
stress-reducing abilities (Langendries and Goormachtig, 2021). These are small examples of
the 39 bacteria which were exclusively identified in healthy samples, with a further 59 being
significantly associated with healthy trees. Thus, for the site-level data, it can be concluded
that the health status of the tree appears to have significant effects on the rhizosphere
microbiome, based on the knowledge that plant root exudates have significant effects on
their microbiome composition (Sasse, Martinoia and Northen, 2018). However, it would be
interesting to prove this was true in the case of AOD, to identify if the tree health shaped the
microbiome or if microbiome composition was an essential feature in predisposition of oak

health.
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However, as noted spatial separation is the largest contributor to observable differences in
the microbiome. By looking at paired trees differences in the microbiome can be seen in case-
by-case samples. This led to different trends being highlighted in the data in which the
rhizosphere soil of the paired healthy and diseased trees showed little to no difference. Root
endosphere communities showed a larger difference but are more similarly related to the
diseased roots than the soil they originated from. This was the expected outcome in some
ways, as it is well-recorded that soil supports the largest diversity of bacteria, a subset of
which move and colonise the surface and then the endosphere of the root (Compant et al.,
2021; Compant, Clément and Sessitsch, 2010). It would be interesting to see if these trends
continued further into the tree, with stem and leaf communities, continuing to appear more
similarly related to each other than their previous counterpart, but with high variability based
on what is recruited into the tree. This has previously been shown in poplars which show low
deviation in the variability of the rhizosphere microbiome, with higher variation seen in the
endosphere microbiome. The implication here is that at each level of colonisation there is a
fine-tuning mechanism for members of the microbiome of each compartment (Beckers et al.,
2017). Overall, it is interesting to observe the data in two different ways and see the
difference in the outcome of the results. Increased consideration should be given to the
sampling methods utilised in large microbiome studies and this set of results shows as much.
The oak rhizosphere microbiome does support interesting differences and the role that this
has in the development of AOD is worth pursuing. Can the identified groups that are solely
associated with the healthy oak rhizosphere be recovered using specific enrichment or other
methods? And does their addition to soil help alleviate disease symptoms? The work

presented here could function as a stepping-stone into these further areas of interest.

7.1. Conclusion
The rhizosphere associated with AOD is an area of high interest. It can clearly support
members of the lesion microbiome, and though is unlikely to be the primary source of B.
goodwinii or L. britannica, it may very well function as a source of infection for R. victoriana
and possibly G. quercinecans. Beyond the bacteria associated with AOD, the rhizosphere of
oak offers us a fascinating reservoir of undiscovered and potentially important bacterial
isolates, though this work only focused on members of the Enterobacterales the number of

novel isolates suggests an untapped area for investigation. Finally, the oak rhizosphere
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microbiome can be distinguished on several features including sampling location, and by
diseased and healthy status of oak in the parkland location. However, in individual paired tree
analysis this is not easily observed. Instead, differences based on their soil and endospheres
of the roots were identified, which show greater variability that those of the soil. Together
these conclusions demonstrate the potential that the rhizosphere of oak has, and the future

work section discusses several approaches to understanding this potential.

7.2. Future work

e The LAMP assay performed in this work should be further developed to make it
possible to use in the field. While it was essential to be able to identify sample origin,
the need to perform the assay in labs meant that samples that did not contain oak
roots had to be removed from the study. The ability to perform the assay in the field
would allow for non-oak samples to be retaken, without the effect of return sampling.

e The enrichment method requires further development, with more suitable broths that
do not require pre-enrichment. Alternatively, a wider range of media with more
specific selective qualities for members of the AOD lesion microbiome could solve the
issue of recovery of species such as L. britannica and B. goodwinii.

e The enrichment method, followed by HRM analysis for the identification of the AOD
bacteria should be trialled on a larger scale. Rhizosphere soil, roots, stems, core
samples, acorns, leaves and if possible Agrilus biguttatus from a range of different
sites should be screened using the methods utilised in this work to allow for the
identification of the members of the AOD lesion microbiome. With further sampling
trials, the origin and spread of the AOD bacteria might be better understood than was
possible in this work.

e Different enrichment schemes should be used to isolate other groups of bacteria from
the rhizosphere of oak, which may allow for the taxonomic classification of further
novel isolates of interest.

e Virulence assays should be performed with the novel Scandinavium species to identify
their pathogenic potential and see if their isolation from both diseased oak
rhizosphere and weeping lesions on Tilia was coincidental, or if they potentially act as

pathogens in these scenarios.
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e The effect of the novel species of both Leclercia and Silvania should be tested on a
model system to determine if their identified plant growth-promoting potential can
be proven in vitro. If they express a beneficial phenotype, could they be used to
mitigate disease symptoms in oak?

e Further investigation of the microbiome of oak is warranted. This should be expanded
beyond a single site, which was originally the aim of this project.

e Further investigation of the variability in the microbiome through sequencing of the
stem and leaves may yield interesting results relating to how differences between the

diseased and healthy endosphere microbiome arise.

Long term monitoring of a healthy tree and diseased trees microbiome and root exudate
profiles should be performed to identify where the differences observed between healthy

and diseased trees originate from.
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Supplementary data:

Suppl. Table. S1. Comparison of the sequencing identifications obtained from different
recovery methods on the Hatchlands samples H7 and H8, H13 and H14. Isolates were taken
from the samples and recovery performed using suspension and disruption in EE broth and %
Ringers. The left hand column shown the unique isolate number and ID for EE isolation in
comparison to the right hand column which show the same information for Ringers isolation

allowing for the comparison of isolates from each method.

EE Isolation Method

Ringers Isolation Method

Isolate Isolate ID Isolate Isolate ID
number number
h .R-41
H7 E1 Buttiauxella brennerae (99.48) H7 EA Stenotrophomonas sp 388
(99.21)
H7E2 | uncultured bacteia (99.89) h7Ep | Stenotrophomonas  maltophilia
(94.78)
H7 E3 Serratia proteamaculans (99.74) H7 EC Pseudomonas sp. ADAK22 (99.24)
H7 E4 Serratia proteamaculans (99.87) H7 ED Paenibacillus amylolyticus (99.68)
H7 E5 Serratia quinivorans (100) H7 EE Streptomyces sp. (99.79)
Strept . 1H-TWYE2
H7 E6 Buttiauxella brennerae (99.49) H7 EF reptomyces —sp
(99.69)
H7E7 | Serratia sp. W2Dec25 (99.87) H7EG | Stenotrophomonas - maltophilia
(99.59)
Stenotroph . R-41388
H7 E8 Serratia quinivorans (100) H7 EH enotrophomonas sp
(99.69)
H7 E9 uncultured bacterium (99.37) H7 El Chryseobacterium sp.  A1-652
(99.90)
H7 E10 Serratia proteamaculans (100) H7 EJ Bacillus mycoides (99.79)
H7 E11 Serratia proteamaculans (100) H7 EK Pseudomonas tolaasii (99.48)
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H7 E12 Serratia proteamaculans (100) H7 EL Serratia proteamaculans (99.62)
H7 E13 5;;:23;?%5?;;28) bacterium H7 EM Buttiauxella brennerae (99.58)

H7 E14 Buttiauxella sp. 3AFRMO03 (99.58) | H7 EN Pseudomonas psychrophila (98.11)
H7 E15 Serratia proteamaculans (100) H7 EO Serratia sp. W2Dec25 (99.87)

H7 E16 uncultured bacterium (99.68)

s |Gl i

H7 E19 Serratia sp. 3ACOL1 (99.69)

H7 E20 uncultured bacterium (99.79)

H7 N1 Serratia quinivorans (99.60) H7 NA Acetobacter ascendens (99.71)

H7 N2 Serratia quinivorans (99.87) H7 NB Bacillus sp. JG-B35 (99.79)

H7 N3 Buttiauxella sp. 3AFRMO03 (95.82) [ H7 NC Bacillus sp. JG-B35 (99.32)

H7 N4 Serratia quinivorans (99.60) H7 ND Peribacillus butanolivorans (99.44)
H7 N6 Serratia quinivorans (99.87) H7 NE Arthrobacter ginkgonis (99.89)

H7 N7 Serratia quinivorans (99.87) H7 NF Pseudomonas sp. CFSAN084952

(99.79)
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H7 N8 | Serratia quinivorans (99.87) W7 NG | Stenotrophomonas  rhizophila
(99.90)
Scandinavium goeteborgense o .
H7 N9 H7 NH Paenibacillus amylolyticus (99.89)
(99.06)
H7 NI Stenotrophomonas maltophilia
H7 NJ Paenibacillus sp. (99.47)
H8 N1 Serratia quinivornas (99.19) H8 NA Bacillus mycoides (99.78)
. . Lysinibacillus parviboronicapiens
H8 N2 Serratia quinivornas (99.19) H8 NB
(99.78)
H8 N3 Citrobacter gillengii (100) H8 NC Peribacillus butanolivorans (99.69)
H8 N4 Serratia qunivornas (99.19) H8 ND Bacillus mycoides (99.59)
H8 N5 Citrobacter gillengii (100) H8 NE Paenibacillus sp. (99.46)
H8 N6 Citrobacter freundii (99.87) H8 NF Pseudomonas migulae (98.97)
H8 N7 Rhodococcus erythropolis (99.73) | H8 NG Streptomyces cirratus (99.48)
H8 N9 Serratia quinivornas (99.19) H8 NH Lysinibacillus sphaericus (99.46)
H8 N10 | Serratia sp. (98.11) H8 NI Streptomyces subrutilus (99.69)
H8 NJ Rahnella sp. ERMR1:05 (99.59)
H8 NK Curtobacterium sp. (99.89)
H8 NL Pseudomonas chlororaphis (99.59)
H8 NM Bacillus sp. HD-2011-F1 (99.49)
H8 W1 Enterobacter sp. 1K-2016 (99.28) H8 WA Bacillus sp. BYMSO05 (99.46)
H8 W2 Raoultella terrigena (99.79) H8 WB Bacillus mycoides (99.90)
H8 W3 Serratia sp. W2Dec25 (99.87) H8 WC Bacillus sp. (in: Bacteria) (99.59)
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H8 W4 Buttiauxella agrestis (99.60) H8 WD Bacillus mycoides (99.79)

H8 W5 uncultured bacterium (99.37) H8 WE Bacillus licheniformis (99.49)

H8 W6 uncultured bacterium (99.69) H8 WF Streptomyces sp. MM108 (99.19)

H8 W7 uncultured bacterium (99.58) H8 WG Psychrobacillus psychrodurans
(99.79)

H8 W8 uncultured bacterium (99.47) H8 WH bacterium (99.14)

H8 W10 | Enterobacter cloacae (97.93) H8 WI Paenibacillus sp. 37 (98.88)

H8 W11 | Serratia sp. (100) H8 WJ uncultured Bacillus sp. (99.69)

H8 W12 | Serratia sp. 3ACOL1 (99.90) H8 WK Bacillus idriensis (99.68)

H8 W13 | Serratia fonticola (99.79) hgwe | Poemibacillus sp. FSL H7-0737
(99.59)

H13 N1 Rahnella victoriana (99.73) H13 NA | Peribacillus butanolivorans (99.59)

H13 N2 | Rahnella aquatilis (92.45) H13 NB [ uncultured bacterium (99.05)

H13 N3 Rhodococcus erythropolis (95.96) | H13 NC | Bacillus mycoides (99.62)

H13 N4 | Rhodococcus erythropolis (96.06) | H13 ND | Bacillus mycoides (98.0)

H13 N5 Rhodococcus erythropolis (95.82) | H13 NE Bacillus sp. CDC-c (99.68)

H13 N6 | Serratia quinivorans (96.77) Hi3 Np | Poenibacillus sinopodophyli
(99.57)

H13 N7 | Buttiauxella sp. 3AFRMO03 (95.82) | H13 NG | Streptomyces sp. MM87 (99.80)

H13 NS | Buttiauxella sp. 3AFRMO3 (95.55) | H13 NH | Microbacterium sp. VKM Ac-

1808 (99.79)
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H13 N9 | Rahnella victoriana (99.73) H13 NI Neobacillus novalis (99.68)

H13 N10 | Buttiauxella ferragutiae (95.96) | H13 NJ (S;S”é’;)’ ophomonas  rhizophila
H13 N11 | Buttiauxella ferragutiae (96.63) H13 NK | Kurthia sp. NRRL (99.78)

H13 N12 | Rhodococcus erythopolis (95.82) H13 NL | Microbacterium testaceum (90.34)
H13 N13 | Rhodococcus erythopolis (95.82) H13 NM | Stenotrophomonas sp. (99.18)
H13 N14 | Buttiauxella agrestis (95.69) H13 NN | Viridibacillus sp. (99.47)

H13 W1 | Lelliottia aqualitilis (100) H13 WA | Serratia quinivorans (99.90)

H13 W2 | Escherichia fergusonii (100) H13 WB | Paraburkholderia ginsengisoli (99)
H13 W3 | Escherichia coli (99.87) H13 WC | Streptomyces inaequalis (99.59)
H13 W4 | Escherichia coli (100) H13 WD | Viridibacillus sp. (99.67)

H13 W5 | Escherichia coli (100) H13 WE | Peribacillus muralis (99.39)

H13 W6 | Lelliottia aqualitilis (100) H13 WF | Bacillus velezensis (100)

H13 W7 | Serratia quinivornas (97.04) H13 WG | Paenibacillus sp. (99.77)

H13 W8 | Shigella dysenteriae (99.33) H13 WH | Micrococcus sp. (99.49)

H13 W9 | Escherichia coli (100) H13 WI Chryseobacterium piscium (99.79)
H13 W10 | Escherichia coli (100) H13 WJ | Bacillus sp. (99.79)

H13 W11 | Escherichia marmotae (99.87) H13 WK | Bacillus mycoides (99.49)
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H13 W12 | Escerichia coli (100) H13 WL | uncultured bacterium (99.48)
H13 W13 | Escherichia marmotae (100) H13 WM | Bacillus cereus (99.68)
H13 WN | Peribacillus butanolivorans (100%)
H13 WO | Streptomyces celluloflavus (99.79)
H13 WP | Silvimonas sp. (98.97)
Viridibacillus  sp. Or  Kurthia
H13WQ sp.(both 100)
Streptoverticillium verticillium
H13 WR (100)
H14 E1 Rahnella aquatilis (99.60) H14 EA Bacillus sp. SP2601 (99.68)
H14 E2 Rahnella bruchi (100) H14 EB Bacillus mycoides (99.38)
H14 E3 Serratia liquefaciens (99.73) H14 EC Viridibacillus sp. (99.67)
H14 E4 Rahnella victoriana (100) H14 ED Paenibacillus sp. NA10131 (98.56)
H14 E5 Escherichia marmotae (100) H14 EE Bacillus sp. (in: Bacteria) (98.97)
H14 E6 Rahnella victoriana (100) H14 EF Bacillus sp. JG-B3 (99.58)
H14 E7 Escherichia marmotae (100) H14 EG Bacillus sp. (in: bacteria) (99.47)
H14 E8 Escherichia marmotae (100) H14 E8 Pseudomonas sp. ADAK18 (99.69)
H14 E9 Escherichia marmotae (100) H14 EH Bacillus sp. (in: Bacteria) (99.39)
H14 E10 | Serratia proteamaculans (99.60) | H14 El Bacillus circulans (99.68)
H14 E11 | Serratia proteamaculans (99.60) | H14 EJ Bacillus circulans (99.27)
H14 E12 | Rahnella victoriana (99.73) H14 EK Bacillus sp. (in: bacteria) (99.42)
H14 W1 | Rahnella variigena (100) H14 WA | Neobacillus novalis (99.48)
H14 W2 | Rahnella variigena (100) H14 WB | Neobacillus novalis (99.57)
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H14 W3 | Serratia qunivorans (96.60) H14 WC | Rhodococcus koreensis (99.88)
H14 W4 | Rahnella victoriana (100) H14 WD | uncultured bacterium (98.09)

H14 W5 | Rahnella variigena (100) H14 WE | Neobacillus novalis (99.57)

H14 W6 | Rahnella variigena (100) H14 WF | Serratia proteamaculans (99.38)
H14 W7 | Serratia liquefaciens (98.65) H14 WG | Bacillus mycoides (99.38)

H14 W8 | Serratia liquefaciens (100) H14 WH | Streptomyces sp. (99.79)

H14 W9 | Buttiauxella sp. 3AFRMO3 (99.67) | H14 Wi 9Vg igg;“”’“ sp./ Kurthia sp. (both
H14 W10 | Rahnella variigena (100) H14 W) streptoverticillium verticillium

subsp. quintum (99.79)
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Citrobacter farmeri CDC 2991.81" (AF025371)
Citrobacter amalonaticus LMG 78737 (HQ992946)
Citrobacter rodentium CDC 1843.73" (AF025363)
Citrobacter youngae GTC 13147 (AB273741)
79\ Citrobacter sedlakii CDC 4696.86" (AF025364)
Citrobacter koseri LMG 55197 (HQ992945)
Pseudocitrobacter anthropi C138™ (KF057944)
94— Pseudocitrobacter faecalis 25CIT" (KF057941)
Enterobacter cloacae ssp. dissolvens LMG 2683T (Z96079)
98- Enterobacter cloacae ATCC 13047" (AJ251469)
Yokenella regensburgei CIP 105435" (JN175339)
Enterobacter kobei CIP 105566™ (NR028993)
‘Citrobacter tructae’ SNU WT2™ (MN093886)
Citrobacter gillenii CDC 4693 .86" (AF025367)
Lelliottia nimipressuralis LMG 102457 (Z96077)
Lelliottia aquatilis 633117™ (MG916969)
85! Lelliottia jeotgali PFLO1T (KX709881)
Lelliottia amnigena LMG 27847 (AB004749)
Kluyvera ascorbata ATCC 33433 (AF008579)
Kluyvera georgiana ATCC 51603" (AF047186)
Kluyvera cryocrescens NBRC 1024677 (AB681809)
Kluyvera intermedia NBRC 102594" (AB681871)
Citrobacter werkmanii ATCC 511147 (AF025373)
Citrobacter braakii ATCC 51113 (AF025368)
59|l Citrobacter freundii DSM 30039™ (AJ233408)
Citrobacter murliniae ATCC 51118™ (AF025369)
g2 Enterobacter wuhouensis WCHES120002" (MK567957)
99 Enterobacter hormaechei ATCC 491627 (AJ543724)
Enterobacter asburiae ATCC 35953 (AB004744)
98! Enterobacter cancerogenus LMG 2693 (Z96078)
L Enterobacter ludwigii DSM 16688" (AJ853891)
\—Leclercia adecarboxylata LMG2803™ (GQ856082)
Scandinavium tedordense TWS1a™ (OM987269)
83||! Scandinavium goeteborgense CCUG 667417 (MK558235)
Scandinavium hiltneri H11S7T (OM987268)
L Scandinavium manionii H17S15T (OM987267)

75

67

Plesiomonas shigelloides NCIMB 92427 (X60418)

0.050

Suppl. Figure. S1. 16S rRNA gene maximum likelihood phylogenetic tree for Scandinavium
species, the proposed novel species and their closest phylogenetic neighbours. The near
complete (1,346 bp) 16S rRNA gene sequences were used, 1000 bootstrap replicate percentage
values (> 50 %) are shown at the nodes and the scale bar indicates the number of nucleotide
substitutions per site. The outgroup is Plesiomonas shigelloides NCIMB 9242'. GenBank
accession numbers shown in parentheses and ™ = type strain.
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87, Enterobacter quasihormaechei WCHEs120003™ MK567958

Enterobacter chuandaensis 090028™ MK049966
Enterobacter bugandensis 247BMCT HQ122932
Enterobacter hormaechei ATCC 491627 AJ543724

Enterobacter oligotrophicus CCA6™ LC368255
Enterobacter kobei CIP 105566™ NR 028993

— Enterobacter ludwigii DSM 16688 AJ853891

Enterobacter cancerogenus LMG2693T Z96078

L Enterobacter wuhouensis WCHEs120002T MK567957
Enterobacter mori R182T EU721605

Enterobacter sichuanensis WCHECL1597T MG8327881

Enterobacter vonholyi E13T VTUCO01000023

85| Enterobacter roggenkampii DSM 16690 CP017184

Enterobacter quasiroggenkampii WCHECL1060™ LFDQ02000002

71| Enterobacter chengduensis WCHECICAT KY979142

Enterobacter asburiae ATCC 35953 AB004744

m |:— Enterobacter huaxiensis 090008™ MK049964

Enterobacter cloacae ssp.dissolvens LMG 2683T Z96079
E‘ Enterobacter cloacae ssp.cioacae ATCC 13047 AJ251469
Cedecea lapagei DSM 45877 KY797643
Cedecea davisae DSM 4568™ AF493976
Cedecea neteri GTC 17177 AB086230
‘Cedecea colo’ ZA 0188 MN973822

Dryocoia is H11S18" sp. nov. OM971055
Dry iae H6W4™ sp. nov. OM971056
Buttiauxella izardii DSM 93977 AJ233404

65 Buttiauxella brennerae DSM 9396 AJ233401
Buttiauxella ferragutiae DSM 93907 AJ233402
Buttiauxella agrestis DSM 4586™ AJ233400

59| Buttiauxella gaviniae DSM 9393T AJ233403

Buttiauxella warmboldiae DSM 9404 AJ233406

81! Buttiauxella noackiae DSM 94017 AJ233405
Mangrovibacter phragmitis MP23T KP319034
Mangrovibacter yixingensis TULLAT KM089834
Mangrovibacter plantisponsor MSSRF40T EF643377
Franconibacter puiveris 601/05" DQ273684
Franconibacter daqui DL503T KX865161
Franconibacter helveticus LMG 23732 DQ273688
95

Shimwellia blattae DSM 44817 FJ267520
Shimwellia pseudoproteus 5217 FJ267523
Cronobacter universalis E797" MH174020

Cronobacter muytjensii ATCC 51329™ EF059845

Cronobacter sakazakii ATCC 29544 EF059843

Cronobacter malonaticus LMG 23826 EF059881

73

Cronobacter condimenti 13307 FN539031

Cronobacter dublinensis ssp.lausanensis LMG 238247 EF059841

Cronobacter dublinensis ssp.dublinensis LMG 23823 EF059892

84|— Cronobacter turicensis LMG 238277 EF059891

Cronobacter dublinensis ssp.lactaridi LMG 23825 EF059838
Siccibacter colletis 1383T LK054215

499:_Siccibacter turicensis LMG 237307 HQ992947

Plesiomonas shigelloides NCIMB 92427 X60418

0.020

Suppl. Figure. S2. Neighbour Joining 16S rRNA phylogenetic tree for the novel genus Dryocola
and closest phylogenetic neighbours. Near complete (1,346 bp) 16S rRNA gene sequences
were used, with the scale showing the nucleotide substitutions per site and bootstrap values
exceeding 50 % from 1000 replicates shown at nodes. Species names are followed by the
strain number and GenBank accession number, with Tindicating the type strain. The outgroup
is Plesiomonas shigelloides NCIMB 92427,
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60, Cronobacter turicensis LMG 238277 EF059891
Cronobacter universalis ET97" MH174020
is ssp.dubli is LMG 23823" EF059892
Cronobacter dublinensis ssp.lactaridi LMG23825T EF059838
Cronobacter dublinensis ssp.lausanensis LMG 23824T EF059841
Cronobacter sakazakii ATCC 29544™ EF059843
93L- Cronobacter malonaticus LMG 23826 EF059881
Cronobacter condil i 13307 FN539031
Cror ytiensii ATCC 513297 EF059845

Mangrovibacter plantisponsor MSSRF40" EF643377
100 |: Mangrovibacter phragmitis MP23T KP319034
85— Mangrovibacter yixingensis TULLAT KM089834

46 [— Franconibacter helveticus LMG23732" DQ273688
97 Franconibacter puiveris 601/05" DQ273684
99L Franconibacter daqui DL503™ KX865161
Shimwellia blattae DSM 44817 FJ267520
—99|:Shimwellia pseudoproteus 5217 FJ267523
Siccibacter colletis 13837 LK054215
s icensis LMG 237307 HQ992947
Dryocola iae H6W4™ sp. nov. OM971056
Buttiauxella izardii DSM 93977 AJ233404
Buttiauxella warmboldiae DSM 94047 AJ233406
Buttiauxella noackiae DSM 94017 AJ233405
Buttiauxella gaviniae DSM 9393 AJ233403
Buttiauxella ferragutiae DSM 93907 AJ233402
Buttiauxella agrestis DSM 45867 AJ233400
53 Buttiauxella brennerae DSM 93967 AJ233401
L—— Enterobacter kobei CIP105566™ NR 028993
Enterobacter oligotrophicus CCA6" LC368255
Enterobacter cloacaes sp.dissolvens LMG 2683 Z96079
78— Enterobacter cloacae ATCC 130477 AJ251469
- Enterobacter chengduensis WCHECIC4™ KY979142
Enterobacter quasiroggenkampii WCHECL1060™ LFDQ02000002
Enterobacter sichuanensis WCHECL1597" MG8327881
Enterobacter hormaechei ATCC 491627 AJ543724
Enterobacter chuandaensis 090028 MK049966
Enterobacter ludwigii DSM 16688T AJ853891
Enterobacter wuhouensis WCHEs120002™ MK567957
Enterobacter mori R182T EU721605

Cr

28

71
50

Enterobacter huaxiensis 090008 MK049964
Enterobacter cancerogenus LMG 26937 Z96078
Enterobacter ashuriae ATCC 35953 AB004744
Enterobacter bugandensis 247BMC HQ122932
55L Enterobacter quasihormaechei WCHES120003™ MK567958
I~ Enterobacter vonholyi E13™ VTUC01000023
L Enterobacter roggenkampii DSM 16690T CP017184
‘Cedecea colo’ ZA 0188 MN973822
Cedecea lapagel DSM 4587 KY797643

davisae DSM 4568" AF493976

C
Cedecea neteri GTC 17177 AB086230

Dryocola clanedunensis H11518" sp. nov. OM971055
Plesi shigelioides NCIMB 92427 X60418

0.010

Supple. Figure. S3. Maximum Likelihood 16S rRNA gene phylogenetic tree for the novel genus
Dryocola and closest phylogenetic neighbours. Near complete (1,346 bp) 16S rRNA gene
sequences were used, with the scale showing the nucleotide substitutions per site and
bootstrap values exceeding 50 % from 1000 replicates shown at nodes. Species names are
followed by the strain number and GenBank accession number, with T indicating the type
strain. The outgroup is Plesiomonas shigelloides NCIMB 92427,
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Citrobacter amalonaticus LMG 78737 KX450351

97 |Citrobacter farmeri CDC 2991817 AF025371

Citrobacter sedlakii CDC 469686™ AF025364

Citrobacter rodentium CDC 1843737 AF025363
Citrobacter koseri LMG 55197 KP941768

Citrobacter youngae GTC 13147 AB273741

Enterobacter ofigotrophicus CCA6™ LC368255

Enterobacter cloacae ATCC 130477 AJ251469
Enterobacter cloacae ssp. dissolvens LMG 2683T Z96079
Enterobacter vonholyi E13T VTUC01000023
Enterobacter roggenkampii DSM 16690T CP017184
Leclercia tamurae sp. nov. HBW5 OM987256
Enterobacter sichuanensis WCHECL1597™ MG8327881
Enterobacter quasiroggenkampii WCHECL1060" LFDQ02000002

Enterobacter chengduensis WCHECIC4TKY979142
Enterobacter chuandaensis 090028™ MK049966

Enterobacter hormaechei ATCC 491627 AJ543724
I Enterobacter wuhouensis WCHES120002™ MK567957
[~ Enterobacter mori R182T EU721605

. Enterobacter bugandensis 247BMC™ HQ122932
87| | Enterobacter quasinormaechei WCHEs120003" MK567958
Enterobacter cancerogenus LMG 2693 Z96078
_lozl7 Enterobacter asburiae ATCC 35953T AB004744

91 Enterobacter huaxiensis 090008™ MK049964
85 Leclercia tamurae sp. nov. H6S3™ OM987255
- Enterobacter ludwigii DSM 16688™ AJ853891
Leclercia adecarboxylata LMG 2803™ GQ856082
Silvania hatchlandensis sp. nov. H19S6™ OM987253
Lelliottia amnigena LMG 2784 AB004749
Lelliottia nimipressuralis LMG 102457 Z96077
Lelliottia jeotgali PFLO1™ KX709881
Leliiottia aquatilis 633117" MG916969
Leclercia pneumoniae 491257 OK161083
Silvania confini sp. nov. H4N4™T OM987254
Citrobacter gillenii CDC 469386™ AF025367
Citrobacter freundii DSM 30039™ AJ233408
Citrobacter murfiniae ATCC 511187 AF025369
87 |- Citrobacter braakii ATCC 511137 AF025368
Citrobacter werkmanii ATCC 511147 AF025373

Enterobacter kobei CIP 105566™ NR028993

75 77

Plesic shigelloides NCIMB 92427 X60418

0.050

Supple. Figure. S4. Maximum Likelihood phylogenetic tree based on 16S rRNA gene
sequences for species of the novel genus Silvania gen. nov., Leclercia, the novel species
Leclercia tamurae sp. nov. and several closest phylogenetic neighbours. Near complete (1,346
bp) 16S rRNA gene sequences were used, with the scale showing the nucleotide substitutions
per site and bootstrap values exceeding 50 % from 1000 replicates shown at nodes. Species
names are followed by the strain number and GenBank accession number, with T indicating
the type strain. The outgroup is Plesiomonas shigelloides NCIMB 92427,

313



Suppl. Table. S2. The whole genome sequence information for strains investigated in this study.

Number of GC
Size [Number of Mean Numbers of
Strain GenBank accession Biosample number N50 coding content
(Mbp) | contigs coverage RNAs
sequences (mol %)
Scandinavium
goeteborgense
H5W5 JALIGB0O00000000 SAMN27163994 4.77 21 652013 90.7 4,439 103 54.5
Scandinavium
hiltneri
H11S77 JALIGEO00000000 SAMN27163997 4.84 79 309159 169.2 4,565 90 53.9
BAC 14-01-01 JALIGFO00000000 SAMN27163998 4.61 63 295467 143.8 4,299 96 54.2
Scandinavium
manionii
H17S15T JALIGCO00000000 SAMN27163995 4.64 40 394704 74.1 4,314 90 54.2
SB 3.3 JALIGD0O00000000 SAMN27163996 4.39 47 439894 82.6 4,834 91 53.9
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Scandinavium

tedordense

TWS1a'

JALIGG0O00000000

SAMN27163999

4.75

61

433482

152.6

4,457

94

53.9
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Suppl. Table. S3. Whole genome sequence information of strains investigated in this study.

Number of G+C
Number of Numbers of
Strain GenBank accession | Biosample number |Size (Mbp) N50 coding content
contigs RNAs
sequences (mol %)
Dryocola
boscaweniae
Hew4T JALHAP000000000 SAMN26554629 4.41 85 279 318 4290 90 53.0
H20N1 JALHANOOOOOOOOO | SAMN26554631 4.40 69 279 318 4275 91 53.0
H18W14 JALHAO000000000 | SAMN26554630 4.45 96 346 750 4309 84 53.1
Dryocola
clanedunesis
H11S18T JALHAMO00000000 | SAMN26554632 5.23 124 190 839 5134 86 53.8
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H16N7

JALHALOO0O000000

SAMN26554633

4.82

132

431 659

4610

91

53.9

317




Suppl. Table. S4. Whole genome sequence information of strains investigated in this study.

Strain GenBank Biosample |Size (Mbp) Number off N50 Number of Numbers |G + C content
number contigs coding of RNAs (mol %)
accession
sequences

Leclercia adecarboxylata

H10E4 JAMHKT000000000| SAMN28207097 4.83 61 336719 4585 91 55.6

Leclercia tamurae

H6S3T JAMHKS000000000{SAMN28207096 4.71 80 268 955 4 465 96 56.4

H6W5 JAMHKRO00000000{ SAMN28207095 4.86 94 323472 4647 94 56.4
Silvania hatchlandensis

H19S6" JAMGZKO000000000{SAMN28207118 4.78 67 207 460 4493 88 55.9
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Silvania confinis

H4AN4T

JAMGZJ000000000

SAMN28207119

4.87

82

225593

4675

92

55.7

319




Scandianvium protologs:

Emendation to the Genus Scandinavium

Scandinavium (Scan.di.na’vi.um. N.L. neut. n. Scandinavium genus named after Scandinavia:
the European peninsula where the type strain of the type species was isolated and

characterised).

This description is based on the data from Marathe et al., 2019 and this study.

Gram-negative straight rods which are 1 - 1.3 x 1.9 — 2.7 um, motile by peritrichous flagella
and possess fimbriate. Facultative anaerobic, oxidase negative and catalase positive. The
colonies appear as moist, white circles with clear rims on CBA averaging 1 — 3 mm in size.
Growth is observed at 4 — 37 °C with an optimum growth temperature of 30 °C; the salt and
pH range are 1 — 7 % and 6 — 8 respectively. Outside of the salt range, coagulated masses of
growth can be observed in broth. Positive for B-galactosidase. Negative for arginine
dihydrolase, ornithine decarboxylase, H,S production, urease, tryptophan deaminase, indole
production, acetoin production and gelatinase. Nitrate is reduced to nitrite. Acid is produced
from: glucose, mannitol, amygdalin, L-arabinose, glycerol, D-ribose, D-xylose, D-galactose, D-
fructose, D-mannose, methyl-aD-glucopyranoside, N-acetylglucosamine, arbutin, esculin
ferric citrate, salicin, D-cellobiose, D-maltose, D-lactose, D-trehalose, gentiobiose and
potassium gluconate (APl 20and 50 CHB/E). Acid is produced from galacturonate and -
glucosidase is utilised as a carbon source (ID32). Utilises the following carbon sources: dextrin,
D-salicin, N-acetyl-D-glucosamine, N-acetyl-B-D-mannosamine, N-acetyl neuraminic acid, 3-
methyl glucose, inosine, D-glucose-6-phosphate, D-fructose-6-phosphate, glycyl-L-proline, L-
alanine, L-arginine, L-aspartic acid, L-glutamic acid, L-histidine, L-serine, D-galaturonic acid, L-
galactonic acid lactone, D-gluconic acid, D-glucuronic acid, glucuronamide, quinic acid, methyl
pyruvate, L-lactic acid, citric acid, L-malic acid, bromo-succinic acid and acetic acid. Resistant
to 1% sodium lactate, D-serine, troleandomycin, rifamycin, lincomycin, guanidine
hydrochloric acid, niaproof 4, vancomycin, tetrazolium violet, tetrazolium blue, nalidixic acid,
lithium chloride, aztreonam and sodium butyrate (Biolog Gen Ill). Variable for lysine
decarboxylase and citrate utilization; fermentation of sorbitol, rhamnose, melibiose, D-

adonitol, dulcitol, D-raffinose, D-turanose, D-fucose, L-fucose, D-arabitol and potassium 2-
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ketogluconate; acidification of phenol red, palatinose and production of malonate, a-
glucosidase, a-galactosidase. The following carbon sources are variable: sucrose, stachyose,
B-methyl-D-glucoside, N-acetyl-D-galactosamine, myo-inositol, D-aspartic acid, L-
pyroglutamic acid, mucic acid, D-saccharic acid, p-hydroxy-phenylacetic acid, D-lactic acid
methyl ester, tween 40, g-amino-butyric acid, a-hydroxy-butyric acid, B-hydroxy-D,L-butyric
acid and acetoacetic acid, and susceptibility to fusidic acid, D-serine and minocycline also
varies. The major classes of fatty acids are Ciz.0, Ci4:0, Ci6:0, C18:1 W7¢, Ci7.0 cyclo, summed
features 2 (Cis:0 3-OH and/or iso-Ci6:1) and summed features 3 (Ci6:1 w7¢ and/or Cig:1 W6C).

The DNA G + C content ranges from 53.9 — 54.5 %.

Strains have been isolated from a range of sources, including human wound infection,

rhizosphere soil and bleeding lesions of broadleaf hosts.
The type species is Scandinavium goeteborgense (CCUG 667417 = CECT 98237 = NCTC 14286").
Description of Scandinavium hiltneri sp. nov.

Scandinavium hiltneri (hilt'ne.ri. N.L. gen. n. hiltneri, named in honour of Lorenz Hiltner, the
scientist who coined the term ‘rhizosphere’ in 1904, where the majority of isolates originated

from).

The species shares the major characteristics of the genus. Gram negative motile rods (1.08 —
1.19 x 1.96 — 2.41 um) that occur singly. Colonies appear as moist, raised, white circles with
clear smooth margins on CBA averaging 1 — 2 mm in size. Positive for lysine decarboxylase
and citrate utilisation. Acid is produced from: sorbitol, rhamnose, D-adonitol, D-raffinose, D-
arabitol, potassium 2-ketogluconate (APl 20/ 50 CHB/E). Positive for production of a-
galactosidase and acidification of phenol red (ID32). The following carbon sources are utilised:
sucrose, stachyose, B-methyl-D-glucoside, N-acetyl-D-galactosamine, myo-inositol, D-
aspartic acid, D-serine, L-pyroglutamic acid, p-hydroxy-phenylacetic acid, D-lactic acid methyl
ester, tween 40 and acetoacetic acid. Resistant to fusidic acid and minocycline (Biolog Gen
). Variable for the fermentation of melibiose, dulcitol, D-turanose, L-fucose and utilisation

of the carbon source mucic acid.

The DNA G + C content of the type strain is 54.2 mol %.
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The type strain is H11S77 (= LMG 326127 = CCUG 76179") and was isolated from Quercus robur

rhizosphere soil in Hatchlands, Guildford, UK.

Description of Scandinavium manionii sp. nov.

Scandinavium manionii (ma.ni.o’ni.i. N.L. gen. n. manionii, named after Paul Manion, who
defined the decline disease spiral furthering our understanding of the range of influences on

forest diseases).

The species shares the major characteristics of the genus. Gram negative motile rods (1.12 -
1.18 x 2.11 — 2.45 um) which occur singly. Colonies appear moist, raised, white circles with
clear smooth margins on CBA averaging 2 — 3 mm in size. On TSA strains have a dried-out
brittle appearance which allows visual differentiation from other species of Scandinavium.
Negative for lysine decarboxylase and citrate utilisation. Acid is produced from D-adonitol, D-
arabitol and potassium 2-ketogluconate (APl 20 and 50 CHB/E). Resistant to fusidic acid
(Biolog Gen ll1). Variable for fermentation of rhamnose, dulcitol, acidification of phenol red,
palatinose and production of malonate and a-glucosidase. Utilisation of the following carbon
sources is variable: N-acetyl-D-galactosamine, mucic acid, D-saccharic acid and p-hydroxy-

phenylacetic acid.

The DNA G + C content of the type strain is 53.9 mol %.

The type strainis H17S15" (= LMG 32613"= CCUG 761837) and was isolated from Quercus robur

rhizosphere soil in Hatchlands, Guildford, UK.
Description of Scandinavium tedordense sp. nov.

Scandinavium tedordense (te.dor.den’se. M.L. neut. n. tedordense, pertaining to Tedorde, the

medieval name of Tidworth where the type strain was isolated).

The species shares the major characteristics of the genus. Gram negative motile rods (1 x 2.3
-2.5 um) which occur singly. Colonies appear moist, raised, white circles with clear smooth
margins on CBA averaging 1 —2 mm in size. Positive for lysine decarboxylase. Acid is produced
from rhamnose, D-adonitol, D-raffinose, D-turanose, D-fucose, L-fucose, D-arabitol and

potassium 2-ketogluconate (APl 20 and 50 CHB/E). Utilises the following carbon sources: B-
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methyl-D-glucoside, N-acetyl-D-galactosamine, D-aspartic acid, D-serine, mucic acid, D-

saccharic acid, D-lactic acid methyl ester and tween 40 (Biolog Gen ).
The DNA C + G content of the type strain is 53.9 %.

The type strain is TWS1a' (= LMG 32614"= CCUG 761887) and was isolated from the bleeding

lesion on a Tilia x europaea in Tidworth, Wiltshire, UK.
Emendation to the species Scandinavium goeteborgense
The description follows that of Marathe et al., 2019 with the following additions.

Positive for lysine decarboxylase. Acid is produced from sorbitol and D-turanose (APl 20/ 50
CHB/E). Acidifies phenol red (ID32). Utilises the following carbon sources: B-methyl-D-
glucoside, N-acetyl-D-galactosamine, D-aspartic acid, D-serine, L-pyroglutamic acid, D-
saccharic acid, tween 40, g-amino-butyric acid, a-hydroxy-butyric acid, B-hydroxy-D,L-butyric
acid and acetoacetic acid. Resistant to fusidic acid. Variable for the fermentation of potassium

2-ketogluconate (Biolog Gen lll).
The DNA C + G content of the type strain is 54.3 %.

The type strain is CCUG 667417 (= CECT 9823™= NCTC 14286") and was isolated from a wound

infection in Kungalv, Sweden.

Dryocola protologs:

Description of Dryocola gen. nov.

Dryocola (Dry.o’co.la. Gr. fem. n. drys, an oak; L. suff. —cola (from L. masc. n. incola),

inhabitant; N.L. masc. n. Dryocola, an inhabitant of oaks).

Gram-negative rods (0.96 — 1.34 x 1.87 — 2.49 um), facultatively anaerobic, oxidase negative
and catalase positive. Cells occur singly, in pairs, groups of 3 and occasionally form chains, are
motile by peritrichous flagella and can produce fimbriae. Colonies are cream coloured, with a
darker convex centre and uneven margins on TSA. Growth is observed between 4 and 37 °C,
optimum temperature is 30 °C but some strains are capable of growth at 41 °C. Strains can

grow in 1 — 6 % supplemented salt and at a pH concentration of 6 — 8, with some growth at
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pH 9. Positive for @-galactosidase and arginine dihydrolase. Negative for lysine decarboxylase,
citrate utilisation, H3S, urease, tryptophan deaminase, indole production, acetoin production
and gelatinase. Nitrate is reduced to nitrite. Acid is produced from: glucose, mannitol,
rhamnose, amygdalin, L-arabinose, D-ribose, D-xylose, D-galactose, D-fructose, D-mannose,
methyl-aD-glucopyranoside, N-acetylglucosamine, esculin ferric citrate, D-cellobiose, D-
maltose, D-trehalose, gentiobiose and potassium gluconate (API 20 and 50CHB/E). Production
of B-glucosidase, malonate and a-glucosidase; acid is produced from phenol red (ID32). Utilise
the following carbon sources: dextrin, D-salicin, N-acetyl-D-glucosamine, N-acetyl-B-D-
mannosamine, N-acetyl neuraminic acid, 3-methyl glucose, inosine, D-glucose-6-phosphate,
D-fructose-6-phosphate, D-serine, glycyl-L-proline, L-alanine, L-aspartic acid, L-glutamic acid,
L-histidine, L-serine, D-galacturonic acid, L-galactonic acid lactone, D-gluconic acid, D-
glucuronic acid, glucuronamide, mucic acid, D-saccharic acid, methyl pyruvate, L-lactic acid,
L-malic acid, acetoacetic acid and acetic acid. Resistant to 1% sodium lactate, fusidic acid, D-
serine, troleandomycin, rifamycin, lincomycin, guanidine hydrochloric acid, niaproof 4,
vancomycin, tetrazolium violet, tetrazolium blue, lithium chloride, aztreonam and sodium
butyrate (Biolog Gen lll). Variable for ornithine decarboxylase; fermentation of melibiose,
glycerol, arbutin, salicin, D-lactose, D-raffinose, D-turanose, D-lyxose, L-fucose, D-arabitol,
potassium 2-ketogluconate and potassium 5-ketogluconate; acidification of palatinose and
production of a-galactosidase. Utilisation of the following carbon sources are variable:
sucrose, B-methyl-D-glucoside, D-aspartic acid, L-arginine, L-pyroglutamic acid, D-lactic acid
methyl ester, citric acid, D-malic acid, bromo-succinic acid, tween 40 and a-hydroxy-butyric
acid and susceptibility to nalidixic acid. Major fatty acids are Ciz:0, Cia:0, C 16:0, C1s:1 W7,
summed feature 2 (Ci4:0 3-OH and/or iso-Ci6:1) and summed feature 3 (Ci6:1 w7c and/or Cie:1

w6c). The DNA G + C content ranges from 53.0 — 53.9 mol %.

The type species is Dryocola boscaweniae.

Description of Dryocola boscaweniae sp. nov.

Dryocola boscaweniae (bos.ca.we’ni.ae. N.L. gen. n. boscaweniae, of Boscawen, named to

honour Lady Frances Boscawen, the first lady of the Hatchlands Park estate, Surrey, UK).
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The description is as given for the genus with the following additions. Cells are short rods (0.8
-1.3 x 1.8 -2.4 um), that occur singly, as pairs and in chains. Strains grow well between 4 —41
°C and exhibit strong growth from pH 6 — 9. Acid is produced from melibiose, glycerol, D-
adonitol, arbutin, salicin, D-lactose, D-raffinose, D-lyxose, D-arabitol, potassium 2-
ketogluconate and potassium 5-ketogluconate (APl 20 and 50 CHB/E). Positive for
acidification of palatinose and production of a-galactosidase (ID32). Utilises the additional
carbon sources: B-methyl-D-glucoside, D-lactic acid methyl ester, tween 40 and a-hydroxy-
butyric acid. Variable for acid production from D-turanose and galacturonate and utilisation

of bromo-succinic acid.
The DNA G + C content of the type strain is 53.0 mol %.

The type strain is H6W4' (= CCUG 761777 = LMG 32610") and was isolated from the

rhizosphere of healthy oak from Hatchlands Park, Surrey, UK.

Description of Dryocola clanedunensis sp. nov.

Dryocola clanedunensis (cla.ne.dun.en’sis. M.L. masc. adj. clanedunensis, pertaining of
Clanedun, the medieval name of Clandon where Hatchlands Park, the origin of isolation for

the original strains, is located).

The description is as given for the genus with the following additions. Cells are longer rods (1
— 1.4 x 2.3 — 2.7 um) that occur singly, in clusters of three and in chains. Strains grow well
between 4 — 37 °C and exhibit strong growth at pH 6 — 8. Utilises the additional carbon
sources: L-arginine, citric acid and bromo-succinic acid. Variable for ornithine decarboxylase,
acid production from glycerol, arbutin, salicin, L-fucose and utilisation of sucrose, B-methyl-

D-glucoside, D-aspartic acid, D-lactic acid methyl ester, D-malic acid and tween 40.
The DNA G + C content of the type strain is 53.8 mol %.

The type strain is H11S18™ (= CCUG 76181" = LMG 32611") and was isolated from the

rhizosphere of oak suffering from AOD from Hatchlands Park, Surrey, UK.

Leclercia and Silvania protologs:

Emendation description of the genus Leclercia
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Leclercia (Le.clerc’ i.a. M.L. fem. n. Leclercia was named to honour H. Leclerc, a French
bacteriologist, who first described and named this organism Escherichia adecarboxylata in

1962, and who made many other contributions to enteric bacteriology).

Gram-negative rods, ranging from 1.39 -1.54 um wide and 2.01 — 3.06 um long. All strains
possess fimbriae and are motile by peritrichous flagella, and are oxidase negative, catalase
positive, facultative anaerobes. After 48 h on TSA, all species appear as cream-coloured,
circular, convex colonies between 2 - 3 mm in diameter with entire, slightly undulate margins.
After longer periods of incubation some strains may develop a yellow diffusible pigment,
although the conditions required are not consistent. Growth is observed from 10 — 41 °C for
all strains, although some strains can grow at 4 °C, with optimal growth observed between 30
— 35 °C. The majority of strains grow at pH 6 — 9 and at supplemented salt concentrations of
1 -8 %, with some strains only able to grow up to 7 %. Positive for B-galactosidase and indole
production. Negative for arginine dihydrolase, lysine decarboxylase, ornithine decarboxylase,
citrate utilization, H,S production, urease, tryptophan deaminase, acetoin production (VP)
and gelatinase. Nitrite is reduced to nitrate. Production of B-glucosidase and a-galactosidase,
acidification of galacturonate and phenol red, (ID 32). Resistant to 1% sodium lactate, fusidic
acid, D-serine, rifamycin, lincomycin, guanidine HCI, niaproof 4, vancomycin, tetrazolium

violet, tetrazolium blue, lithium chloride, aztreonam and sodium butyrate (Biolog Gen IlI).

The major fatty acids are Cie:0, C1s:1 w7¢) and summed feature 3 (Ci6:1 w7c and/or Ci6:1 W6C).

The DNA G + C content ranges from 55.8 — 56.4 mol %.

The type species is Leclercia adecarboxylata.

Emendation description of Leclercia adecarboxylata

The description is as given above for the genus with the following additional characteristics.

In addition to the carbon sources listed in Table S4, acid is produced from D-adonitol, D-
arabitol and potassium 2-ketogluconate; and D-salicin, D-aspartic acid and tween 40 are
utilised. Variable for the fermentation of saccharose, dulcitol, D-raffinose and D-lyxose; the

acidification of palatinose and the production of malonate. Utilisation of the following carbon
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sources is variable: stachyose, L-pyroglutamic acid, pectin, D-malic acid and a-hydroxy-butyric

acid. Variable resistance to nalidixic acid is observed.
The DNA G + C content of the type strain is 55.8 mol %.

The type strain is Leclercia adecarboxylata (ATCC 23216; CIP 82.92; DSM 30081; DSM 5077;
HAMBI 1696; JCM 1667; LMG 2803; NBRC 102595; NCTC 13032).

Description of Leclercia tamurae sp. nov.

Leclercia tamurae (ta.mu’rae. N.L. gen. masc. n. tamurae, of Tamura, named in honour of

Kazumichi Tamura for his role in defining the genus Leclercia).
The description is as given above for the genus with the following additional characteristics.

After 48 h on TSA, colonies are circular, matte, brittle and cream-coloured with slightly
undulate margins with an average diameter of 3 mm. All strains are capable of forming the

yellow pigmentation associated with Leclercia, although not within a set timeframe.

In addition to the carbon sources listed in Table S4, acid is produced from sorbitol and dulcitol
and acidification of malonate is observed. Variable features include the fermentation of
methyl-a-D-glucopyranoside, D-trehalose, D-lyxose and potassium 5-ketogluconate, and the
production of N-acetyl-B-glucosaminidase. Utilisation of the following carbon sources is
variable: sucrose, D-salicin, 3-methyl glucose, D-serine, L-pyroglutamic acid, citric acid, D-
malic acid, tween 40, a-hydroxy-butyric acid, B-hydroxy-D, L-butyric acid and formic acid.

Variable resistance to troleandomycin and potassium tellurite is observed.
The DNA G + C content of the type strain is 56.4 mol %.

The type strainis H653T (= LMG 32609" = CCUG 76176") and was isolated from healthy Quercus

robur rhizosphere soil in Hatchlands, Guildford, UK.
Description of Silvania gen. nov

Silvania (Sil.va'ni.a. N.L. fem. n. Silvania, named after Silvanus the Roman deity of

woodlands).
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Gram-negative, straight rods (1.2 — 1.4 x 1.6 — 2.0 um) and motile by peritrichous flagella.
Cells appear singly or in pairs. Oxidase negative, catalase positive facultative
anaerobes. Colonies appear as cream-coloured, convex circles with raised entire margins and
a diameter of 3 — 4 mm on TSA. Growth is observed between 4 — 37 °C with an optimum
growth temperature of 30 °C. Positive for B-galactosidase, negative for arginine dihydrolase,
lysine decarboxylase, ornithine decarboxylase, citrate utilization, H,S production, urease,
tryptophan deaminase, acetoin production and gelatinase. Nitrite is reduced to nitrate.
Positive for the acidification of galacturonate and production of B-glucosidase and a-
galactosidase (ID 32). Resistance to 1% sodium lactate, rifamycin, lincomycin, guanidine HCI,
niaproof 4, vancomycin, tetrazolium violet, tetrazolium blue, lithium chloride, aztreonam and
sodium butyrate is observed. Variable features of the genus include indole production;
fermentation of rhamnose, saccharose, methyl-a-D-mannopyranoside, methyl-a-D-
glucopyranoside, D-lyxose, D-tagatose; acidification of phenol red and production of B-
glucuronidase and malonate. Utilisation of the following carbon sources is variable:
stachyose, N-acetyl-D-galactosamine, fusidic acid, D-serine, L-pyroglutamic acid, pectin,
quinic acid, a-keto-glutaric acid and D-malic acid. Variable resistance to troleandomycin,
nalidixic acid and potassium tellurite is observed. The major fatty acids are Cig.0, C1s:1 w7cand

summed feature 3 (C16:1 wW7c and/or Ci6:1 W6C).

The DNA G + C content ranges from 55.7 to 55.9 mol %.

The type species is Silvania hatchlandensis.

Description of Silvania hatchlandensis

Silvania hatchlandensis (hatch.lan.den’sis. N.L. fem. adj. hatchlandensis, pertaining to

Hatchlands the national park in Guildford, UK where the strains were isolated from).

The description is as given above for the genus with the following additional characteristics.

Cells are on average 1.25 x 1.94 um in size. After 48 h on TSA, the colonies appear as slightly
raised circles with raised entire margins and an average diameter of 4 mm. Positive for indole

production (APl 20 and APl 50 CHB/E), the acidification of phenol red and the production of
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B-glucuronidase (ID 32). Variable features of the species include the fermentation of methyl-
a-D-mannopyranoside and methyl-a-D-glucopyranoside; the production of malonate. In
addition to the carbon sources listed in Table S4, N-acetyl-D-galactosamine, L-pyroglutamic

acid, quinic acid, a-keto-glutaric acid and D-malic acid are utilised.
The DNA G + C content of the type strain is 55.9 mol %

The type strain is H19S6" (= LMG 32608" = CCUG 76185") and was isolated from diseased

Quercus robur rhizosphere soil in Hatchlands, Guildford, UK.
Description of Silvania confinis

Silvania confinis (con.fi'nis. L. fem. adj. confinis, adjoining/akin, referring to the close

phylogenetic relationship to the type species of the genus).
The description is as given above for the genus with the following additional characteristics.

Cells are on average 1.37 x 1.68 um in size. After 48 h on TSA, the colonies appear as slightly
raised circles with raised entire margins and an average diameter of 3 mm. In addition to the
carbon sources listed in Table S4, acid is produced from D-lyxose and D-tagatose. Resistance

to D-serine, troleandomycin, nalidixic acid and potassium tellurite is observed.
The DNA G + C content of the type strain is 55.7 mol %.

The type strain is H4N4T (= LMG 32607T = CCUG 76175") and was isolated from healthy

Quercus robur rhizosphere soil in Hatchlands, Guildford, UK.

329



Suppl. Table. S5. The hyperlink to the interactive krona plots for the 16S rRNA data collected for each sample from Hatchlands park.

Samples

Hyperlink

Repository citation

All samples divided by, location, health
status and individual tree number have
been placedin the depository with links to

each krona plot.

http://researchdata.uwe.ac.uk/702

Maddock, D.TAXONOMIC AND
GENOMIC INVESTIGATION OF SOIL
MICROORGANISMS  ASSOCIATED
WITH ACUTE OAK DECLINE. UWE
data repository [online]. Available
from:
http://researchdata.uwe.ac.uk/702
[Accessed 08 August 2023].
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