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Abstract: Acute Oak Decline (AOD) is complex syndrome affecting Britain’s keystone native oak
species, (Quercus robur L. and Q. petraea L. (Matt.) Liebl.), in some cases causing mortality within
five years of symptom development. The most distinguishable symptom is weeping stem lesions,
from which four species of bacteria have been isolated: Brenneria goodwinii, Gibbsiella quercinecans,
Lonsdalea britannica and Rahnella victoriana. We do not yet know where else these bacteria exist, and
little is known about the relationship of the wider oak leaf microbiome (phyllosphere) to acute oak
decline. Here we investigate whether incidental evidence from a large oak genome re-sequencing
dataset could be used to detect these bacteria in oak foliage, and whether bacterial incidence co-
varied with AOD status or location. Oak leaves and buds were sampled from 421 trees at five sites
in England. Whole genomic DNA from these samples was shot-gun sequenced with short reads.
Non-oak reads were extracted from these data and queried to microbial databases. Reads uniquely
matching AOD-associated bacterial genomes were found to be present on trees from all five sites
and included trees with active lesions, trees with historic lesions and trees without AOD symptom:s.
The abundance of the AOD-associated bacteria did not differ between tree health categories but did
differ among sites. We conclude that the AOD-associated bacteria may be members of the normal
oak microbiome, whose presence on a tree is not sufficient to cause AOD symptoms.

Keywords: Quercus; acute oak decline; phyllosphere; Brenneria goodwinii; Gibbsiella quercinecans;
Lonsdalea britannica; Rahnella victoriana

1. Introduction

The native oak trees, Quercus robur L. and Q. petraea (Matt.) Liebl. are the most com-
mon native broadleaf species in Britain [1]. They have historical, cultural, and economic
importance and are ecological keystone species for other organisms [1-3]. A recent study
found 2300 macro-species of arthropods, fungi and lichens, mosses and liverworts, birds
and mammals associated with British native oaks, of which 326 were obligate (found
only on Q. robur/petraea) [4]. Oak in the UK is currently experiencing damage or elevated
mortality from oak processionary moth (Thaumetopoea processionea L.), powdery mildew
(Erysiphe alphitoides (Griffon & Maubl.) [5,6], and complex multi-factorial decline disor-
ders [7]. Decline disorders are complex interactions of multiple factors such as long- and
short-term adverse environmental conditions and the actions of secondary pests and dis-
eases [8]. With no clear universal key factors, Manion defined tree decline disorders as “an
interaction of interchangeable, specifically ordered abiotic and biotic factors to produce a
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gradual general deterioration, often ending in death of trees” [9]. In the UK, two separate
decline disorders have been described: Chronic Oak Decline (COD) and Acute Oak Decline
(AOD) [10]. Chronic Oak Decline is a slow decline syndrome thought to be related to root
health with root rot fungi as a key biotic factor [10].

Acute Oak Decline has been described as a distinctive decline condition that can
rapidly kill trees [7,11]. The key observable symptoms of AOD are cracks in the bark
plate and stem bleeds, together with signs of the presence of the beetle Agrilus biguttatus
Fabricius (larval galleries, and adult exit holes in the bark). It is a complex episodic decline
syndrome associated with several predisposing environmental factors causing stress to
the trees. Affected sites are more likely to be found in warmer areas of Britain and areas
of low rainfall [11,12]. Soil pH, and the rhizosphere microbiome, have been found to
differ between symptomatic and asymptomatic trees at some sites [13,14]. A study that
included Hatchlands Park and Sheen Wood (both of which are studied here, see below)
found that the bacterial composition of the rhizosphere differed between sites and tree
health conditions [13]. Observations at AOD affected sites show a fluctuating pattern of
visible symptoms, which may relate to weather patterns. In many affected trees, callus
tissue overgrows lesions and the trees enter remission, where external stem bleeds are no
longer visible. However, some trees die within 3 to 5 years of the first infection [11,12].

The biotic cause of the lesions characteristic of Acute Oak Decline is a subject of ongoing
investigation. A complex polyspecies microbiome has been found in necrotic lesion tissue.
Three bacterial species, Gibbsiella quercinecans, Brenneria goodwinii, and Rahnella victoriana, have
been consistently found, with Lonsdalea britannica sometimes present [15-23]. Comparisons of
the genomes of these species with orthologous genes in canonical phytopathogens and non-
pathogenic symbionts suggest that B. goodwinii and L. britannica have the genomic potential
to cause tissue necrosis, with B. goodwinii the most likely to be the key causal necrogenic
phytopathogen in AOD [16]. The role of the apparently less pathogenic G. quercinecans may be
to release necrotizing enzymes that contribute to tissue necrosis or to help the more pathogenic
B. goodwinii to activate [16].

Below the bark, lesions are associated with the galleries of larvae of a wood-boring bee-
tle, the two-spotted buprestid Agrilus biguttatus, which may play a role in tree death through
girdling and disrupting vascular flow [24-26]. Co-inoculations of logs with A. biguttatus
eggs and Acute Oak Decline associated bacteria found that the necrogenic bacterium
B. goodwinii appears to be triggered by the presence of the larvae, with upregulation of
damaging genes increased 10-fold [27]. Whilst colonisation by Agrilus species can occur
without AOD symptoms, the lesion symptoms of AOD are not found outside of the range
of A. biguttatus, of which Britain is the northernmost limit [25].

A significant difference in microbial composition has been found in the cultivable
bacteria isolated from diseased stem tissue compared with healthy stem tissue. Diseased
tissue yielded a greater abundance of bacteria in general, and higher G. quercinecans
and B. goodwinii abundance in particular [28]. Microbial isolation and cultivation from
stem tissue from both healthy and symptomatic trees at Acute Oak Decline affected and
unaffected sites, with identification of bacteria using DNA amplicon sequencing, showed
that G. quercinecans and B. goodwinii were significantly associated with each other, but were
not found in AOD free sites and were low in abundance in the stems of healthy trees at
AOQOD sites. Rahnella species were identified at AOD sites, but R. victoriana was found only in
diseased trees and not at all sites [15], although it has previously been found in both healthy
and diseased trees [28]. Lonsdalea britannica was not widespread [15]. Gibbsiella quercinecans
and B. goodwinii have recently been isolated from stem bleeds in Q. robur in Spain [29],
whilst Brenneria and Rahnella species have been isolated from AOD-like stem bleeds in
Q. castaneifolia, Q. brantii and Carpinus betulus in Iran [30] suggesting that these genera
may be involved in similar decline syndromes in other tree species in different parts of
the world.

At present little is known about the wider occurrence of the four Acute Oak Decline-
associated bacteria outside of AOD lesions. Studies to date have focused on cultures from
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oak stems [15,28,31]. However, little data is available about other parts of the oak phyl-
losphere: The above-ground parts of the plant that can be colonised by micro-organisms.
Leaf surfaces form the largest component of the phyllosphere, providing a highly variable
environment where bacteria are estimated to be the most abundant colonisers [32-34]. In
deciduous plants like Q. robur and Q. petraea, leaves are a temporary habitat, available
for only part of the year. Laboratory experiments assessing the ability of B. goodwinii and
G. quercinecans to survive in water and soil showed that G. quercinecans, although not cultur-
able from soil, was detectable using qPCR up to 84 days after inoculation in both rainwater
and soil. Brenneria goodwinii was not able to survive in either environment suggesting that
it is an endophytic or epiphytic plant pathogen, whereas G. quercinecans is more generalist
and able to survive in environmental reservoirs [35]. Recent unpublished research into
potential transmission mechanisms of AOD found B. goodwinii and G. quercinecans on sam-
ples of leaves of both healthy and symptomatic trees and at AOD affected and unaffected
sites (Emma Bonham, personal communication 20 June 2019). It is therefore possible that
these species are usually present on the leaves of the oak and other forest trees. In contrast,
Meaden et al. [31] found no evidence of B. goodwinii in healthy trees in a woodland with no
AOD symptoms.

Metagenomics can be applied to analyse microbiomes from high-throughput se-
quencing data. Originally proposed as a way of capturing the unculturable genomes
and chemistry of microbes in soil samples [36], metagenomics has increasingly been used
as a culture-independent method to characterise the microbial communities of a range
of environments [37-39]. A marker gene approach, such as that used in the analysis of
the oak rhizosphere at sites with Acute Oak Decline, is one method [13]. An alternative
approach analyses shotgun sequence data from whole sample DNA, either assembling the
raw reads into contigs for functional gene annotation and taxonomic profiling or, by taking
an assembly free approach, using raw reads for reference-based classification. Metage-
nomic classification software exists to rapidly provide taxonomic identification of raw
reads using a database of microbial reference genomes. The recent publication of whole
genome assemblies of the four bacteria implicated in AOD [16] means that they can be
detected using Kraken?2, an ultrafast classification tool designed to assign taxonomic labels
to sequences of DNA using exact alignments [40].

Here, we analyse a large short-read dataset based on high-throughput sequencing of
DNA extracted from oak leaves and buds from five sites, including Acute Oak Decline
symptomatic, asymptomatic and ‘in remission’ native oaks. This dataset was generated for
the study of oak genomic variation [41], but here we examine the incidental evidence it
may provide about the phyllosphere of the sequenced trees. We aim to discover whether
the four AOD-associated bacteria, previously identified in stem bleeds, could be identified
in these foliar data using metagenomic classification of reads that do not map to the oak
genome. We wish to understand whether read numbers suggest that these bacteria differ
in presence or abundance between affected and unaffected trees, or between geographical
locations. We also aim to identify the composition of the wider microbiome of the oak
phyllosphere and to ascertain whether there are differences between geographical locations
and between health status groups.

2. Materials and Methods

This study makes use of data initially collected for an investigation of oak tree genomes
in relation to Acute Oak Decline and a wider population study of oak trees at four sites
where research and monitoring of AOD was already taking place [41]. These sites are
Attingham Park in Shropshire, Langdale Wood in Herefordshire, Hatchlands Park in
Surrey and Sheen Wood in Richmond Park, Greater London. In addition, samples and
limited data were available from a set of trees at Chestnuts Wood in the Forest of Dean,
Gloucestershire. Samples from Chestnuts Wood were either healthy or showing signs of
Chronic Oak Decline. Although AOD is present in parts of the Forest of Dean, none of
the sampled trees from Chestnuts Wood had AOD symptoms and these symptoms are
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not present within 50m of the sampled area. Table 1 summarises the features of each site,
and the sample sizes of trees in each health category, based on annual Forest Research and
Woodland Heritage monitoring data. Some of the trees at Attingham Park were planted in
the 1980s and therefore are less likely to be affected by AOD which mainly affects mature

trees [10].

Table 1. Summary of sites and numbers of trees in each health category at each site. n = 421. In addition, 15 technical

replicates were sequenced. These were used in the NMDS and PERMANOVA analysis but not in any subsequent analysis.

Health Groups Sampled at Each Site
(Asymptomatic 1, Remission 2, Acute
Oak Decline 3 or Chronic Oak Decline 4
Symptoms)-Number of Trees in Each

Health Category
AOD First 1 2 3 4
Features Recorded [42] A R AOD CcOoD Total
Small area of closely planted oak dominated
Attingham Park  amenity woodland within parkland. Area of new 2007 58 12 15 0 85
planting with trees approximately 30 years old
Hatchlands Park  Landscaped parkland with shelterbelts After 2001 37 26 19 0 82
Langdale Wood Managed open forest, not closely planted, Before 2006 77 30 20 0 127
mowed grass below
Oak dominated woodland in a Royal Park, trees
Sheen Wood not closely planted. Location as a boundary belt 1991 17 60 25 0 102
on the edge of the park in an urban area
Area of plantation 50-60 years old in the Forest of
Dean. Close to natural woodland. COD present.
Chestnuts Wood No AOD in the woodland sampled, but AOD is N/A 14 0 0 u 25
present in the wider area
Total 203 128 79 11 421

Samples of small branches containing leaves and buds were collected by the Forest
Research Technical Services Unit and placed into plastic bags, which were delivered the
same day, or the day after, to RBG Kew. Sampling took place from 1 November 2017 to
14 November 2017. At RBG Kew, samples were placed in a cold room upon receipt. A small
amount of leaf and/or bud material from each sample was placed into a small zip-lock
bag with silica gel. Another portion of each sample was pressed in a plant press and dried
using blotting paper. Another portion was placed in a —80 °C freezer.

Health status, categorised as Acute Oak Decline or Chronic Oak Decline symptomatic,
in remission or asymptomatic, was recorded at the time of sampling. Trees were also
allocated an age category of semi-mature, mature, or over-mature based on a combination
of a guide diameter, physiological stages based on a model by Raimbault for early tree
development [43], and whether the tree is perceived to be in the first, second, or third stage
of life.

The sampling for this study was not originally designed for a metagenomic study and
therefore did not follow all the best practice protocols for microbiome and metagenomic
studies as outlined by Knight, Vrbanac et al. [44]. Specifically, the samples were taken from
two tissue types and were dried using two different methods. Samples were not collected
and processed in the sterile conditions normally associated with studies of microbiomes,
but there was little opportunity for cross contamination from other samples in the field
as each sample was cut and bagged immediately. Detailed information was not collected
about the exact position in the canopy or the part of the leaf from which each sample was
taken, both of which are associated with variability in microbial community abundance
and composition [34,45]. However, since samples were collected by hand or long-arm
pruner the maximum height is likely to be 3m from the ground.
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Whole genomic DNA was extracted in most cases from leaf or bud tissues that had
been dried using silica gel, and in a few cases from bud material dried in a plant press.
Extractions were done using the Qiagen DNeasy Plant Mini Kit 250 (Qiagen, Germantown,
Maryland) following the standard protocol. Whole genomic DNA was sent to Novogene
(Hong Kong) for library preparation and whole-genome shotgun sequencing. A total of
436 DNA samples with full phenotypic information were successfully sequenced, including
15 technical replicates from separate DNA extractions. Of these 330 were from leaf tissue
dried on silica gel, 21 from bud tissue dried on silica gel, and 78 from bud tissues dried in
plant presses. Additionally, four samples were extracted from both bud and leaf tissues
dried in silica gel and 3 samples were a combination of press dried bud and silica gel
dried leaf. Of the successfully sequenced individual trees, 351 were Q. robur, 10 were
Q. petraea and 16 were hybrids, according to genome-based analyses. A further 45 trees not
included in Nocchi et al. 2021 [41] were identified by morphology, 43 as Q. robur, and one
as Q. petraea, making a total of 394 Q. robur, 11 Q. petraea, and 16 hybrids.

Sequencing libraries were prepared with NEBNext DNA Library Prep Kit (New
England Biolabs Inc., Ipswich, Massachusetts, USA). Whole genome short read sequencing
data was generated with the Illumina Novaseq 6000 platform (Illumina Inc., San Diego,
CA, USA) with read lengths of 2 x 150 base pairs (bp) to produce 16.5 Gbp of data per
sample. All subsequent analysis utilised Queen Mary University of London’s Apocrita
HPC facility, supported by QMUL Research-IT [46]. The whole genome sequencing (WGS)
data was cleaned and aligned to the reference Q. robur genome V2.3 [47] using the bwa
mem algorithm from bwa version 0.7.15 with the -M option [48]. Reads that did not align
to the reference genome were extracted from the bwa output with samtools v1.9 using
the fastq function with flag (—f) 12 [49] and written to separate files. To remove potential
human tissue contamination, these non-oak reads were aligned to the human genome
build37 using bowtie2 v2.3.4 with the default parameters [50]. The non-human reads were
separated and returned as paired read files using samtools v1.9 and bedtools v2.28 with
default parameters. Raw reads for each sample are available in the European Nucleotide
Archive, accession PRJEB30573.

The non-oak, non-human reads from each sample were taxonomically classified with
the bioinformatics software Kraken2, as follows. A custom library was created from all
available fungal (1562 genomes), bacterial (56,460 genomes), viral (13,466 genomes), proto-
zoal (11,151 genomes), and archaeal (614 genomes) genomes along with the UniVec_Core li-
brary of common contaminants downloaded from the NCBI refseq database [51] on 9/5/21.
Three of the four Acute Oak Decline-associated genomes were present in the library and a
Rahnella victoriana genome was downloaded separately and added to the library. The library
contained a total of 5 Brenneria species (B. goodwinii, B. nigrifluens, B. rubrifaciens, B. sp. IR50
and B. sp. EniD312), 2 Lonsdalea species (L. britannica and L. populi), and 5 Rahnella species
(R. britannica, R. aquatilis, R. aceris, R. sp. Y9602, and R. sp. ERMR1:05). The only Gibbsiella
species in the library was G. quercinecans. From this library, kraken2 created substrings (or
k-mers), each 31 bases in length.

This custom Kraken database was used to identify the biotic sources of the reads that
had not aligned to the Q. robur or H. sapiens genomes. Kraken2 queried all the possible
31-mers in our paired reads against the 31-mers in the custom database and matched
them to the lowest common ancestor (i.e., the highest taxonomic level within which all
lower levels contained that 31-mer). Only exact matches for full 31-mers were classified.
Each matched read was then allocated an appropriate taxonomic classification using the
set of taxa matched to the 31-mers, and a report produced, showing the number and
percentage of reads classified at each clade and taxon level for each sample. Kraken-biom
1.0.1 (https:/ /pypi.org/project/kraken-biom/ accessed on 13 December 2019) was used
to create BIOM files [52] for downstream analysis. One BIOM file included classification
of reads to all possible taxonomic levels for each sample. A second BIOM file classified
reads only to phylum level. Statistical analysis was carried out using R version 3.5.3, in
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RStudio [53,54]. Package citations for packages not included in the main text is available in
Supplementary Materials.

To compare the whole microbiomes among sampled trees, read counts for each clas-
sified taxon at all taxonomic levels were normalised by dividing by the total number of
all classified non-oak reads per sample. We ran a Non-metric Multidimensional Scaling
analysis (NMDS) on these data using the vegan package in R [55] to identify any potential
patterns in variation across the whole microbiome in issue type, drying method, tree species,
sampling site, or tree health status as well as examining the technical replicates. We further
analysed the data using Permutational Multivariate Analysis of Variance (PERMANOVA)
implemented in the vegan adonis and adonis2 functions using Bray-Curtis dissimilarity
and 999 permutations. The analysis in adonis analyses the variables sequentially, passing
on the unexplained variability to the next variable. The order of the variables was decided
by first using the adonis2 function with the by = “margin” option, which reports the
variance not explained by the other variables, as described in Hill et al. [56]. The vegan
betadisper function was also used for Permutational Analysis of Multivariate Dispersions
(PERMADISP) to test whether data dispersion was uniform for each variable.

The software Bracken (Bayesian Reestimation of Abundance after Classification with
Kraken) [57] can be used with Kraken classifications to estimate abundance at species level
by re-classifying higher level taxonomic reads at species level. A Bracken analysis was
run on the Kraken allocations. No additional reads were allocated to the AOD-associated
bacterial classifications, so this approach was not pursued further.

Each DNA sample was scored as having presence or absence of the Acute Oak Decline-
associated bacterial according to the Kraken results using two thresholds: (1) presence of
one or more reads assigned to an AOD-associated bacterium; (2) presence of ten or more
reads assigned to an AOD-associated bacterium. These allocations of the DNA samples are
referred to hereafter as the one-read and the ten-read scorings respectively. The value of ten,
the default cut-off for Bracken re-estimation, is somewhat arbitrary. It eliminates two thirds
of the samples, hence the analysis was carried out on both scorings. The percentage of
trees with AOD-associated bacteria scored as present at each site and in each health group
(AOD Symptomatic, COD Symptomatic, Remission, Asymptomatic) was calculated for
each scoring. Chi-squared tests were carried out to assess whether the differences in
the percentage of trees with each AOD bacteria present was significant between sites or
health categories.

In addition to these analyses of presence/absence we analysed the abundance of each
Acute Oak Decline-associated taxon (where present) as follows. A relative abundance score
(a;j) was obtained from the counts of each AOD-associated taxon (x;;) expressed as a pro-
portion of the total number of bacterial reads in sample (f;,). A log(log) transformation was
applied after inspection of the residuals in a preliminary analysis: a;; = log(log(x;;/t;,) + 20).
For the one-read data set, 305 of the original 421 trees were included in this analysis once
Chestnuts Wood and trees with none of the AOD-associated bacteria were removed. For
the ten-read data set, 97 trees were included in the analysis. To investigate whether the
relative abundance score varied as a function of multiple factors, we ran mixed effects
models using the Ime function from the nlme package in R [58]. In all models, the random
effect was the sample identifier allowing for sample specific effects on the counts of up to
4 taxa for each sample. The response variable was the proportioned and log(log) trans-
formed count of reads classified by Kraken as G. quercinecans, B. goodwinii, L. britannica,
or R. victoriana. Fixed effects were bacterial species, site (population) and health status.
Trees were categorised as asymptomatic, in remission, or AOD symptomatic—according to
the surveyed health status in 2017, which was the year in which the leaves were collected.
Previous work has shown an association between tree size as an approximation of age,
being a predictor of bacterial community composition [31]. Diameter at breast height (DBH)
could be used as a continuous variable to approximate age, but it was not available for all
samples. Instead, age was included in the models as a categorical variable with three levels
(semi-mature, mature, or over-mature). An initial additive model was run as follows:
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Random effects: individual
Abundance_score ~ (fixed effects): drying_method + tissue + bacterial_species + age + health + site

The initial model was run three times. First with the health status as three separate
categories, secondly with health status as two categories-remission trees were included
with symptomatic trees, thirdly with remission trees included with asymptomatic trees.
There was little difference in outcome, so health was included as a three-category variable
for the final model. (See Supplementary Materials for results).

Health status, having been found to be not significant, was removed for a final model.
Tissue type and drying method were significant, but closely correlated, therefore tissue
type was included in the final model. The final model for the one-read scoring included
tissue, age, bacterial species, site, and the interaction between bacterial species and site,
as follows:

Random effects: individual

Abundance_score ~ (fixed effects): tissue + bacterial_species + age + health*site

The interaction between species and site was included to investigate whether the
combination of a particular bacterial species and a site had an effect on the proportion
of reads classified as Acute Oak Decline-associated bacteria. Both of these independent
variables had been found to be significant in earlier models.

The missing values for some of the bacteria in the smaller ten-read scoring meant that
it was not possible to include the interaction between bacterial species and site, therefore
an additive model was run, as follows:

Random effects: individual

Abundance_score ~ (fixed effects): tissue + bacterial_species + age + health + site

In order to further confirm the classifications made by Kraken of some reads to the
four Acute Oak Decline-associated bacteria on the basis of 31-mers, we took the full-length
reads and queried them against a custom BLAST database of the four AOD-associated
genomes using magic-BLAST [59]. We calculated the percentage of these reads, classified
by Kraken as being from AOD-related bacteria, that had a 95% or greater alignment with
the genome of the species that Kraken had classified them to.

3. Results

Within each of the short-read sequence datasets for each oak tree, a mean of 96.44%
(standard deviation = 4.4) of reads mapped to the Q. robur genome. A further 0.22% (stan-
dard deviation = 1.13) of reads mapped to the human genome. This left a mean of 3.33%
(standard deviation = 3.97) of non-oak, non-human reads. Of these reads, the mean per-
centage of reads classified by Kraken was 6.05% (range = 0.49% to 51.14%, sd = 5.25): thus
between 2724 and 6,626,088 reads were classified per sample. Of these, across all samples,
44.55% were classified as Proteobacteria, 33.9% as Actinobacteria, 12.13% as Bacteroidetes,
6.2% as Ascomycota, and 1.28% as Firmicutes. The relative abundance of reads classified
as fungi differed among sites (Figure 1). Notably, ascomycetes were unusually common in
the samples from Hatchlands Park and amongst the bacteria, proteobacteria was unusually
common at Chestnuts Wood. Basidiomycota only accounted for 1% of the classified reads
across all reads. These were in greater abundance at Hatchlands Park (2.4%) where the
predominant environment is wood pasture. There was a relatively low percentage (0.1%) of
the reads classified as Basidiomycota at Chestnuts Wood, which is a more closely planted
woodland with COD, often associated with the Basidiomycota genus Armillaria causing
problems with the tree roots. These seems not to have translated into the presence of
Basidiomycota on the leaves.
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Relative abundance of microbial phyla detected at each site
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Figure 1. The relative abundance of microbial phyla detected by Kraken classification software at each site. Fungi (F) are at

the bottom of the bars and bacterial phyla (B) at the top. Archaea and other eukaryotic microbes comprise less than 0.05% of

the total classified. The most abundant phylum is the proteobacteria to which the AOD-associated bacteria belong.

The bacterial phyla with the highest percentages of the total reads classified were Pro-
teobacteria (44.55%), Actinobacteria (33.9%), Bacteroidetes (12.13%), and Firmicutes (1.28%).
The fungal phylum Ascomycota accounted for 6.2% of classified reads and the fungal
Basidiomycota just 1.02%. The AOD-associated all belong to the Proteobacteria phylum.

A Non-metric Multidimensional Scaling Analysis based on all samples (including
technical replicates) and all classified microbiome read counts across all taxonomic levels
is shown in Figure 2. Each panel of this figure shows NMDS1 and NMDS2 for the same
analysis, but with different labels. In Figure 2A, the different species of oak are labelled;
showing little clustering due to oak species, whether identified morphologically or geneti-
cally. In Figure 2B, the sample drying method and tissue source are labelled. Samples dried
in the plant press and those dried in silica gel fall separately, the pattern being very similar
to that of the tissue source and these appear to be confounded. Most bud samples were
dried in the press and most leaf samples in silica gel. In Figure 2C, the health status of the
trees is labelled. From the plot, there appears to be little clustering of trees with different
health statuses. In Figure 2D, the sample sites are labelled, where there appears to be a
minimal amount of clustering by site. Chronic Oak Decline is confounded with site as it
was only found in Chestnuts Wood. Figure 2E shows the same NMDS with just the pairs of
technical replicates visible. Most technical replicates appeared close to each other, although
some differences are to be expected.
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Figure 2. Non-metric Multidimensional Scaling plot based on all samples (including technical replicates) and all classified
microbiome read counts across all taxonomic levels. Each panel shows NMDS1 and NMDS?2 for the same NMDS, but with
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different labels. (A) oak tree species; showing little clustering. (Species are categorised as Hybrid, Q. robur or Q. petraea

(according to genome-based analysis, or morphologically categorised as Q. robur or Q. petraea). (B) the sample drying
method and tissue source. Samples dried in the plant press and those dried on silica gel fall on different sides of the plot and
are very similar to tissue source. Most bud samples were dried in the press and leaf samples in silica gel. The differences in

microbial classification may be due to differences between the bud and open leaf, or be from differences in drying method.

(C) Health Status: There is minimal visibly discernible clustering of trees by health status, especially amongst the trees from
the AOD sites. (D) Sample site: There is a small visible clustering by site. COD health status is confounded with site as COD
was only found in Chestnuts Wood. (E) Showing only the technical replicates, which mostly appear close to their partner.

Table 2 shows the PERMANOVA results indicating significant differences in the
microbiome between the microbiomes according to tissue source, site, and health status.
However, the difference between sites may not be a reliable result, as the PERMADISP
analysis found that dispersion was uniform for all the tested variables, except site possibly
because of the difference in sample sizes between the sites. The health status differences
in microbial composition are not clear in the NMDS visualisation with the ellipse for the
COD symptomatic trees being set slightly apart from the other categories.

Table 2. Results of the statistical tests on Bray-Curtis dissimilarity matrices of all of the Kraken2
classified microbial taxa visualised in the NMDS.

Permanova Permdisp

Adonis 2 Adonis
Variable DF Marginal R? p-Value R2 p-Value P
Tissue 2 0.018 0.001 0.084 0.001 0.172
Site 4 0.1 <0.001 0.118 0.001 <0.001
Health 3 0.01 0.011 0.01 0.009 0.31
Status
Tree 4 0.007 0.52 0.007 0.506 0.052
Species
Drying
Mothod 2 0.002 0.84 0.002 0.84 0.37

Note: Statistically significant results (p < 0.05) are highlighted in bold.

Low numbers of reads classified by Kraken as Brenneria goodwinii, Gibbsiella quercinecans,
Lonsdalea britannica, and Rahnella victoriana were found from both leaf and bud samples at all
sites and across all health categories. Total reads for all four taxa per tree (including technical
replicates) ranged from 0 to 1,607,824 with a mean of 3955 and a median of 3 classified reads.
There were two very high outliers, and apart from these the highest count was 7961. Only
35 samples in total had 100 reads or more.

In the one-read scoring, B. goodwinii was detected in 42 trees (10%), G. quercinecans in
132 (31%), L. britannica in 195 (46%), and R. victoriana in 237 (56%). In the more stringent
ten-read scoring B. goodwinii was detected in just 5 trees (1%), G. quercinecans in 12 (3%),
L. britannica in 48 (11%), and R. victoriana in 66 (16%).

Figure 3 shows the proportion of trees at each site where each species of bacteria
was detected in each scoring. It is notable that reads from all four Acute Oak Decline-
associated bacteria were found at Chestnuts Wood where Acute Oak Decline is not present,
but Chronic Oak Decline is. The lowest incidence of the four bacteria was at Hatchlands,
where AOD is present. Figure 4 shows the proportion of samples in the four sites (grouped
together) where AOD is present. The bars show the proportion of trees in the different
health statuses where AOD-bacterial reads were found in their samples. This shows no
noticeable difference between symptomatic, asymptomatic, and remission trees.
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Figure 3. Percentage of samples with AOD-associated bacteria present at each of the sites. A = Attingham Park, C = Chest-
nuts Wood, H = Hatchlands Park, L = Langdale Wood, S = Sheen Wood. (A) shows the percentage of trees where 1 or more
reads were classified by Kraken2. (B) shows the percentage where at least 10 reads were classified. Hatchlands Park has
very few trees in which more than 10 reads were classified as AOD-associated bacterial genomes. Reads that matched AOD
genomes were found at all sites, including Chestnuts Wood which did not have any AOD symptomatic trees.
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Figure 4. Percentage of samples with Acute Oak Decline-associated bacteria present in each health group across all sites with
AOD-symptomatic trees. (A) shows the percentage of trees where 1 or more reads were classified by Kraken2. (B) shows
the percentage where at least 10 reads were classified. Reads that matched AOD genomes were found on Asymptomatic,
AOD symptomatic trees and trees in remission. Brenneria goodwinii, the putative necrotic agent in AOD stem lesions was

detected on the leaves of very few trees in any health group.
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We carried out chi-squared tests on the differences in the proportion of trees in which
each bacterial species was detected across the four sites with Acute Oak Decline. These
found significant differences across sites for all of the bacteria except B. goodwinii, which
was detected on the lowest number of trees. Hatchlands Park had few trees with more than
10 reads classified as each AOD bacteria. Removing Hatchlands reduced the differences
between sites, but this still remained significant (Table 3).

Table 3. Pearson’s chi-squared test of differences between the proportion of trees showing presence of each bacteria across the

four sites with Acute Oak Decline symptomatic trees. Presence is considered to be one or more classified reads or 10 or more

classified reads. There are significant differences across all bacterial species except B. goodwinii, which was detected on a low

number of trees. Hatchlands Park had few trees with more than 10 reads classified as each AOD bacteria. Removing Hatchlands

reduced the differences between sites, but results still remained significant. Chestnuts Wood was not included in this analysis.

Presence = One-Read Scoring Presence = 10-Read Scoring

Pearson’s chi-squared test

Pearson’s chi-squared Pearson’s chi-squared

Pearson’s chi-squared test

. test with Hatchlands . test with Hatchlands
with Hatchlands (df = 3) removed (df = 2) with Hatchlands (df = 3) removed (df =2 )
X2 p-Value X2 p-Value X2 p-Value X2 p-Value
G. quercinecans 57.448 <0.001 42.359 <0.001 18.818 <0.001 12.673 0.002
B. goodwinii 5.400 0.145 1.049 0.591 2.024 0.568 0.558 0.757
L. britannica 7.619 0.054 3.745 0.154 31.762 <0.001 17.456 <0.001
R. victoriana 42.861 <0.001 32.608 <0.001 44.24 <0.001 24.952 <0.001

Note: Statistically significant results (p < 0.05) are highlighted in bold.

The abundance of the Acute Oak Decline-associated bacteria, measured by the number
of reads assigned to the taxon by Kraken, was analysed for any patterns in abundance related
to health status, geographical site, tissue, and drying method. In an initial additive mixed
effect models on the samples from the four AOD sites we found no significant differences
between symptomatic, remission and healthy trees in the proportion of genomic sequences
classified as AOD-associated bacteria. This was the case when samples were categorised in
three groups (symptomatic, remission, and healthy), or when trees in remission were included
with healthy trees, and when trees in remission were included with AOD symptomatic trees
(see Supplementary Materials Table S1). However, we did find a significant effect by including
site in the models of the one-read scoring (p = 0.024), but not the lower powered comparison
for the ten-read scoring (p = 0.967) (see Supplementary Materials Table S1).

In a second mixed-effects model, health status was not included, and we included
interactions between bacterial species and site. We found a highly significant interaction
between bacterial species abundance and site in the one-read scoring (Table 4). Site and age
category were both significant even if semi-mature (too young to be affected by Acute Oak
Decline) trees were removed from the dataset. Site and age also remained significant if the
site Attingham, which has a large number of young trees, was removed from the dataset.
In the ten-read scoring, tree age had a significant effect on the read counts but not site. In
all analyses tissue type was a significant factor.

Figure 5 shows the abundance score for each bacterial species by health status and
by population in both the one- and ten-read scorings. Figure 5A,C show the abundance
scores for each species in each health category. There are scores for all of the bacteria in
all health categories in the one-read scoring, and also in the ten-read scoring, with the
exception of B. goodwinii which had no samples with 10 or more reads in the Acute Oak
Decline symptomatic category. Figure 5B,D show the scorings by site, where differences in
abundance can be seen. The ten-read scoring has no scores for B. goodwinii or G. quercinecans
at Hatchlands Park. L. britannica and R. victoriana have greater abundance scores in the
more stringent ten-read scoring than B. goodwinii or G.quercinecans. In the BLAST searches
of the reads identified by Kraken2 as being from AOD-related bacteria, 57% of B. goodwinii
classified reads, 60% of G. quercinecans, 57% of L. britannica, and 61% of R. victoriana matched
their respective genomes with 95% or more of the full read aligning to the genome.
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Table 4. (A) ANOVA results of mixed effect model of abundance scores for Acute Oak Decline-
associated bacteria using one- (A) and ten-read scoring (B). Random effect was the sample number,
fixed effects were tissue (leaf or bud), age category (semi-mature, mature, over-mature), bacterial
species, and site. Model (A) included an interaction between bacterial species and site, which was
lacking in (B) due to different numbers of samples in each category. In addition to the significant effect
of site on the abundance of reads classified in the (A) (1 or more reads classified), an interaction was
found between the abundance of the different bacterial species and the site. Site was not significant
in (B) after accounting for the other effects.

Numerator Denominator

Fixed Effect DF DF F-Value p-Value

Tissue 2 297 28.46 <0.001

Age 2 297 16.95 <0.001

g?c))rionni;e—agoa Bacterial Species 3 250 2558  <0.001
s = Site 3 297 298  0.0316
Bacterial Species: Site 9 250 7.34 <0.001

Tissue 2 89 10.274 <0.001

(B) Ten-read Age 2 89 0.107 0.899
scoring(n = 97) Bacterial Species 3 19 3.870 0.0257

Site 3 89 0.835 0.478

Note: Statistically significant effects (p < 0.05) are highlighted in bold.

AOD Bacterial Abundance

(A) Health Status - one-read scoring (B) Site - one-read scoring
3.0 . . 3.0 . %
[ . 8
. .
25 b 25 ks
: =
T ? W
2.0 h . 2.0 * . * .
L]
. . o . 9
1.5 2 1.5 2
B.goodwinii  G.quercinecans L.britannica R.victoriana B.goodwinii  G.quercinecans  L.britannica R.victoriana
(C) Health Status - ten-read scoring (D) Site - ten-read scoring
L L

2.7

it ot T SRR L T

B.goodwinii  G.quercinecans L.britannica R.victoriana B.goodwinii  G.quercinecans L.britannica R.victoriana

Abundance Scores

Health Status Bl Asymptomatic E3 Remission E3 AOD Symptoms Site Bl Attingham Bl Hatchlands B8 Langdale E3 Sheen

Bacterial Species

Figure 5. The abundance score for each bacterial species by health status and by population in both the one- and ten-read
scorings. (A,C) show the abundance scores for each species in each health category. There are scores for all of the bacteria in all
health categories in the one-read scoring, and also in the ten-read scoring, with the exception of B. goodwinii which had no samples
with 10 or more reads in the Acute Oak Decline symptomatic category. (B,D) show the scorings by site, where differences in
abundance can be seen. The ten-read scoring has no scores for B. goodwinii or G. quercinecans at Hatchlands Park. L. britannica and
R. victoriana have greater abundance scores in the more stringent ten-read scoring than B. goodwinii or G.quercinecans.
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4. Discussion

In this study we were able to use incidental read data and the metagenomic classifier
Kraken?2, to characterise the foliar microbiome, find evidence for the presence of Acute Oak
Decline-associated bacteria across five geographical sites, and all AOD health categories.

In total, Kraken?2 classified reads were assigned to 56 phyla. The bacterial phyla
Proteobacteria and Actinobacteria accounted for over 78% of the read classifications and
Bacteroidetes a further 12%. Previous 16s RNA taxonomic studies of Q. robur metagenomes
from the trunk and the rhizosphere (root microbiome) have found that Acidobacteria were
highly abundant [31,60]. The present study found that Acidobacteria made up only 0.07% of
the total reads classified, but this is unsurprising as Acidobacteria are abundant in soil and
less likely to be dispersed in the phyllosphere. A similar pattern was found in a study of
bacterial communities in Ginkgo biloba which found that Acidobacteria were abundant in
trunk tissue, but not in leaf tissue, with Bacteroidetes also one of the four most abundant
taxon across the different tissues [61]. Therefore, our findings seem to be in line with
previous bacterial microbiome studies. Fungi made up only a small percentage of the
classified reads compared with bacteria. The two major fungal phyla, Ascomycota and
Basidiomycota are both represented in our classifications, with Ascomycota being the most
abundant phylum. This is a similar finding to an ITS1 amplicon sequencing study of several
leaf samples from a single Q. robur, which found that 50% of the operational taxonomic
units (OTU)s were Ascomycota and 11% Basidiomycota [62]. Visualisations of Non-metric
multidimensional analysis of the full microbial classifications at all taxonomic levels did not
show any obvious clustering by health status or site. However, the PERMANOVA statistical
analysis did identify a significant difference in the microbial composition between the
different health statuses, which may be of interest for further study. A significant difference
was also found between sites, but this may not be a secure finding as the PERMDISP
analysis identified a non-uniform distribution amongst sites (Table 2).

The bacteria associated with Acute Oak Decline had previously been identified from
isolations taken from lesions in the stem tissue of affected trees [17,19-21,23]. Higher
abundances of these bacteria have been found in lesion tissue than unaffected stem tissue
from symptomatic trees and stem tissue from healthy trees [28]. We found evidence of
their genome sequences in the leaf and leaf-bud tissues, in low and variable abundances,
suggesting that these bacteria are in fact ubiquitous. These results imply that the presence
of the bacteria on an individual is not a sufficient cause for Acute Oak Decline symptoms to
appear. It is of particular interest that in our more stringent ten-read scoring, there was no
evidence for the necrogenic species B.goodwinii in symptomatic trees. It may therefore be the
case that the proliferation of these bacteria at AOD lesion sites is triggered by abiotic factors
and/or boring by the beetle A. biguttatus, as has been suggested by Doonan et al. [27].
Factors such as low rainfall or poor soil conditions may cause stress in the oak tree, allowing
A.biguttatus, which usually lives on dying trees, greater opportunities to colonise oaks.
However, the nature of the interactions between the bacteria and the beetle larvae are yet
to be fully understood. Current work by the BAC-STOP project is investigating whether
secondary metabolites in the beetle larvae trigger virulence gene expression in B. goodwinii
(https:/ /bacterialplantdiseases.uk /bac-stop/, accessed on 24 November 2021).

The detection of these bacterial sequence data in DNA extracted from leaves does
not distinguish between bacteria living as endophytes, epiphytes or present due to rain
or insect dispersal. Pettifor et al. [35] found that rainwater, and to a lesser extent, soil,
could act as a reservoir for G. quercinecans but not for B. goodwinii. This evidence indirectly
suggests that B. goodwinii is an endosymbiont, but G. quercinecans may have a different
niche [35]. We found R. victoriana and L. britannica to be more widespread than either
G. quercinecans or B. goodwinii, which could suggest a wider dispersal in the environment
for these two species.

Our analysis of the abundance of Acute Oak Decline-associated bacteria showed dif-
ferences between the geographical sites. This is in line with a study of the oak rhizosphere,
which found differences in the bacterial composition of the root microbiome between
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sites [13]. It is also in line with phyllosphere studies on other tree species, reviewed by
Rastogi et al. [63] in which geographical location has been shown to be a driver of bacterial
community composition. To our knowledge, this has not previously been shown in the
oak phyllosphere.

One site, Hatchlands Park, had a lower proportion of trees where the bacteria were
present than the other sites. The ecology of the selected trees at Hatchlands Park is different
from the other sites in that they are spaced further apart in wood pasture and hedgerow
settings rather than in closer planted woodland. The samples were also taken from a wider
geographical area in the site. This may have led to greater differences in soil condition
or exposure to rainwater, sunlight, and insect activity. Differences in the microbiome
and the abundance of Acute Oak Decline-associated bacteria are likely to be partly due
to environmental and climactic factors, but there may also be an effect of genetics if the
trees were naturally grown or planted from the same seed source at each plantation site.
Genotype has been shown to have an effect on the microbiome in poplar, particularly of
fungal foliar communities [64,65], and may have an impact on the geographical differences
in the full microbiome. AOD symptomatic trees at some of these sites have previously
been found in physical clusters [42], which could suggest a mechanism passing the bacteria
between the trees. However, the presence of AOD-associated bacteria across many trees
in the woodland or parkland could suggest that these clusters may be related more to the
action of adult A. biguttatus, or to soil or other abiotic conditions in specific parts of the site.

The number of reads classified at species level for the Acute Oak Decline-associated
bacteria of interest were low. The developers of Kraken tested the original Krakenl pro-
gram against a simulated Hi-seq metagenome and found that precision at genus level,
defined as the proportion of correctly classified reads from all the classification attempts,
was 99.2% [66]. Although this precision is high, and Kraken and Kraken2 have been
found by other authors to be precise and accurate and in line with other metagenomic
pipelines [67,68], the low numbers of total AOD-associated bacterial reads classified may
put our results within the potential margin of error for false positives. The trends we
detected in the species level comparisons should therefore be verified, for example using
gqPCR studies on the oak phyllosphere. Our classifications at the phylum level analysis are
more robust due to the greater likelihood of a correct classification at this level [68] and the
higher numbers of reads we classified in each phylum.

What is not clear from this study is whether the AOD-associated bacteria are part
of the leaf microbiome only at sites where Acute Oak Decline is present. The bacteria
were found in Chestnuts Wood, which is not currently showing any AOD symptom:s,
although AOD is present in other parts of the Forest of Dean. A microbiome study by
Meaden et al. [31] of the Q. robur trunk microbiome in 64 trees at Wytham Woods, which has
no cases of AOD, found no 16S RNA signals for Brenneria goodwinii, but did not look for the
other AOD-associated bacteria. It is therefore possible that presence of the AOD-associated
bacteria indicates a symptomatic site, rather than symptomatic individuals, and that these
bacteria are not a normal part of the oak microbiome outside of these sites. A useful further
study would be to collect leaf samples from trees in woodlands with no AOD present and
use the recently developed real-time PCR assay to look for AOD-associated bacteria at these
sites [69]. In addition, a metagenomic study of oak trees and other species from a variety
of sites could shed further light on the range and habitats of these bacteria. The presence
of bacteria on the leaves in non-AOD woodlands would confirm that these bacteria are
indeed to be part of the normal oak microbiome. An absence could indicate that AOD
is a site-wide infection in which trees with predisposing factors become symptomatic.
A systematic survey across the Q. robur and Q. petraea species range in Britain or Europe,
including outside of the range of A. biguttatus, could shed greater light on whether these
species are symbionts of the oak tree.
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5. Conclusions

In this study, we were able to identify the most abundant fungal and bacterial phyla
in the oak phyllosphere, and detect signatures of Acute Oak Decline-associated bacterial
genomes over a much larger number of samples than are typically used for metagenomic
studies. This was achieved using incidental read data from a whole-genome-sequencing
population genomics project on oak trees in England. We found sequence-read evidence
for the presence of AOD-associated bacteria on leaf and bud material in four Acute Oak
Decline affected sites and additionally at a site where AOD symptoms are not present in the
immediate vicinity. We found evidence that the AOD-associated bacteria were present on
trees in all health categories. There were no significant differences in either the proportion
of trees with AOD-associated bacteria present, or in the abundance of any of the four
AQOD-associated bacteria between the symptomatic, remission, and healthy trees. There
were significant differences between geographical sites in both the proportion of trees with
the bacteria present and the abundance of bacteria, although the abundance trend could
not be demonstrated in the lower powered analysis of the more stringent ten-read scoring.
Interestingly, Brenneria goodwinii, the bacterial species believed to have a necrogenic affect
in AOD lesions was not detected on the leaves of symptomatic trees in the more stringent
ten-read scoring, but was found on healthy trees and those in remission suggesting that its
presence on the tree is not sufficient for infection to occur.
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