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Abstract: Forest decline diseases are complex processes driven by biotic and abiotic factors.
Although information about host-microbiome-environment interactions in agricultural systems is
emerging rapidly, similar studies on tree health are still in their infancy. We used acute oak decline
(AOD) as a model system to understand whether the rhizosphere physicochemical properties and
microbiome are linked to tree health by studying these two factors in healthy and diseased trees located
in three sites in different AOD stages—low, mid and severe. We found significant changes in the
rhizosphere properties and microbiome composition across the different AOD sites and between the
tree health conditions. Rhizosphere pH correlated with microbiome composition, with the microbial
assemblages changing in more acidic soils. At the severe AOD site, the oak trees exhibited the lowest
rhizosphere pH and distinct microbiome, regardless of their health condition, whereas, at the low
and mid-stage AOD sites, only diseased trees showed lower pH and the microbial composition
differed significantly from healthy trees. On these two sites, less extreme soil conditions and a high
presence of host-beneficial microbiota were observed in the healthy oak trees. For the first time,
this study gathers evidence of associations among tree health conditions, rhizosphere properties and
microbiome as well as links aboveground tree decline symptoms to the belowground environment.
This provides a baseline of rhizosphere community profiling of UK oak trees and paves the way for
these associations to be investigated in other tree species suffering decline disease events.

Keywords: acute oak decline; decline disease; microbiome; rhizosphere; soil chemistry; tree health

1. Introduction

Forests are globally important systems [1], often damaged by disturbances, which leads to
a significant loss of trees. This is of great concern as humans and environments rely on the
functions, goods, and services provided by these essential ecosystems [1-3]. Among the far-reaching
consequences of forest disturbance is tree decline and the onset of decline diseases. Decline diseases,
defined by Manion and Lachance (1992) [4], are the result of the “interaction of interchangeable,
specifically ordered, abiotic and biotic factors that produce a general deterioration, often ending in
the death of trees’. Three distinct phases in the decline process were recognised: predisposition,
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inciting, and contributing [5]. Predisposition factors are those related, in general, to site resilience
and involve long-term influences of the environmental and/or biological factors that weaken the
host before the onset of decline. Inciting factors are short term and transient factors of biotic and/or
abiotic origin, such as insect defoliating events, extreme weather conditions or human activities,
amongst others. The contributing factors include secondary pests and diseases that can be very
destructive to weakened trees and bring them to death. According to this concept, single or multiple
factors within one category are not able, alone, to drive the decline [6]. Recent evidence suggests that
tree decline disease interactions are more complex than previously envisaged, and occur at a range of
scales spanning landscape to molecule [7,8]. In view of new research towards a deeper understanding
of the mechanistic and functional components of plant-microbe interactions at the systems level [9],
studies elucidating the drivers and mechanisms behind decline diseases in the UK are underway using
oak decline as a platform for investigation.

There are only two native oak species in the UK, Quercus robur L. (pedunculate oak) and
Quercus petraea (Matt.) Liebl. (sessile oak). Both are foundation species and susceptible to acute oak
decline (AOD). This recent emerging threat is spreading through Britain’s woodlands, parklands,
urban landscapes, and gardens, raising much concern amongst landowners and managers as affected
trees can rapidly decline over 3-5 years with a high number of symptomatic trees dying [10,11].
Bark cracks, necrotic inner tissues and dark exudates bleeding on the stems, and larval galleries
of the buprestid beetle Agrilus biguttatus are the distinctive set of visible symptoms characterising
the disease [10]. Similar symptoms have also been observed in continental European oaks [10].
The bacterial species Rahnella victoriana, Brenneria goodwinii, and Gibbsiella quercinecans have been
consistently isolated from AOD lesions [12,13]. Using a contemporary approach for adapting and
fulfilling Koch'’s postulates, B. goodwinii and G. quercinecans were proven capable of oak tissue necrosis,
and together with the larvae of the beetle, formed the main symptoms of AOD [14]. Modern molecular
(‘omics’) analyses of AOD symptomatic field material provided the link between B. goodwinii and
G. quercinecans and lesion formation, where B. goodwinii has a dominant role [7]. Knowledge about the
AOD pathobiome [7,14,15] and environmental factors that predispose oak trees to AOD [8] has led to
remarkable advances in understanding and managing AOD in the UK. However, emerging evidence
of ‘the importance of the microbiome of the plant holobiont” (the holobiome) in host health emphasises
the necessity for a better understanding of the microbiomes of the various niches of large, complex,
long-living plants like trees [16,17]. A particularly important niche is the rhizosphere, as it is the
link between nutrient and water supply and the host demand [16,18]. The rhizosphere has a specific
chemistry, is rich in microbial diversity, abundance and activity [19], and is distinct from the bulk
soil [20,21]. It is thought that bacterial and fungal communities in this environment have a pivotal
role in contributing to tree health and fitness [16], while simultaneously and responsively, the host
shapes its microbial assemblage [22]. Although some research on the rhizosphere microbiomes of
several tree species has been reported [20,21,23-26], knowledge about the linkages among site factors,
composition, and role of this specific niche microbiome concerning tree health condition is still lacking.
Elucidating the relationships between microbial communities and forest hosts under decline disease
disturbances is a complex process, which can be disentangled by gathering stepwise cumulative
information. Moreover, to track the changes and differences in soil functions, functional properties
are defined, which represent a way to assess soil health [27]. Soil carbon, nitrogen, phosphorus, pH,
water content, and bulk density are the most commonly proposed indicators for soil function due
to their impacts on a wide range of soil ecosystem services [28]. Soil acidity, carbon and nitrogen
content, and the ratio of C:N are key determinants of various soil functions, including greenhouse gas
emissions, biomass production, organic matter mineralization and decomposition, and influencing
biological communities, but their exact impacts are often hard to evaluate [29].

As a starting point, this study describes and compares the physicochemical properties and
microbiome of rhizosphere soils of healthy and AOD symptomatic pedunculate oak trees at three
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UK sites to determine whether rhizosphere physicochemical properties and microbial communities
changed according to the tree health condition.

2. Materials and Methods

2.1. Site Selection and Soil Sampling

Three parkland sites were selected based on the presence of pedunculate oak trees with AOD
symptoms, the history of AOD monitoring and the willingness of landowners to allow access to the
sites: Eastnor Castle Deer Park (Ledbury, UK, SO743371), low-stage AOD; Hatchlands Park (Guildford,
UK, TQ067521), mid-stage AOD; and Richmond Park (London, UK, TQ202743), severe-stage AOD
(Figure 1). The three sites represent a range of AOD developmental stages, which were defined based
on AOD incidence and severity monitoring data (Figure 1). At Eastnor, AOD symptomatic trees were
first reported in 2016 with a small proportion of trees lightly affected, whereas trees at Hatchlands
have been monitored for AOD since 2009 with a moderate proportion of moderately affected trees.
Although Richmond has only been intensively monitored since 2010 [30], this site has a long history of
severe AOD presence with a high number of severely affected trees and high levels of tree mortality [31].
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Site Incidence (%) Severity Development Stage

Eastnor Low (= 10) Low (2.00) Low
Hatchlands Moderate (< 25) Moderate (4.37) Mid
Richmond High (> 70) High (7.02) Severe

Figure 1. Location of the UK sites and sampled healthy (green square) and acute oak decline
(AOD) (red triangle) trees in Eastnor (low-stage AOD, green), Hatchlands (mid-stage AOD, yellow),
and Richmond (severe-stage AOD, red). Each point represents the specific GPS location of each
sampled tree. The overview of the AOD developmental stage is presented in the table below the maps.
AOD incidence and severity classifications were defined based on the monitoring data of the number
of trees affected (percentage) and bleeds per tree (average number of bleeds per stem), respectively.
AOD developmental stage was set by combining disease incidence and severity.
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At each site, four healthy and four AOD trees were randomly selected (Figure 1) based on the
Forest Research monitoring records, following the visual tree health condition criteria as previously
reported [30]. The rhizosphere soils were collected after removing the top litter layer. At each tree,
four cores were taken under the crown (2—4 m in approximate cardinal directions radially from the
trunk), and the fine roots and attached rhizosphere soil were pooled in a single sterile bag. Samples were
collected to a depth of 30 cm because the fine roots of trees are mainly distributed in this soil zone.
Additionally, four single cores of bulk soil were randomly taken outside the vicinity of the tree root
system (i.e., in surrounding open spaces within each site). The bulk soils were used as control samples
to enable comparisons between soil the compartments and for the detection of oak rhizosphere effect.
In total, 24 rhizosphere and 12 bulk soil samples were collected in November 2016 across Eastnor
(low-stage AOD), Hatchlands (mid-stage AOD), and Richmond (severe-stage AOD), corresponding to
8 rhizosphere samples (4 healthy and 4 AOD trees) and 4 bulk soils per site.

2.2. Physicochemical Analysis

Rhizosphere soils were separated from the roots in the laboratory by gently shaking the roots
and collecting the loosened soil. The rhizosphere and bulk soil samples were separately sieved
through a 2 mm mesh, and c¢. 5 g of each soil sample was stored at —80 °C until DNA extraction.
The remaining soil samples were analysed for moisture using the gravimetric method, pH (in water)
using an automated Metrohm autosampler with a 719 S Titrino unit and a Sentek electrode, and total
carbon (C) and total nitrogen (N) by dry combustion at 900 °C using a FlashEA1112 NC analyser
(Thermo Fisher Scientific, Waltham, MA, USA). Soil C:N ratio was also calculated for each sample.
The analyses were performed at the Chemical Analysis Laboratory of Forest Research, UK.

2.3. DNA Extraction, PCR Library Preparation, High-Throughput Sequencing and Data Processing

The DNA was extracted from 500 mg of each rhizosphere and bulk soil samples using the
NucleoSpin Soil kit (Macherey-Nagel, Diiren, Germany) with buffer SL2 and Enhancer SX according
to the manufacturer’s instructions. Soilless blank controls were included to ensure reagent sterility.
Agarose gel electrophoresis, ND1000 spectrophotometer (NanoDrop Technologies, Wilmington, DC,
USA) and Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) were
used to check the DNA quality and yield. The DNA samples were stored at —20 °C for further use.

The DNA extracted from the rhizosphere and bulk soil samples were used for
the amplification and sequencing of the bacterial V3-V4 variable regions of the 165
rDNA, and the fungal Internal Transcribed Spacer 2 (ITS2). The bacterial primers used
were: forward primer 341F 5-CCTACGGGNGGCWGCAG-3’ and reverse primer 805R
5’-GACTACHVGGGTATCTAATCC-3’ [32,33]; and the fungal primers used were: forward primers pool
ITS3NGS1_F 5’-CATCGATGAAGAACGCAG-3, ITS3NGS2_F 5'-CAACGATGAAGAACGCAG-%,
ITS3NGS3_F 5-CACCGATGAAGAACGCAG-3/, ITS3NGS4_F 5'-CATCGATGAAGAACGTAG-%,
ITS3NGS5_F 5’-CATCGATGAAGAACGTGG-3/, and ITS3NGS10_F 5 -CATCGATGAAGAACGCTG-3,
and reverse primer ITS3ANGS001_R 5’-TCCTSCGCTTATTGATATGC-3’ [34].

The first PCR was performed using KAPA HiFi HotStart ReadyMix PCR Kit (Roche, Wilmington,
MA, USA), 200 nM of each primer, and 12.5 ng of template environmental DNA in a total volume of
25 pL. The PCR conditions involved a 3 min denaturation at 95 °C, followed by 25 cycles of 98 °C for
20 s, 55 °C (V3-V4) or 60 °C (ITS2) for 30 s and 72 °C for 30 s and a final extension at 72 °C for 5 min in
a Veriti 96-Well Thermal Cycler (Thermo Fisher Scientific, Waltham, MA, USA). Negative controls were
included. PCR products were run on an agarose gel (1% w/v) and purified using Agencourt AMPure
XP (Beckman Coulter, Brea, CA, USA) according to the manufacturer’s instructions.

Dual indexes and Illumina sequencing adapters from the Nextera XT Index kit (Illumina, San
Diego, CA, USA) were attached to both ends of the amplicons by limited-cycle PCR [35]. This second
PCR used KAPA HiFi HotStart ReadyMix PCR Kit (Roche, Wilmington, MA, USA), 2.5 uL of each
indexed adapter primer, and 2.5 pL of the first PCR product, in a total volume of 25 puL. PCR conditions
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included 3 min denaturation at 95 °C, followed by 8 cycles at 95 °C for 30 s, 55 °C for 30 s and 72 °C for
30 s and a final extension at 72 °C for 5 min in a Veriti 96-Well Thermal Cycler (Thermo Fisher Scientific,
Waltham, MA, USA). PCR products were checked on an agarose gel (1% w/v) and one-step purified
and normalized using a SequalPrep Normalization Plate Kit (Thermo Fisher Scientific, Waltham, MA,
USA). Amplicon libraries were pooled, and pair-end sequenced using the MiSeq Reagent Kit v3 in the
MiSeq platform (Illumina, San Diego, CA, USA) at Genoinseq (Cantanhede, Portugal). All sequence
data described in this study are available in the European Nucleotide Archive (ENA) under accession
number PRJEB29902.

Sequence reads were quality-filtered using PRINSEQ version 0.20.4 [36]. Sequencing adapters
and reads with less than 150 bp (bacteria) or 100 bp (fungi) were removed. Reads were trimmed where
the average base quality was below Q25 in a window of 5 bp. The forward and reverse reads were
merged by overlapping the paired-end reads with AdapterRemoval version 2.1.5 [37] using default
parameters. Chimeric reads were removed using USEARCH version 6.1 [38]. The highly variable
fungal ITS2 from the merged reads was extracted with ITSx version 1.0.11 [39]. The bacterial and
fungal reads were clustered into operational taxonomic units (OTUs) at 97% of similarity using the
open reference approach of the QIIME package version 1.8.0 [40]. Taxonomy was annotated using
UCLUST [38] with the databases Greengenes version 13.8 [41] for bacteria or UNITE version 7.1 [42]
for fungi. Singletons (OTUs represented by one single read) were removed from the OTU tables as
well as OTUs annotated as Archaea, “Chloroplast” and “Mitochondria”.

2.4. Total Abundance of Soil Bacterial and Fungal Communities

Total bacterial and fungal abundances were estimated by quantifying the copy number of the
bacterial 16S rDNA and the fungal ITS2 using qPCR. Concentrated stock solutions (107 molecules pL.~!)
of 16S and ITS amplicon standards were prepared by PCR amplification using the conditions described
in the PCR library preparation. An equimolar pool of all soil samples was used as a template. For each
DNA target, a set of calibration standards with known concentrations were generated by serial dilutions.
Each sample and standard was quantified in triplicate using 2X Fast SYBR Green Master Mix (Thermo
Fisher Scientific, Waltham, MA, USA), 0.5 uM of each PCR primer (the same used in library preparation)
and 1 or 10 ng of template DNA for a bacteria or fungi assay in a total volume of 10 uL. The qPCR
conditions involved a 20 s denaturation at 95 °C, followed by 40 cycles of 95 °C for 20 s, 58 °C for 15 s
and 60 °C for 45 s for bacteria, and 20 s denaturation at 95 °C, followed by 40 cycles of 95 °C for 10's,
60 °C for 45 s for fungi, in a 7500 Fast Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA,
USA). All qPCR assays included negative template controls using water instead of DNA.

2.5. Data Analysis

For alpha diversity analyses, the species richness was assessed using Chaol (estimated number of
OTUs) and the observed species (number of OTUs), and the species diversity was calculated using
Pielou’s Evenness, Shannon, and Simpson indexes. These parameters were calculated using the script
alpha_diversity.py of the QIIME package version 1.8.0 [40].

The relationships across soil properties, microbiome composition, soil compartment, site, and tree
health condition were investigated using PRIMER-E [43]. OTU tables were log (X + 1) transformed,
and the Bray—Curtis similarity matrixes were calculated. Distance-based redundancy analysis (dbRDA)
was then applied to explore the microbial and soil properties data according to soil compartment, site,
and tree health condition. Permutational multivariate analysis of variance (PERMANOVA) was used to
test the differences according to the stated factors. Correlations between microbiome composition and
soil properties were tested using a non-parametric Mantel test (RELATE function of PRIMER-E) and
the soil properties that best explained the bacterial and fungal community patterns were determined
by BEST analysis [44] using the same software.

Fungi were sorted into ecologically meaningful categories by assigning ecological guilds to each
community member, whenever possible, using FUNGuild [45].
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Differential abundance analyses of each bacterial and fungal OTU detected in the rhizosphere
soils across the sites and tree health conditions were performed using DESeq 2.0 [46] in the
MicrobiomeAnalyst [47]. OTUs with less than two counts per sample and a prevalence of less
than 20% across the samples were excluded. Moreover, OTUs with less than 10% variance, based
on the interquartile range, were also removed. Variance stabilization transformation was applied
using weighted trimmer mean of M-values (TMM). The analysis outputs were used to create Volcano
plots using Microsoft Excel. Relative abundances of the significantly abundant fungi (FDR corrected
p < 0.05) were visually represented in bar plots using Excel or in Circle Packing charts built using the
open source framework RAW Graphs [48].

Analysis of variance (ANOVA) or the Kruskal-Wallis test were performed, where applicable,
to assess the differences according to soil compartment, site, and tree health condition.
Pairwise comparisons were assessed using Tukey’s HSD post hoc or Mann-Whitney U test.
All assumptions were checked before statistical analysis. IBM SPSS statistics 22 [49] was used
to carry out the statistical analysis.

3. Results

3.1. Physicochemical Properties and Microbiome Are Different in the Rhizosphere and Bulk Soil Compartments

The physicochemical properties and microbiome composition differed between the oak rhizosphere
and bulk soil compartments in all three sites (Tables S1 and S2, Figure S1). At Richmond, the rhizosphere
soil was significantly more acidic (pH 4.33 + 0.14) compared to the bulk soil (5.12 + 0.07; p < 0.001;
Table S1). Bulk soil and rhizosphere pH were similar at Eastnor and Hatchlands (average of 5.66 and 5.92,
respectively). The total C, N, and the C:N ratio were significantly higher in the rhizosphere than in the
bulk soil compartment across all the sites (p < 0.001). In particular, the rhizosphere at Richmond showed
eight times more C (225,966 + 55,586 mg/soil kg) and six times more N (12,921 + 3,331 mg/soil kg)
compared to the bulk soil (Table S1). In general, microbial diversity in rhizosphere soil was slightly
higher compared to the bulk soil (Table S2). The soil compartments differed significantly in their
microbiome composition, for both bacteria (Pseudo-F = 4.61, p < 0.01) and fungi (Pseudo-F = 8.04,
p < 1x 1075) across the three sites (Figure S1). The results show that the soil properties and microbial
communities are specific to the soil compartment. To further characterize the rhizosphere properties
and microbiome and their relation with site and tree health conditions, we excluded the bulk soil data
because it is likely that this niche has different drivers from those found in the rhizosphere.

3.2. Rhizosphere Physicochemical Properties Differ across Sites and Tree Health Conditions

The rhizosphere physicochemical properties varied significantly among the sites, in which
Richmond showed the largest differences, and Eastnor and Hatchlands had identical rhizosphere
properties (Table 1). The rhizosphere soil at Richmond was significantly more acidic (mean = 4.33;
p < 0.001), the total C concentration was 3.6 times higher (225,966 mg/soil kg on average; p < 0.01) and
the N concentration 2.8 times higher (12,922 mg/soil kg, p < 0.01), than the other two sites (62,478 and
4,605 mg/soil kg, respectively). (Table 1). Besides, the C:N ratio increased significantly (p < 0.01) across
the sites, in which Eastnor had the lowest values and Richmond the highest (Table 1).

When comparing the healthy and diseased trees within each site, there were significant differences
(p < 0.05) in the rhizosphere soil pH (Table 1). At Hatchlands, the rhizosphere soil of AOD symptomatic
trees was significantly (p < 0.001) more acidic (pH ranging from 4.84 to 5.74) compared to healthy trees
(pH 5.59-7.52) and a very similar tendency was observed at Eastnor. However, no differences were
detected at Richmond, where in both healthy and diseased trees, rhizosphere soils were very acidic
(pH 4.14-4.49) (Table 1).
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Table 1. Physicochemical properties of the oak rhizosphere soils across the sites and tree health conditions.

Site AQOD Stage Tree Health Condition Moisture (%) * pH (H2O) *** Total C (mg/kg) ** Total N (mg/kg) ** C:N Ratio **
Eastnor Low Healthy 30+1° 6.09 +0.22 2b 61,810 +4,9912 4,877 £ 4392 12.69 +0.38 2
AOD 19+1¢ 527 +0.31P 59,670 + 15,330 @ 4,380 +£7292 13.40 + 1.36 2P

Hatchlands Mid Healthy 24 + 3be 6.43+0.70° 64,834 + 13,077 2 4,739 £ 989 2 13.70 + 0.56 ©
AOD 20+1°€ 5.42 +0.24 P 63,598 + 3,852 2 4,423 + 4802 14.46 + 0.83°

Richmond Severe Healthy 27 + 72 435+013°¢ 228,313 + 53,690 P 12,905 + 3,356 P 17.83 £ 0.58 ¢
AOD 26 + 6 3¢ 430+£0.14°¢ 223,618 +57,324> 12,938 +3,305° 17.28 +0.36

Mean values of soil physicochemical parameters + standard deviation are shown (1 = 24). Asterisks and letters indicate significant differences as determined by statistical analysis (* for
p < 0.05; ** for p < 0.01; *** for p < 0.001).
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3.3. Taxonomic Distribution of Oak Rhizosphere Microbiome

Single gene community profiling took place on high-quality isolated DNA. Yields of 1,661,144
and 1,647,971 165 rDNA and ITS2 high-quality reads were obtained, clustering into 36,841 and 6519
bacterial and fungal OTUs at 97% distance sequence similarity, respectively (Tables S3 and S4).

Regardless of the site and tree health condition, Proteobacteria (28.1%), Actinobacteria (24.8%),
Acidobacteria (17.4%), Verrucomicrobia (9.5%), Planctomycetes (7.8%), Firmicutes (3.2%),
Bacteroidetes (2.8%), and Choroflexi (2.0%) were the eight dominant phyla, totalling 95.5% of the entire
bacterial community (Figure 2a). In the fungal community, 82.8% of the identified OTUs were assigned
to Basidiomycota (41.5%), Ascomycota (32.1%), and Zygomycota (15.1%; currently circumscribed
as Mucoromycota and Zoopagomycota [50]) phyla and the unidentified fungi represented 10.3% of
the total fungal community (Figure 2b). The remaining 37 bacterial and five fungal detected phyla,
which individually represented less than 1% of the total community, were grouped in a group called
“Other” and only accounted for 4.5% and 1.0% of all bacterial and fungal taxa, respectively (Figure 2).

00% b o — — — — e — e —
80% 80%%
0% 70%
60% 60%
50% 50%
40% 40%
308 30%
200 20%
10% 10%
0% 0%

Healthy AQD Healthy AOD Healthy AOQD Healthy AQD Healthy AQD Healthy AOD
Eastnor Hatchlands Richmend Eastnor Hatchlands Richmond
W Proteobacteria M Actinobacteria m Acidobacteria
Verrucomicrobia ® Planctomycetes ® Firmicutes m Basidiomycota ® Ascomycota ®Zygomycota Unidentified m Other (<1%)
m Bacteroidetes m Chloroflexi m Other (<1%)

Figure 2. Relative abundance of the bacterial (a) and fungal (b) phyla detected in the rhizosphere of
the healthy and AOD trees in Eastnor Park, Hatchlands Park, and Richmond Park (1 = 24). The phyla
that individually represented less than 1% of the total community were grouped in the artificial group
“Others”. For bacteria: Gemmatimonadetes, Nitrospirae, WPS-2, WS3, TM7, unidentified bacteria,
Elusimicrobia, Chlamydiae, AD3, Armatimonadetes, Cyanobacteria, TM6, OD1, BRC1, Chlorobi,
Tenericutes, Fibrobacteres, FBP, OP3, FCPU426, OP11, WS2, WS4, Spirochaetes, WS6, BHI80-139, GNO02,
NKB19, GAL15, NC10, [Thermi], Lentisphaerae, MVP-21, Aquificae, GN04, Kazan-3B-28, and WS5.
For fungi: Rozellomycota, Chytridiomycota, Glomeromycota, Blastocladiomycota, and Microsporidia.

3.4. Oak Rhizosphere Microbiome Composition Differs across Sites and Tree Health Conditions

We sampled the rhizosphere soils of 12 healthy and 12 AOD oak trees across three sites with
different AOD developmental stages: Eastnor (low-stage AOD), Hatchlands (mid-stage AOD) and
Richmond (severe-stage AOD).

Bacterial diversity was more impacted than fungal diversity according to site (Table S5). Richmond
showed significantly lower bacterial diversity compared to Eastnor and Hatchlands (p < 0.05), which had
similar diversity to each other. The total abundance of bacteria was similar across all three sites.
The bacterial diversity was similar between the healthy and AOD oaks within each site, and their total
abundance varied significantly with no specific trend between the two health conditions (Table S5;
p <0.05). The fungal diversity and total abundance were similar across the sites and tree health
conditions (Table S5).

However, the rhizosphere microbiome composition varied significantly across the sites and
tree health conditions, as indicated by dbRDA and PERMANOVA (Figure 3 and Table S6;
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p < 0.05). Richmond rhizospheres clustered separately from those of Eastnor and Hatchlands
(Figure 3). PERMANOVA confirmed that the bacterial (Pseudo-F = 10.53, p < 1 x 107°) and fungal
(Pseudo-F = 6.43, p < 1 x 107°) compositions changed significantly across the sites (Table S6; p < 0.05).
Pairwise comparisons revealed that Richmond differed significantly from Eastnor and Hatchlands,
where bacterial community composition was similar (Table S6; p < 0.05). The fungal composition
varied significantly across all the sites (Table S6; p < 0.05).

a b
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= ® £ LY
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] 5 A A °
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{bRDA1 (70% of fitted, 44.5% of total variation) dbRDA1 (58% of fitted, 28.2% of total variation)

Figure 3. Distance-based redundancy analysis of the bacterial (a) and fungal (b) communities and
rhizosphere soil chemical properties of the healthy and AOD trees across the sites (1 = 24). The soil
parameters determined by BEST analysis are shown in each plot. The longer the line, the stronger
the correlation between the microbiome composition and the soil chemistry. Eastnor—triangle;
Hatchlands—square; Richmond—circle; healthy trees—green; AOD trees—red.

Within Eastnor and Hatchlands, healthy and AOD trees clustered into two distinct groups.
The dbRDA and PERMANOVA results showed that the microbiome composition in the healthy oak
trees was significantly different from the AOD trees for both the bacterial (Pseudo-F = 3.37, p < 0.05)
and fungal (Pseudo-F = 1.90, p < 0.05) communities (Figure 3, Table S6). No differences were observed
in Richmond.

3.5. Rhizosphere Microbiome and Physicochemical Properties Are Correlated

The rhizosphere physicochemical properties and microbiomes showed strong correlation for both
bacterial (Mantel r = 0.81, p < 0.001) and fungal (Mantel r = 0.73, p < 0.001) communities. Among the
rhizosphere properties evaluated in this study, the BEST analysis revealed that rhizosphere pH was
constantly present in all the combinations that best explained microbiome composition variance
(Table S7), together with total C, and C:N for bacteria (Spearman’s rs = 0.896, p < 0.01; Table S7) and
C:N ratio for fungi (Spearman’s rs = 0.848, p < 0.01; Table S7).

3.6. Rhizosphere Bacteria and Fungi Members Differ across the Sites and Tree Health Conditions

According to the differential abundance analysis (DESeq 2.0), Eastnor and Hatchlands shared
many common rhizosphere members (Figure 4a,d), only differing in 13 bacterial and 101 fungal OTUs
(p < 0.05). However, a considerable number of rhizosphere bacterial and fungal members differed
from Richmond: 2237 bacterial and 409 fungal OTUs differed significantly (p < 0.05) between Eastnor
and Richmond (Figure 4b,e), and 2,842 bacterial and 430 fungal OTUs between the Hatchlands and

Richmond (Figure 4c,f; p < 0.05).
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Figure 4. Volcano plots of differential bacterial (a—c) and fungal (d—f) operational taxonomic unit (OTU)
abundance analysis as calculated by DESeq 2.0 according to the site (a and d—Eastnor vs. Hatchlands;
b and e—Eastnor vs. Richmond; ¢ and f—Hatchlands vs. Richmond). Fold change FDR corrected
p-values are plotted for each OTU. Significantly different taxa (FDR-corrected p < 0.05) are coloured
according to site: Eastnor—green, Hatchlands—yellow, Richmond—red.

When looking at the top 20 bacterial OTUs showing the highest fold change (negative fold
change in Eastnor or Hatchlands and positive fold change in Richmond, Figure 5), members from
the phyla Verrucomicrobia and Actinobacteria were particularly enriched at Eastnor and Hatchlands
sites. Richmond showed a higher abundance of the families Acidobacteriaceae (phylum Acidobacteria),
Acetobacteraceae, Rhodospirillaceae (class Alphaproteobacteria), Sinobacteraceae, and Xanthomonadaceae
(class Gammaproteobacteria).
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Figure 5. Differentially abundant OTUs between Eastnor-Richmond (a) and Hathclands—-Richmond
(b). The top 20 (the highest log2 fold changes) significantly enriched OTUs determined by DESeq 2.0
are depicted (FDR-corrected p < 0.05). Negative log2 (FC): Eastnor (a) and Hatchlands (b); Positive log2
(FC): Richmond (a and b).

Moreover, the members of the subdivision 6 Acidobacteria, Chloracidobacteria, and the phylum
Nitrospirae were more abundant in Eastnor and Hatchlands (Table S8). On the other hand,
the families Burkholderiaceae (class Betaproteobacteria) and Sphingobacteriaceae (phylum Bacteroidetes)
were particularly enriched in Richmond (Table S8).

In the fungal community, DESeq 2.0 (Figure 6a) and FUNGuild (Figure 6b,c) analyses showed
concordant results. The relative abundance of ectomycorrhizal fungal (EcM) was significantly higher
(p < 0.05) at Eastnor (38 + 11%) and Hatchlands (47 + 12%) compared to Richmond (10 + 3%; Figure 6b),
namely Cortinarius, Hebeloma, Humaria, Gymnomyces, Tomentella, Xerocomellus and Tuber (Figure 6a and
Figure S2). Russula and Cenococcum were particularly enriched at Richmond (Figure 6a and Figure S2).
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In contrast, the percentage of saprobes in the rhizosphere was significantly lower (p < 0.05) in Eastnor
(39 + 10%) and Hatchlands (33 + 9%) than in Richmond (64 + 6%; Figure 6¢), where Aspergillus,
Penicillium, Byssonectria, Nadsonia, representatives of the phylum Zygomycota (currently circumscribed
as Mucoromycota and Zoopagomycota [50]), and some plant pathogens, such as Phaeoacremonium and
Gibberella, were particularly enriched (Figure 6a and Figure S2).
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Figure 6. Fungi differentially abundant across the sites (a). Only significantly enriched OTUs determined
by DESEq 2.0 are depicted (FDR-corrected p < 0.05). The size of the circles represents the relative
abundance (scale represented by gray circles) and the colour denotes the rhizosphere of oak trees located
in Eastnor (green) or Richmond (red) only. Ecological guilds of fungal taxa detected in the rhizosphere
soils in Eastnor, Hatchlands, and Richmond (b and c). Significant differences (p < 0.05) according to the
site are indicated by different letters. EcM—ectomycorrhizal fungi (b); saprobe—saprophytic fungi (c).

As revealed above by dbRDA and PERMANOVA, healthy trees held different microbial
compositions compared to AOD trees at Eastnor and Hatchlands. Accordingly, the differential
abundance analysis (DESeq 2.0) detected 848 bacterial and 70 fungal OTUs more abundant in healthy
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trees, and 436 bacterial and 58 fungal OTUs enriched in AOD trees (Figure S3). No significant bacterial
OTUs were detected between the healthy and AOD trees at Richmond (Figure S3).

Remarkably, similar taxa found in Eastnor (low-AOD stage) and Hatchlands (mid-AOD stage) were
also enriched in the healthy trees. Among them, stood out the Chloracidobacteria (RB41), subdivision 6
Acidobacteria (iiil-15, mb2424, and RB40; phylum Acidobacteria), Nitrospira, and 0319-6A21 (phylum
Nitrospirae), which were consistently more abundant (Figure 7). In the fungal community, few common
OTUs were detected across the tree health comparisons but instead, they were site-specific (Figure 54).
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Figure 7. Relative abundance of the common bacterial OTUs, differentially abundant

between healthy and AOD oaks across the tree health comparisons. Phyla are indicated in
brackets: Ver—Verrucomicrobia; Pro—Proteobacteria; Nit—Nitrospirae; Gem—Gemmatimonadetes;
Bac—Bacteroidetes; Act—Actinobacteria; Aci—Acidobacteria; Pla—Planctomycetes. Error bars are
shown as SEM. Green bar—healthy oaks; red bar—AOD oaks.

4. Discussion

In this work, we studied the rhizosphere physicochemical properties and microbiome (bacteria
and fungi) of healthy and AOD symptomatic trees across three UK sites that ranged from different
stages of the disease. We showed that the host health, the rhizosphere physicochemical properties,
and microbiome are linked at both site and tree conditions.

Across the three study sites (Figure 1), Richmond suffered the longest and the most severe
AOD symptoms (severe-AOD stage) but also had the most unfavourable soil environment. The soil
was very acidic, dry, compacted and generally low in C and N content. Trees respond and adapt
to unfavourable soil environments and this can take place through various mechanisms, including
changes in root exudation and rhizodeposition, which consequently change the rhizosphere soil
properties [51-53]. In particular, plants can acidify their rhizosphere to facilitate nutrient uptake [54].
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It is likely that all the oaks in Richmond have acidified their rhizosphere, regardless of tree health
condition, in an effort to counter the poor soil environment and mobilize more nutrients for uptake to
sustain growth and defence. At this site (severe-AOD stage), which showed the lowest rhizosphere pH,
acidification dramatically boosted C and N levels in the rhizosphere compared to bulk soil, and these
elements were higher than those measured at Eastnor and Hatchlands (low and mid-stage AOD sites,
respectively). The same rhizosphere acidification trend/effect occurred in the AOD affected trees at
Eastnor and Hatchlands. Rhizosphere acidification seems to be an important oak response to withstand
unfavourable environmental conditions and disease establishment, raising the hypothesis that oaks
may trigger pH-related mechanisms to cause an increase in acidity levels when affected by or indeed
leading to AOD. The understanding of oak stress reaction mechanisms is still lacking, and experimental
work is required to detail and prove the mechanisms used by trees in responding and adapting to
abiotic and biotic stress factors.

Rhizosphere acidification can also affect microbiome composition. Firstly, we found that the
rhizosphere and bulk soil compartments differed in their microbial assemblies. This rhizosphere
effect, triggered by root exudates and rhizodeposition, has been reported in many tree species,
including oak [21], beech, spruce [20], poplar [24,55], wherein a diverse array of root exudates
selecting inhabiting microorganisms [56] with pivotal roles for host health, growth promotion,
and productivity [16,19]. Proteobacteria, actinobacteria and Acidobacteria as well as Basidiomycota,
Ascomycota, and Zygomycota (currently circumscribed as Mucoromycota and Zoopagomycota [50])
were the main colonizers of the oak rhizosphere, as previously reported on Quercus species and other
woody plants [20,21,24,55].

In the second instance, here, we show that the rhizosphere microbiome changed according to
health conditions at both site and tree conditions. Oaks at Richmond (severe-AOD stage) showed
the most dissimilar rhizosphere microbiome, whereas the oak trees at Eastnor and Hatchlands (low-
and mid-stage AOD) presented a microbial composition dependent on the host health condition.
Indeed, root exudates can change in quantity and quality in response to external stressors and affect
the rhizosphere microbial community [57,58]. The rhizosphere pH strongly and consistently correlated
with rhizosphere microbiome composition, with the bacterial and fungal assemblages changing in
more acidic soils. It is well established that soil pH is one of the most important drivers in structuring
soil bacterial and fungal communities and it has been reported as a predictor of the diversity and
composition of soil communities ([59], and references within).

Acidobacteria of the subdivision 6 and Chloracidobacteria, and members of the phylum Nitrospirae
were consistently more abundant in healthy trees at Eastnor and Hatchlands, the low- and mid-stage
AOD sites. Representatives of the phylum Acidobacteria are active members in the rhizosphere [60],
capable of degrading complex plant polysaccharides [61], and harbouring putative extracellular
peptidase genes for ammonium mobilization in N cycling [62]. Moreover, they have recently been
suggested as potential plant growth promoters [63]. The phylum Nitrospirae includes essential
members for nitrogen cycling [64]. Whether the beneficial role of subdivision 6 Acidobacteria,
Chloracidobacteria, and Nitrospirae on tree health remains speculative, it deserves further research to
understand their increased abundance in healthier conditions and association with AOD.

In our study, ectomycorrhizal (EcM) fungi, which establish essential mutualistic relations
with oak trees [65,66], also varied in abundance and composition. At Eastnor and Hatchlands,
EcM were more abundant and characterized by N-sensitive EcM fungi (e.g., Cortinarius and Hebeloma),
whereas, at Richmond, this community was diminished and its profile enriched in nitrophilic and
acidophilous EcM fungi (e.g., Russula). Suz et al. (2014) [67] reported similar shifts of EcM abundance
and composition across European temperate oak forests. These shifts were explained by the differences
detected in rhizosphere soil pH and N content across the sites and were reported as drivers of changes in
these communities [67,68]. Other studies at local and continental scales also reported a reduction of EcM
and changes in community profile with increasing N and decreasing pH [67-72]. However, our study
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is the first report of this occurrence linked to pH on oak in the UK and specifically associated with
AOD symptomatic trees.

Interestingly, we found bacteria and fungi previously linked to plant diseases and that were more
abundant in oak rhizospheres at Richmond (severe-AOD stage). Examples include members of the
families Burkholderiaceae and Xanthomonadaceae, which were also isolated from tissues of oaks affected
with AOD [13]; representatives of the families Sphingobacteriaceae and Burkholderiaceae, which were
reported in plant rhizospheres after pathogen infection [73]; and plant pathogenic fungi such as
Gibberella [74,75] and Phaeoacremonium [76]. Moreover, saprophytic fungi were also more abundant
at Richmond as well as in the AOD trees. This suggests that declining trees have poor feeder root
health and are undergoing partial root degradation or are too weak to fend off saprophytic attack.
Thus, such organisms are able to take advantage of the situation, which is evidenced by the enrichment
in bacteria and fungi with a saprophytic lifestyle and is a consequence of probable high decay material
availability. Indeed, the results are supported by previous studies also reporting soil microbiome
changes caused by biotic and abiotic forest disturbances, particularly the increase in saprophytic taxa
over beneficial species [77,78].

5. Conclusions

At first sight, our results appear to be a consequence of system perturbation that occurs in AOD
establishment, in which the root exudation chemistry altered the rhizosphere soil pH and consequently
changed the associated microbiome. However, the flip side of the results presented here raise the
exciting hypothesis that the underground rhizosphere communities can potentially protect oaks
against the AOD, a decline disease with aboveground symptoms. Understanding how trees and
their associated microbiome respond to forest decline disease episodes is vital for providing in-depth
knowledge to develop more efficient, affordable, sustainable, and reliable forest management strategies
for the proactive prediction and mitigation of these events. In this sense, the present study gathers
evidence of associations among tree health conditions, rhizosphere microbiome, and soil environment
and paves the way for these associations to be investigated in other tree species suffering decline
disease events.
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