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Abstract

Background The root-associated microbiome has been of keen research interest especially in the last decade due to
the large potential for increasing overall plant performance in agricultural systems. Knowledge about the impact of
above ground plant disturbances on the root-associated microbiome remains limited. We addressed this by focusing
on two potential impacts, foliar pathogen infection alone and in combination with the application of a plant health
protecting product. We hypothesized that these lead to plant-mediated responses in the rhizosphere microbiota.

Results The effects of an infection of greenhouse grown apple saplings with either Venturia inaequalis or
Podosphaera leucotricha as foliar pathogen, as well as the combined effect of P leucotricha infection and foliar applica-
tion of the synthetic plant health protecting product Aliette (active ingredient: fosetyl-aluminum), were studied on
the root-associated microbiota. The bacterial community structure of rhizospheric soil and endospheric root material
was characterized post-infection, using 16S rRNA gene amplicon sequencing. With increasing disease severity both
pathogens led to changes in the rhizosphere and endosphere bacterial communities in comparison to uninfected
plants (explained variance up to 17.7%). While the preventive application of Aliette on healthy plants two weeks

prior inoculation did not induce changes in the root-associated microbiota, a second later application on the dis-
eased plants decreased disease severity and resulted in differences of the rhizosphere bacterial community between
infected and several of the cured plants, though differences were overall not statistically significant.

Conclusions Foliar pathogen infections can induce plant-mediated changes in the root-associated microbiota, indi-
cating that above ground disturbances are reflected in the below-ground microbiome, even though these become
evident only upon severe leaf infection. The application of the fungicide Aliette on healthy plants itself did not induce
any changes, but the application to diseased plants helped the plant to regain the microbiota of a healthy plant.
These findings indicate that above ground agronomic management practices have implications for the root-associ-
ated microbiome, which should be considered in the context of microbiome management strategies.
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Introduction

The term rhizosphere was first coined in 1904 by the
German agronomist and plant physiologist Lorenz
Hiltner and is now defined as the narrow region of soil
around plant roots, which harbors a specific microbiome
with potential benefits for plant health [1-3]. Some rhizo-
sphere microbes have capabilities to enter the root and
establish an endophytic lifestyle, thereby undergoing an
even closer association and with further possibilities to
influence root health and plant growth [4-6]. This root-
associated microbiome is mostly recruited from the sur-
rounding soil and is considered to be crucial for healthy
agricultural soils and thus for food production (reviewed
in [7]). Its composition has been shown to depend on
various factors such as the biophysical and biogeochemi-
cal environment, but is also actively shaped by the plant
[8, 9]. The plant species [10, 11], its genotype [12], spatial
heterogeneity within the root system related to root age
and differentiation [13, 14] and nutrient acquisition strat-
egies [15] are considered some of the main drivers behind
microbiome assembly and dynamics. More specifically,
its composition is shaped by the plant via rhizodeposition
[16, 17], which itself depends on various factors, includ-
ing abiotic and biotic influence factors. Abiotic factors
include light intensity and temperature [18], the mecha-
nistics of carbon and nitrogen flow into the rhizosphere
[19], water supply [20], or the application of plant health
protecting products (PHPPs) such as pesticides [21],
while biotic factors include the presence of other organ-
isms (reviewed in [22]), and root or even foliar pathogens
to which the plant responds [14, 23, 24].

The root-associated microbiome is known to be able
to protect plants against stresses such as pathogen infec-
tions [25] and has been shown to be actively recruited
to suppress soilborne pathogens [26]. Various studies
in recent years have shown that different root, above
ground or systemic pathogens can impact the root-asso-
ciated microbiota. Devastating root pathogens such as
Phytophthora causing root rot [27], above ground fungal
pathogens such as Botrytis cinerea [28] or Podosphaera
aphanis on strawberry [29], as well as the phloem-limited
bacterial Huanglongbing citrus disease [30] have been
shown to induce changes in the microbial rhizosphere
community to varying degrees. Beyond this, Gu et al. [31]
have recently suggested that small changes in the rhizos-
phere microbiome can be an early indicator for the pres-
ence of a soilborne pathogen. The effects of a pathogen
infection can be plant compartment specific as a recent
study by Kim et al. [32] shows. Here, the systemic bac-
terial pathogen Erwinia amylovora causing fireblight in
several Rosaceae was shown to induce significant changes
in the apple root endosphere bacterial community com-
position, whereas the rhizosphere communities remained
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unchanged. Thus, evidence exists that above ground
or systemic pathogens can impact the root-associated
microbiota. However, detailed knowledge about this
process remains limited; it is in particular unknown how
early during the above ground infection process changes
become evident in the root-associated microbiota and
whether responses are pathogen-specific. Understand-
ing the composition and responses of the root-associated
microbial communities of healthy and diseased plants is
essential for promoting plant health and growth and has
thereby potential to contribute to sustainable agriculture
(33, 34].

Currently, disease control relies predominantly on
repeated PHPP applications and the integration of
non-pesticidal control measures, such as removing lit-
ter residues or using resistant plant varieties [35, 36].
The application of synthetic and biological products for
disease prevention and reduction is common practice
and has recently been found to influence the root-asso-
ciated microbiota (reviewed in [37]). Depending on the
product group and application mode, different effects
on the root-associated microbiota have been observed
by pesticide applications. PHPPs with direct contact
of the compound with the root-associated microbi-
ota have been shown to induce significant effects. For
example, soil or seed treatments such as seed coatings,
as well as systemic PHPPs have been shown to affect
bacterial and fungal rhizosphere communities in maize,
soybean, rice, strawberry and sugar cane [38-42].
Similarly, spray applications of the systemic herbicide
haloxyfop-R-methyl have been shown to dissipate into
the rhizosphere soil upon application and consecutive
plant death to influence the soil and rhizosphere bacte-
rial richness and diversity [43]. However, little is known
about possible plant mediated effects on the root-
associated microbiota when PHPPs are applied above
ground. The only currently available study about the
effects of spray application of a mixture of the systemic
fungicides fosetyl-aluminum and propamocarb-hydro-
chloride has been shown to have a rather weak and
only transient impact on the root-associated microbi-
ota [44]. Thus, effects of PHPPs in direct or close con-
tact with the root-associated microbiome in form of
seed/soil treatment or as systemic products have been
shown, whereas the effects of above ground product
applications and thereby plant mediated responses on
the root-associated microbiota are currently largely
unknown. However, in commercial fruit tree orchards
most pesticides are applied as foliar sprays and less as
drench application or seed coating [45]. Moreover, the
effects of PHPPs on the root-associated microbiome
have been studied on healthy plants, while the com-
bined effects resulting from pathogen infections and
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PHPP applications remain unknown. This may have
additive effects, leading to an even more distinct root-
associated microbiota of infected, PHPP treated plants,
or may to some extent reduce the infection impact, if
plants and their associated microbiota are cured by
PHPP treatment.

Aim of this study was to investigate the effects of two
above ground fungal pathogens and the interaction with
a synthetic fungicide on the root-associated bacterial
microbiota. We chose apple (MalusXdomestica) as a
model organism due to its economic relevance, its sus-
ceptibility to several severe pathogens, and the current
disease control methods. It is the third most important
fruit in terms of production and consumption world-
wide with around 83 Mt of apples produced annually
[46, 47]. Sustainable apple production is threatened
by both, above and below ground pathogens, caus-
ing substantial yield and economic losses. Two of the
most important and prominent foliar diseases world-
wide are apple scab and powdery mildew caused by the
fungi Venturia inaequalis and Podosphaera leucotri-
cha, respectively [48, 49]. Infections by these pathogens
are minimized and plant health is maintained in apple
orchards by frequent pesticide applications with high
dosages [50].

We hypothesized that (i) foliar pathogen infection
changes the apple sapling root-associated bacterial com-
munity structure depending on disease severity and path-
ogen species and (ii) the application of PHPPs promotes
the return of the microbiota to that of a healthy plant
after a pathogen infection event. To test these hypothe-
ses, we analyzed the root-associated microbiota of young
apple plants based on two greenhouse trials. Focus of the
first trial (referred to as temporal trial) were pathogen-
infection induced changes over time in the root-associ-
ated bacterial community of plants, either inoculated
with the apple pathogen V. inaequalis or P. leucotricha in
comparison to healthy plants. Focus of the second trial
(mixed trial) was to analyze the effect of a P leucotricha
infection followed by the application of the synthetic fun-
gicide Aliette (containing fosetyl-aluminum). This locally
systemic product was chosen as it is effective against P
leucotricha [51] and because it has been shown to only
induce weak transient changes in the root-associated
microbiota [44]. Its active ingredient, fosetyl-aluminum,
is considered to have a low mammalian toxicity and to be
rapidly degraded in soil to non-toxic components [52]. In
both trials we divided the root-associated microbiota into
the “loosely associated” (L-compartment, primarily the
rhizosphere) and “tightly associated” (T-compartment,
primarily the endosphere) microbiota according to the
concept of Donn et al. [53] to study responses compart-
ment-specifically. The bacterial community composition
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was analyzed by amplicon sequencing of the 16S rRNA
marker gene.

Material and methods

Soil substrate preparation

For both the temporal and mixed trial, soil in proxim-
ity of apple trees was taken from a commercial apple
orchard in Buxtehude, Germany. The soil was air dried
and sieved through a 2-mm mesh. As growth substrate,
45% of this soil was mixed with 45% sterile silica sand and
10% perlite to improve soil texture and therewith seed-
ling growth. The soil mixture was remoistened two days
before use and the watered soil transferred into growing
trays or pots.

Plant cultivation

Commercially available apple seeds (Malus x domes-
tica Borkh., cv. Pink Lady) were stored for at least two
months at —20 °C for stratification. For use, the seeds
were then incubated in sterile distilled water (dH,O)
for four days at 6 °C. Before the seeds were placed into
silica sand for germination, the sand was autoclaved,
placed into boxes and wetted with sterile dH,O over-
night. Germination occurred for two weeks at 4 °C with
the lid of the tray closed. Individual seedlings were fur-
ther cultivated in the prepared soil mixture in growing
trays, slightly covered with soil, and left for 17 days with
14-h light phase (>300 umol m™ s™!, Philips SGR 140,
Hamburg, Germany) at 16 °C+2 °C and 10-h dark phase
at 14 °C+2 °C in a glasshouse with 50-70% relative air
humidity. Healthy 40-day old seedlings were transferred
to 13-cm round pots containing pre-moistured soil mix-
ture together with 0.25 g Basacote 6 M controlled-release
fertilizer (Compo Expert, Germany). During the follow-
ing cultivation period, pest control was conducted by
using commercially available beneficial organisms in
release sachets (Neoseiulus cucumeris, N. barkeri, Phy-
toseiulus persimilis, Amblyseius cucumeris, Encarsia for-
mosa, Chrysoperla carnea; Sautter & Stepper, Germany)
as biocontrol agents and fungal disease control by weekly
sulphur fumigation. To protect the soil from contamina-
tion with sulphur, it was covered with felt maps. The pots
were drip-irrigated with approximately 10 ml of water
per pot per day and their position was randomly changed
every week. For both trials, plants were grown under
these conditions for five weeks until further treatment.

Pathogen infection

Prior pathogen inoculation, plant leaves were rinsed with
water to remove sulphur residues. V. inaequalis infection
of 75-day old apple plants was performed by the method
of Steiner and Oerke [54]. Briefly, a V. inaequalis spore
solution with 10° conidia ml~! was prepared from frozen
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detached apple leaves (cultivar Pink Lady) with sporu-
lating lesions of strain HS1, which were taken from the
strain collection at the INRES Department for Plant Dis-
eases and Plant Protection at the University of Bonn.
The spore solution was evenly sprayed onto the plant
leaf surfaces. For the untreated control, sterile dH,O
was sprayed onto the plant surface. Powdery mildew
infection was achieved using fresh P leucotricha spores
from propagation apple plants (cultivar Pink Lady), as
plant material with spores cannot be processed for stor-
age. Diseased apple plants with sporulating colonies on
leaves were evenly shaken over the plants. Plants from
all three treatments were kept for 48 h in sealable plastic
containers filled with roughly 1 cm of water in order to
create a humid environment and thus ensure a success-
ful infection with V. inaequalis (while maintaining simi-
lar conditions between treatments). Additionally, a dark
panel was put on top of the boxes for 24 h to decrease
light intensity. Afterwards, all plants were placed into
climate chambers, whereby the P leucotricha inoculated
plants were transferred to a separate chamber to prevent
cross-infections. Cross-infection of the control plants by
P leucotricha could be excluded because this pathogen
requires wet leaf surfaces to germinate. Water supply of
the plants was ensured by manually watered mats and
both climate chambers were configured to have the same
climate conditions (14-h light/10-h dark cycle with 18 °C
during daytime and 16 °C during night-time for increased
pathogen infection). V. inaequalis infected plants were
inoculated a second time with the pathogen at 16 days
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after inoculation (DAI) as described above to achieve
an infection of newly developed leaves. To establish the
infection, all plants (including P. leucotricha treated and
control plants without second inoculation) were placed
in plastic boxes for 48 h as described above. Samples
were taken at different timepoints: 0, 3, 6, 12, 16, 28, 40
and 48 DAI (Fig. 1). At 0 DAL just before infection, 20
plants were destructively sampled to have a large baseline
of untreated plants. Seven to eight replicate plants per
treatment were sampled at each timepoint between 3 and
40 DAI with the exception of P leucotricha inoculated
plants at 40 DAL Due to severe disease symptoms all
remaining 22 plants were sampled at this timepoint. At
48 DA, the remaining 15 and 11 replicate plants of the V.
inaequalis and control group, respectively, were sampled.

In the mixed trial the effects of a P leucotricha infec-
tion in combination with a plant health protecting prod-
uct application on the root-associated microbiota was
studied. Therefore, three different treatment groups
were sampled at three different timepoints (Fig. 1). The
treatment groups consisted of the inoculated treated
(IT) group, which received a PHPP treatment, followed
by pathogen infection with P leucotricha and a second
PHPP treatment after infection; the inoculated untreated
(IU) group with just a P leucotricha infection and the
non-inoculated untreated control (NC) group without
treatments. The IT group received the PHPP treatment
prior inoculation to analyze whether a treatment only
with a PHPP would cause application effects. At time-
point 1 (TP1), when the apple plants were 75 days old,

117 days
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Fig. 1 Timeline of the temporal (A) and mixed trial (B) with inoculation, fungicide application and sampling dates (TP) of apple saplings being
indicated. Timelines are labelled with plant age on top and days after infection (DAI) below. The temporal trial consisted of V. inaequalis or P
leucotricha infected plants and a control treatment without infection. The mixed trial included a treatment with P, leucotricha infection without
fungicide treatment (inoculated untreated, IU), a treatment with P, leucotricha infection and fungicide treatment (inoculated treated, IT), and a

non-inoculated untreated control (NC)



Becker et al. Environmental Microbiome (2023) 18:43

the systemic product Aliette WG 80H (80% fosetyl-
aluminum; 3.0 kg ha™ in 600 1 ha™! water) (Bayer AG,
Germany) was applied to the IT group, while water was
applied to the IU and NC group. After two weeks, plants
of the IU and IT group were inoculated with P. leucotri-
cha as described above, while water was applied to plants
of the NC group. After an additional 58 days, at timepoint
2 (TP2), when disease symptoms were prominent, a sec-
ond Aliette application was given to the IT group, while
water was again applied to the IU and NC group. Twelve
replicate samples of the IT and IU group each were taken
at TP1 (75-day old plants, 14 days prior inoculation), TP2
(147-day old plants, 58 DAI), and two weeks after TP2 at
timepoint 3 (TP3; 161-day old plants, 72 DAI), while the
NC group was only sampled at TP3 (Fig. 1).

Disease documentation and sample collection

In both trials, disease severity (DS) was visually assessed
over time on a 0-5 scale (0=showing no signs of infec-
tion, 1 =having a single leaf with a single lesion, 2=hav-
ing either two leaves with multiple lesions or multiple
leaves having a single lesion, 3 =having at least two leaves
with large scale lesions, 4=having one leaf entirely cov-
ered with mycelium, 5=having multiple leaves entirely
covered with mycelium and with leaves close to senes-
cence). Sampling was performed by loosening the soil,
carefully pulling out the entire root system and shaking
the plant gently until all excess soil was removed. The
root system was cut above the root crown and collected
in 50-ml falcon tubes. It was immediately stored on ice
and frozen at —80 °C within four hours after sampling.
The root samples were further processed to obtain the
loosely and tightly root-associated microorganisms as
described by Becker et al. [14]. Briefly, excess soil was
removed by gently shaking the root, and the root placed
in 50-ml falcon tubes with 45 ml of 0.2 mM CacCl, solu-
tion. The samples were vortexed 3x30 s and left 10 min
for sedimentation. The root material (representing the
T-compartment) was taken out, freeze dried and ground
using a mixer mill. The suspension (representing the
L-compartment) was centrifuged, and the pellet freeze
dried and homogenized by vortexing.

DNA extraction, 16S rRNA gene targeted amplicon
sequencing and sequence data analysis

Soil and root material underwent DNA extraction and
16S rRNA gene targeted PCR as described by Becker
et al. [14]. In brief, DNA was extracted using the Nucle-
oSpin Soil DNA extraction kit (Macherey Nagel, Diiren,
Germany) and the 16S rRNA gene was amplified using a
nested LNA PCR protocol with the primer set 799f-1193r
(V5-V7 region). Library preparation and sequenc-
ing was performed by Novogene (Cambridge, UK) on
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a NovaSeq 6000 system (Illumina, San Diego, CA) and
generated paired-end reads (2x250 bp). All following
steps were done separately for the two trials. The raw
[llumina sequence reads were processed using a custom
bash script with Cutadapt version 3.2 to demultiplex
the samples [55]. Primer removal and further process-
ing was done with QIIME2 version 2021.04 [56]. Paired
reads were merged with max. 20 allowed differences in
the overlapping region for the merging step and max. 1
expected error, quality filtered using the default settings
and denoised using deblur with reads trimmed to 350 bp
length and a minimum read number of 50 [57]. All fur-
ther data processing steps were performed similar as
described in Becker et al. [14]. Total read numbers after
quality filtering, mean number of reads per sample and
number of samples remaining after quality filtering are
shown in Additional file 1: Table S1.

Statistical analyses

Statistical analyses were performed within the QIIME2
environment and in R [56, 58]. Disease severity based on
a 0-5 rating was analyzed using Kruskal-Wallis non-par-
ametric tests, followed by Dunn’s post-hoc test. Differ-
ences in alpha diversity were assessed by richness (ACE)
and diversity (Shannon and Inverse Simpson) using a fea-
ture table rarefied to 8000 reads per sample. In the tem-
poral trial, generalized least squares models were used
with each diversity index as the dependent variable and
treatment and timepoint as explanatory variables. The
timepoint was used to adjust the temporal autocorrela-
tion. In the mixed trial linear regression was used with
the timepoint and treatment grouped and used as explan-
atory variable (e.g., TP1-IU). This was done because the
control was only sampled at the third timepoint. Pairwise
comparisons were performed using estimated marginal
means in the emmeans package. Differences in the bac-
terial community composition were determined using
the q2-plugin “DEICODE” [59] and visualized either as
principle coordinate analysis (PCoA) plot for the tem-
poral trial or as constrained analysis of principle coordi-
nates (CAP) plot for the mixed trial, where the analysis
was constrained by the variables treatment, timepoint
and disease severity. Statistical differences were calcu-
lated using a form of permutational multivariate analysis
of variance (PERMANOVA) on the DEICODE distance
matrices with 999 permutations, followed by pairwise
comparisons with Benjamini-Hochberg correction for
multiple testing, resulting in adjusted p-values (p,q) with
a strict significance threshold of p,4; <0.01. As the order
of factors entered into the PERMANOVA formula influ-
ences the outcome in an unbalanced design such as ours,
the order of factors in the PERMANOVA formula was
varied to identify the model explaining variation best.
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For the temporal trial, the factors treatment, timepoint,
disease severity, number of leaves, plant height and rel-
evant interactions were included in the model to identify
factors explaining variance. The best fitting models are
shown in the results. In addition, analyses of similarities
(ANOSIM) were performed to validate PERMANOVA
findings. In the mixed trial, the treatment and timepoint
variables were grouped and used as explanatory variable,
similar as done for alpha diversity analysis. Homogeneity
of dispersions between treatments at the individual time-
points was assessed in the temporal trial using permuta-
tional analysis of multivariate dispersions (PERMDISP)
via the “betadisper” function with 999 permutations.
Pairwise differential abundance analysis at phylum and
genus level was performed using ANCOM-BC with
detection for structural zeros turned off [60]. In both tri-
als, conservative variance estimates of the test statistic
were used and p-values were adjusted using Holm’s cor-
rection with alpha=0.1.

Results

Temporal trial

Disease development caused by both pathogens, V. inae-
qualis and P. leucotricha, advanced similarly over time.
Symptoms became evident twelve days after inoculation
(DAI) and disease severity (DS) rose sharply and signifi-
cantly during the first 28 DAI (Fig. 2). While the mean DS
of V. inaequalis inoculated plants plateaued afterwards at
a level slightly below three, the DS of P. leucotricha inoc-
ulated plants increased further and caused most plants
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to wither at 40 DAI, when all remaining plants had to be
sampled.

Community compositional analysis showed a domi-
nance of Proteobacteria and clear differences between the
microbiota of the L- and T-compartment, with Proteo-
bacteria being even more pronounced in the T- than the
L-compartment (Additional file 1: Fig. S1, ANCOM-BC
W =13.6; p,q;<0.001). Likewise, alpha diversity analysis
using Shannon’s diversity index showed that the diversity
of the bacterial community was significantly lower in the
T-compartment (4.6+0.3) compared to the L-compart-
ment (5.94+0.4) (Kruskal-Wallis p-value <0.001). These
differences justify a comparative analysis of responses to
different pathogen infections over time separately in both
fractions. However, the evaluation of treatment effects
as well as of temporal changes on the Shannon index
applying a generalized least square model revealed no
significant differences in either compartment (Table 1).
Likewise, richness (ACE) and Inverse Simpson indices
remained unaffected by treatments or over time within
the compartments.

Regarding beta diversity, we analyzed the relevance
of different factors within the PERMANOVA frame-
work. Besides treatment and time, we evaluated plant
parameters as measures for plant development and
disease severity, thus taking better into account that
infected plants developed disease symptoms only
at later sampling dates. Because some factors were
consequently co-correlated (timepoint, number of
leaves and plant height as well as treatment and dis-
ease severity), we evaluated different PERMANOVA

Pathogen

V. inaequalis
® P leucotricha

4
C

3 /T
o
>
()
)
8
© 2
@
2
(=]

1

0

0 10 20 30 40 50

Days after inoculation

Fig. 2 Disease severity of apple saplings infected by V. inaequalis or P leucotricha. Disease severity was rated per plant at a 0-5 scale with 0=healthy
and 5=multiple leaves entirely covered with mycelium and leaves close to senescence. Mean values and standard deviation are displayed based

on 11-52 replicates. Significant differences in disease severity were evaluated between different timepoints based on Dunn'’s test with Benjamini-
Hochberg correction for multiple testing. Lower case letters indicate differences at p=0.05. DAl=days after inoculation
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Table 1 Variation in the root-associated bacterial community of apple saplings in dependence on pathogen infection, over time
and by other variables. The differences in alpha and beta diversity are summarized for the L- and T-compartment. Effect sizes in beta
diversity were assessed by PERMANOVA based on DEICODE distance matrices, while differences in Shannon diversity were analyzed
based on generalized least square models (GLS). Significant results (p < 0.05) are in bold

Compartment Variable PERMANOVA GLS
df F.Model R? p-value F.Model p-value
L Timepoint (TP) 1 62.251 0.273 0.001 0976 0.379
Treatment 2 1.005 0.009 0408 0.088 0.768
Disease severity (DS) 5 0.963 0.021 0.496
TP * Treatment 2 4.133 0.036 0.002 2271 0.107
TP * DS 5 1.22 0.027 0.236
Treatment * DS 6 2.349 0.062 0.002
TP *Treatment * DS 3 2,613 0.034 0.006
T Timepoint 1 70.770 0.291 0.001 0.138 0.242
Treatment 2 2.268 0.019 0.048 2.640 0.075
Disease severity 5 1.000 0.021 0.441
TP * Treatment 2 2453 0.020 0.034 1.649 0.196
TP * DS 5 0.821 0.017 0.683
Treatment * DS 6 0.868 0.021 0.624
TP *Treatment * DS 3 2.581 0.032 0.008

models comparatively. Both, leaf number and height
only explained a negligible part of the variation com-
pared to timepoint and were thus left out in the final
PERMANOVA model (Table 1). This was confirmed
by ANOSIM, where height and leaf number were
identified to be of minor relevance (Additional file 1:
Table S2). In the final PERMANOVA model, time-
point was the strongest explanatory factor for bacte-
rial community composition in both compartments (L:
R?=0.273; p=0.001|T: R*=0.291; p=0.001), whereas
the treatment with two different pathogens caused
minor differences in the T-compartment (R?=0.019;
»=0.048) and none in the L-compartment (Table 1).
The succession over time can be observed in the PCoA
plot, where samples are separated along the second
axis (Fig. 3), whereas treatment-dependent responses
remain invisible. The interaction of timepoint, treat-
ment and DS were significant in both compartments,
though only with relatively small R?-values of 0.032 and
0.034 (Table 1). As a consequence of those interactive
effects, we evaluated the treatment effects at the indi-
vidual timepoints specifically but found only few sig-
nificant differences (Additional file 1: Table S3). In the
L-compartment, the factor treatment was significant at
40 and 48 DAI (with R? values of 0.144 and 0.102 and
p-values of 0.038 and 0.043, respectively), whereas the
factor DS was significant at 48 DAI, explaining a rather
large part of the variation (R>=0.432; p=0.017). In the
T-compartment, PERMANOVA revealed significant
differences related to the factor treatment only at 28

DAI (R*=0.254; p=0.017). Pairwise PERMANOVA
however did not result in significant differences at
either comparison between the respective treatments
and the control. These weak treatment effects, in addi-
tion to the combined explanatory power of timepoint *
treatment * DS, caused us to also evaluate more closely
the temporal dynamics of each treatment separately,
where treatment specific differences became more
evident (Fig. 4). The community composition of the
control group did only significantly change between 0
DALI and the later timepoints at 28, 40 and 48 DAI in
the T-compartment with a similar, though insignifi-
cant trend in the L-compartment (Fig. 4A, D). In con-
trast to that, both the community composition of plants
inoculated with P leucotricha or V. inaequalis shifted
differently over time. The community composition of
P leucotricha inoculated plants did not change sig-
nificantly during the first 16 DAI in either compart-
ment, but we observed significant differences at later
timepoints, when the disease severity was significantly
higher. This was slightly less pronounced at 40 DAI in
the T-compartment than in the L-compartment, where
the community composition was significantly different
to most previous timepoints (Fig. 4E). This shift is also
clearly seen in the PCoA plots with samples taken 40
DAI clearly shifting away from the earlier timepoints
in both compartments (Fig. 4B). The community com-
position of V. inaequalis inoculated plants displayed
differences primarily for samples taken at 40 and 48
DAI compared to samples taken at or prior 16 DAI,
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Fig. 3 Principle Coordinate Analysis (PCoA) calculated from DEICODE distance matrices, showing variation in the root-associated bacterial
community composition of differently inoculated apple saplings over time. Variation in the L-compartment (upper panel) and T-compartment

(lower panel) is shown

especially in the T-compartment (Fig. 4C, F). Thus,
they displayed a more similar pattern to plants inocu-
lated with P leucotricha than the non-inoculated con-
trol group plants. Again, this trend was also observed
in the PCoA plot, where the later timepoints shifted
further away from the preceding ones than seen in the
control. Besides the differences in the PCoA plot and
the PERMANOVA p,-values, plants inoculated with P
leucotricha or V. inaequalis displayed larger R*-values
and thereby larger differences at the later timepoint
comparisons compared to the control, evident from
the heatmaps summarizing the PERMANOVA results
(Fig. 4D—F).

We performed differential abundance analysis using
ANCOM-BC for the three individual treatments
between 0 and 40 DAI (Additional file 1: Fig. S2), as
in particular the pathogen treated samples shifted sig-
nificantly away at this timepoint (Fig. 4). Several genera
were significantly differentially abundant in one or even
both pathogen treatments. However, pathogen-specific
enrichments of taxa were not commonly observed, and
similar trends were mostly seen in the respective path-
ogen treatment as well as in the control treatment, sug-
gesting that the pathogen-infection merely enforced the
enrichment of these taxa in the rhizosphere.

Mixed trial

As P leucotricha showed a stronger disease severity
compared to V. inaequalis in the first trial, we used P
leucotricha in the mixed trial. Plants in both the inocu-
lated untreated (IU) group and inoculated treated (IT)
group were similarly infected with P leucotricha and
showed lesions at the second timepoint (TP2) 21 days
after infection, whereas plants in the non-treated con-
trol (NC) group remained healthy (Fig. 5). At TP3, two
weeks after the second PHPP application (Fig. 1), the
mean disease severity of the IT group decreased slightly
to 2.2+0.7, whereas the mean disease severity of the IU
group increased significantly to 4.8 +0.5, which resulted
in significant differences between all three treatment
groups (Fig. 5). This decrease was clearly seen as a reduc-
tion of the infected leaf area and inhibition of new myce-
lial growth.

Similar to the temporal trial, community composi-
tional analysis showed a dominance of Proteobacteria
and clear differences between the bacterial communi-
ties of the L- and T-compartment (Additional file 1: Fig.
S3). Because a preliminary CAP and PERMANOVA
analysis (not shown) revealed that sampling timepoint
was the major explanatory variable and because we had
an uneven study design, we combined the variables
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Fig. 4 Temporal dynamics in the root-associated bacterial community composition of differently inoculated apple saplings. A-C Principle
Coordinate Analysis (PCoA) based on DEICODE distance matrices, showing variation in the L-compartment (left) and T-compartment (right).

A Untreated control plants. B P leucotricha inoculated plants. C V. ingequalis inoculated plants. A color code illustrates the different sampling
timepoints, point size indicates disease severity based on a 0-5 scale with 0=plant with healthy leaves and 5=plant having multiple leaves entirely
covered with mycelium and with leaves close to senescence. D-F PERMANOVA results for pairwise comparisons between timepoints in the three
treatment groups: D untreated control plants, E P leucotricha inoculated plants. F V. inaequalis inoculated plants. Results for the L-compartment
(upper right side) and the T-compartment (lower left side) are shown. R?-values are color coded and Benjamini-Hochberg adjusted p-values
“"represents 0.05 >p>0.01. The significance threshold was set at a=0.01

indicated by asterisks, i.e, “*"represents p <0.01 and



Becker et al. Environmental Microbiome (2023) 18:43

Page 10 of 19

5
4 Treatment
% 3 @ |T group
(7]
§ @ NC group
o2
2
= @ |U group

1

0 L o

1 2 3

Sampling timepoint
Fig. 5 Development of disease severity over three timepoints (TP1-TP3) on P leucotricha infected apple saplings. One inoculated group (IT) was
treated with a synthetic fungicide at TP2, the other remained untreated (IU). Both treatments were compared to an uninoculated control group
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Fig. 6 Variation in the root-associated bacterial community of apple saplings linked to treatment and sampling timepoint (TP). The variation in
alpha diversity presented based on the Shannon index in the L-compartment (left panel) and T-compartment (right panel). Differences in Shannon
diversity were analyzed based on linear models (LM). Different letters represent significant changes according to Tukey’s HSD post hoc tests

performed between all seven groups of samples

sampling timepoint and treatment and defined seven
categories (e.g., TP1-IU, TP1-IT, TP2-IU) for both
alpha and beta diversity analysis. Significant changes
in the Shannon diversity index related to the grouped
variables were seen in both compartments accord-
ing to linear models (L: p=0.012|T: p<0.001) (Fig. 6).
Focusing on differences between treatments, diversity
tended to be higher in the inoculated groups in the

L-compartment compared to the control, but subse-
quent post-hoc tests revealed no significant differences
between the treatments at the individual timepoints
(Fig. 6). For variation in beta diversity, PERMANOVA
and CAP revealed significant differences in the bacte-
rial community composition in both compartments
by the grouped variables (Tables 2 and 3, Fig. 7 and
Additional file 1: Fig. S4). Subsetting the data by time
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Table 2 Variation in the root-associated bacterial community of apple saplings linked to treatment and sampling timepoint (TP).
Differences in beta diversity are first shown related to the combined variables treatment and timepoint (Grouped) in the L- and
T-compartment. Below, treatment effects at the individual timepoints are listed. Effect sizes were assessed by PERMANOVA based on

DEICODE distance matrices. Significant results (p < 0.05) are in bold

Compartment Variable PERMANOVA
df F.Model R? p-value

L Grouped 6 10.044 0.493 0.001
TP 1 Treatment 1 1.681 0.081 0.157
TP2 Treatment 1 1.355 0.070 0.240
TP 3 Treatment 2 2.763 0.181 0.016

T Grouped 6 10.085 0.490 0.001
TP1 Treatment 1 1.485 0.076 0.202
TP 2 Treatment 1 1.147 0.071 0327
TP3 Treatment 2 3.238 0.178 0.010

Table 3 Variation in the root-associated bacterial community
of apple saplings linked to sampling timepoint (TP). Pairwise
differences in beta diversity between individual timepoints in the
L- and T-compartment are displayed. Effect sizes were assessed
by PERMANOVA based on DEICODE distance matrices. Significant
results (p <0.05) are in bold

Compartment Variable PERMANOVA
F.Model R? p-value

L TP1-TP2 15.896 0.290 0.001
TP2-TP3 4.327 0.086 0.005
TP1-TP3 26.054 0.357 0.001

T TP1-TP2 21.646 0.382 0.001
TP2-TP3 6.323 0.116 0.002
TP1-TP3 32.377 0.388 0.001

to assess the treatment effects in more detail (Table 3)
as well as displaying all pairwise comparisons in a heat-
map (Fig. 8) revealed that the different treatments were
significantly different only at TP3. Here, the IU group
differed significantly from the NC group in both com-
partments (L: R*=0.195; p,4;=0.004|T: R*=0.192;
padj=0.003) (Fig. 8). The IT group however did not
differ significantly from the NC group in either com-
partment, which can also be seen in the CAP plot of
the L-compartment, where the IT samples were more
similar to those of the NC group than to those of the
IT group. This was particularly true for samples with
a lower DS within the IT group, which can be seen
when comparing plants from TP2 to TP3 in the CAP
plot (Fig. 7). While the community composition of the
IU group did not change significantly in the two weeks
from TP2 to TP3 in either compartment, the commu-
nity of the IT group samples changed significantly in

the L-compartment over time (R*=0.223; Paqj=0.009),
likely caused by samples with a smaller DS. The same
trend was observed in the T-compartment; however,
here the differences were not significant. The differ-
ences between treatments at TP3 were also clearly
visible in the L-compartment when analyzing TP3 sep-
arately in CAP plots (Additional file 1: Fig. S4). Like-
wise, the DEICODE distances of the two treatments to
the control and the within control distances reflected
this (Additional file 1: Fig. S5). No differences were
found between the IT group and the NC group, but the
IU group differed significantly from both the IT and
NC group in the L-compartment. This trend persisted
for DEICODE distances in the T-compartment; how-
ever here, the IT group differed significantly from the
NC group and not the IU group.

Considering the differences observed between treat-
ments at TP3, a differential abundance analysis was
performed based on ANCOM-BC to identify bacterial
genera responding to the treatments at this last time-
point (Fig. 9). In both compartments, most responsive
taxa were identified between the IU and NC treat-
ment, and additionally, IT appeared less different to
NC than IU in the L-compartment. In the IU group, we
observed exclusively taxa with significant increases in
relative abundance compared to the NC group. In the
L-compartment, several Acidobacteriota (Bryobacter,
“Candidatus Solibacter”, Ocallatibacter, an unclassified
member of subgroup 2 in the Acidobacteriae), several
Firmicutes (Alicyclobacillus, Ammoniphilus, an unclas-
sified taxon of the Bacilli) and Proteobacteria (Devosia
and Mizugakiibacter) showed significant increases in
relative abundance. Among these, Devosia and Allicy-
clobacillus were also enriched in the T-compartment,
besides two further genera.
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Fig. 7 Variation in beta diversity of differently treated apple saplings at three distinct timepoints (TP) in the L-compartment (upper panel) and
T-compartment (lower panel). Variation is presented based on constrained analysis of principle coordinates (CAP) using DEICODE distance matrices;
it is constrained by the variables sampling timepoint, treatment and disease severity. Plants were either inoculated with P leucotricha and left
untreated (IU) or were additionally treated with a synthetic fungicide (IT), or they underwent a treatment with water as control (NC). The different
treatments are shown in different colors, and disease severity is illustrated by different symbol sizes, rated on a 0-5 scale with 0=healthy plants and
5=plants having multiple leaves entirely covered with mycelium and with leaves close to senescence

Discussion

Above ground pathogen infection causes changes

in the root-associated bacterial community structure

In two separate experimental trials, we analysed potential
foliar pathogen infection induced changes over time in
the root-associated bacterial community of apple plants.
First with a focus on temporal dynamics, then by assess-
ing the combined effect of pathogen infection and plant
health product application. In both trials, we divided the
root-associated microbiota into the L-compartment (pri-
marily rhizosphere colonizers) and T-compartment (pri-
marily endosphere colonizers).

Based on previous studies [28-30], we expected to
observe pathogen related changes in the root-associated
bacterial community. However, changes were not nec-
essarily consistent in the literature. In this study, only
small differences in alpha diversity caused by pathogen
inoculation were seen. No significant changes in Shan-
non diversity were observed in the temporal trial, while
diversity in the two pathogen treated groups of the mixed
trial tended to be slightly higher in the inoculated groups
compared to the untreated control group in the L-com-
partment (Fig. 6). In comparison, existing studies showed
no differences in alpha diversity upon above [61] or
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was setat a=0.01

below ground pathogen infection [32], whereas one with
powdery mildew in strawberry showed higher Shannon
index values in the rhizosphere of healthy plants [29], and
another one with B. cinerea leaf infection in strawberry
showed a higher richness in the rhizosphere of diseased
plants [28], similar to our results. A higher diversity has
been hypothesized to act as an insurance for maintain-
ing plant productivity under changing environmental
conditions [62], which was possibly also seen here under
disease stress, though primarily in the rhizosphere and
not in the endophytic fraction. Altered rhizodeposition,
a main driver of rhizosphere assembly selection, might
have been the cause for this increase in diversity.
Regarding beta diversity, we observed a rather weak
response to pathogen infections, whereas temporal
dynamics over the observational period turned out to be
more pronounced (Tables 1 and 2, Figs. 3 and 7). Espe-
cially in the temporal trial, the temporal dynamics con-
tributed interactively with treatment-related responses
to observed differences and thus hint towards differences
in the bacterial community composition (Table 1). Direct
comparisons between the two pathogen treatments with
the untreated control at the individual timepoints did
not result in significant differences, but the succession
over time was treatment dependent. The bacterial com-
munities of the pathogen infected plants became most
distinct at the later sampling times compared to earlier
timepoints and thus with increasing disease severity,
while the communities of healthy plants were most dis-
tinct at the earliest timepoint (Fig. 4). The different tem-
poral dynamics at later timepoints of diseased plants are
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probably related to disease progression, whereas healthy
plants developed and maintained a balanced and more
stable bacterial community over time. This is supported
by our findings in the mixed trial, where the differ-
ences between the inoculated untreated (IU) group and
the negative control also hinted to increasing pathogen
related effects on the bacterial community composition
over time (Fig. 8). Thus, the effects of an above ground
pathogen infection on the root-associated microbiota are
likely to increase over time as disease severity increases,
especially in the L-compartment. This partially confirms
our hypothesis that the root-associated bacterial commu-
nity is affected by above ground pathogen infection, even
though the responses remained weaker than expected.

Several studies have shown a severe impact of root
pathogen infections on the rhizobacterial community
composition, including changes in density, diversity and
functioning. When studying systemic bacterial patho-
gens, one study reported that the phloem-limited bacte-
rial Huanglongbing citrus disease caused a shift of the
rhizosphere bacterial community composition towards
a bulk soil-like community [30], whereas another with
Erwinia amylovora, a systemic bacterial pathogen caus-
ing fireblight, only induced changes in the endosphere,
not the rhizosphere [32]. Our study suggests that similar
processes may occur when plants are infected by patho-
gens that cause disease symptoms only locally above
ground. This is in line with the findings of Yang et al. [29],
who found that a powdery mildew infection of straw-
berry influenced the richness of prokaryotic and fungal
communities in rhizosphere soil slightly as well as the rel-
ative abundance of several taxa. The larger effects of root
pathogens or systemically infecting pathogens appears
likely, caused by the more intimate relation between the
pathogens and the root-associated microbiota as part of
the plant holobiont. Thus, the ability of the plant to alter
its associated microbiota and even more so to recruit a
beneficial microbiota probably depends on the kind of
pathogen and the level of infection.

We performed differential abundance analysis to
examine if specific taxa are recruited upon pathogen
infection. This revealed several taxa that increased
in relative abundance at timepoint 3 in the IU group
compared to the healthy control group, especially in
the L-compartment. Almost all identified taxa have
been shown to profit from different organic carbon
compounds in the rhizosphere and are thus likely to
respond to alterations in rhizodeposition. Bryobacter
and “Candidatus Solibacter” have been shown to be
closely related to soil carbon metabolism, as they are
sensitive to labile carbon and can be influenced by the
addition of straw into the soil [63-66]. Ammoniphilus,
Mizugakiibacter, Acidothermus and Alicyclobacillus
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have also been shown to utilize various plant-derived
carbon compounds such as glucose, cellulose or oxal-
acetate [65, 67-69]. Lastly, Devosia is positively corre-
lated with soil organic carbon compounds [70, 71]. The
increase in relative abundance of all these taxa indi-
cates that the above ground pathogen infection may
lead to alterations in root exudation, which then leads
to changes in the rhizosphere microbial community
composition. Altered root exudation upon foliar infec-
tion has already been shown in vitro for B. cinerea on
tomato and cucumber plants, which then lead to an

increase of the chemoattractive effect on the beneficial
soil microbe Trichoderma harzianum [72]. In our study,
the increased relative abundance of the cellulolytic
taxon Acidothermus in the L-compartment at high dis-
ease severity levels could further indicate that microbes
might begin to actively hydrolyze root tissue, as the dis-
ease-stressed plant may have less capabilities to defend
itself. However, the roots did not yet display symptoms
of decay. The potential underlying rhizodeposition pro-
cesses resulting in the observed changes in the rhizos-
phere microbiota deserve further studies.
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Besides a mere response of the rhizosphere microbiota
to altered rhizodeposition, it has been shown that plants
can selectively recruit beneficial bacteria such as Bacillus
subtilis as a “cry for help” mechanism against pathogen
attack by producing specific chemical compounds and
releasing them into the rhizosphere [73-77]. The “cry for
help” mechanism has so far primarily been suggested for
plant infections with root pathogens such as Phytoph-
thora [27], Ralstonia solanacearum [78] or Fusarium
pseudograminearum [26]. Additionally, a downy mildew
infection in Arabidopsis leaves led to the promotion of a
beneficial bacterial consortium in the rhizosphere [79].
In this study, we found two genera known to include
strains with plant beneficial properties being increased in
relative abundance in the diseased group, an unclassified
member of Bacilli, as well as Devosia [71, 80]. This points
to an extension of the concept to above ground infection
and deserves more attention in the future.

It is remarkable how long the plants in our study main-
tained their preferred bacterial community even after
showing clear signs of infection above ground. This is
in contrast to the claim that alterations in the rhizos-
phere microbiota can serve as early indicator for patho-
gen infection [31], at least for above ground pathogens.
In contrast, it is in accordance with a recent study, in
which authors reported that wheat plants are capable of
selecting its preferred root-associated microbiota even
under stress conditions and recruit microbes with poten-
tial antagonistic activities [81]. In our study, the com-
munity compositional analysis of the untreated control
groups in both trials revealed high relative abundances of
Granulicella, Chujaibacter, Burkholderia-Caballeronia-
Paraburkholderia, Acidipila, Bryocella, Occallatibac-
ter and unclassified members of Burkholderiaceae and
Acidobacteriaceae Subgroup 1 in the L-compartment
(data not shown). Several Granulicella species have been
shown to have plant growth promoting abilities [82] and
Chujaibacter has been associated with nitrogen cycling
reactions [83], thus making them typical rhizosphere col-
onizers. In the T-compartment some of the most promi-
nent taxa in both trials such as Streptomyces or members
of the family of Comamonadaceae have been shown to be
associated root endophytes of apple before [14, 84]. Thus,
the soil used in this study provided a soil microbial reser-
voir from which the apple saplings could recruit microbes
with potential benefits and taxa well-known to colonize
the apple rhizosphere, as we would have expected.

Fungicide application reverts pathogen induced bacterial
community compositional shifts

Aliette is a systemic PHPP with fast degradation in the
soil and has likely only a limited and transient impact on
the soil bacterial community composition [44]. Whereas
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it is primarily registered for use against oomycetes, it has
been shown to decrease the disease severity of P leucotri-
cha in apples and pears [51]. Even though it is a locally
systemic PHPP and can be applied as protective treat-
ment, we did not observe a protective effect in compari-
son to the untreated control plants when it was applied
two weeks prior to the massive pathogen inoculation
that followed (Fig. 5). However, a second PHPP applica-
tion after plant infection at 58 DAI decreased the disease
severity of the IT group significantly in comparison to the
IU group until TP3, demonstrating its curative proper-
ties. Its mode of action is still not fully understood, but
it acts by inhibiting the germination process of fungal
spores and the development of mycelium upon contact
[85]. Besides this direct effect, an indirect mode of action
involving the promotion of plant defenses is believed to
be involved.

When comparing the community composition between
the different treatments, we did not see any changes in
the bacterial community composition upon the first
PHPP application (Table 2). However, it was striking to
observe that the composition of the IT group became in
part similar to the NC group again after the second PHPP
application at TP3, especially in the L-compartment,
whereas the community of the IU plants did not show
this development (Figs. 7, 8, and 9; Additional file 1: Figs.
S4 and S5). Furthermore, the IT group changed signifi-
cantly from TP2 to TP3, whereas the IU group did not,
indicating that this change was triggered by the applica-
tion of Aliette at TP2 (Fig. 8). We consider this to be a
response of the bacterial community to plant-depend-
ent processes rather than a direct effect of Aliette, even
though its active ingredient, fosetyl-aluminum, has been
shown to impact the soil microbiota [44]. This was pri-
marily observed for the soil protist community, but not
for bacterial community composition. Alpha diversity
was only weakly and very transiently affected and the
complexity of a bacterial co-occurrence network was
only slightly decreased in that study. As we aimed to
prevent a direct contact between the fungicide and the
soil microbiome by covering the soil surface with felt
maps, direct effects of Aliette on the rhizosphere bacte-
rial community were unlikely to occur in this work. Thus,
as hypothesized, the observed return of the rhizosphere
bacterial community from a diseased plant to that of
a healthy plant was likely due to the plant regaining its
ability to recruit its “healthy” root-associated microbiota
with decreasing disease severity. Our observation that
this change occurred apparently faster in the rhizos-
phere than in the endosphere could mean that the plant
is quicker to readjust its microbiome in the rhizosphere
by the process of rhizodeposition than in the endosphere
after this kind of disturbance.
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Conclusions

Our study demonstrates that the root-associated bacterial
community of apple saplings is sensitive to plant-mediated
effects resulting from above ground pathogen infections.
With increasing disease severity, the two foliar patho-
gens V. inaequalis and P. leucotricha induced a continu-
ous shift away from a bacterial community composition
of a healthy plant. However, changes were rather subtle
and without clear evidence for highly pathogen-specific
responses. Genera associated with the conversion of vari-
ous organic carbon compounds became enriched in the
L-compartment of diseased plants with increasing disease
severity, indicating that rhizodepositional processes may
have changed, thereby leading to the alterations in the
rhizosphere microbiota. Compared to studies with root
pathogens, these disease related effects resulting from leaf
pathogens on the bacterial community structure appear to
be weaker and were only visible after longer inoculation
periods with higher disease severity. Disease related effects
on the rhizosphere microbiota appear thus to depend on
both, the kind of pathogen and the disease severity. The
responses to above ground pathogen infection are also
likely compartment specific, as they were first noted in the
tightly associated microbiota but were more pronounced
at later timepoints in the loosely associated microbiota.
Further, our results suggest that the curative effect of our
applied PHPP fosetyl-aluminum on the root-associated
microbiome is due to the plant regaining its ability to rees-
tablish the microbiome of a healthy plant. This is appar-
ently achieved faster in the loosely associated microbiota
than in the endophytic counterpart. Based on our findings,
we conclude that the impacts of pathogen infection and
PHPP application on the root-associated microbiome need
to be considered when developing microbiome manage-
ment strategies in the context of sustainable agriculture.
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ated bacterial community of apple saplings in the L- and T-compartment
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timepoints. The disease severity, the height of the plant and the number
of leaves was measured at each timepoint. Effect sizes were assessed

by ANOSIM based on DEICODE distance matrices. Significant resultsare
printed bold. Table S3. Differences in beta diversity of the root-associated
bacterial community of apple saplings in the L- and T-compartment
treated with two different pathogens and sampled at different timepoints.
Effect sizes were assessed by PERMANOVA based on DEICODE distance
matrices. Significant resultsare printed bold. Table S4. Dispersion of the
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The different treatments included inoculations with either V. inaequalisor
P, leucotricha and an uninoculated control. Effect sizes were assessed by
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p-values adjusted after multiple comparison. Significant results are printed
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from three different treatments sampled at different days after inoculation
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Phyla and their families with < 2% relative abundance in the respective
treatment were grouped as “Other”. Figure S2. Differential abundance
analysis of genera in the L- and T-compartment in dependence on
pathogen infection 40 days after inoculation compared to 0 DAl based on
ANCOM-BC. Plants were either inoculated with V. inaequalisor P. leucotricha
and are shown besides an uninoculated control treatment. The heatmap
shows the coefficients obtained from the ANCOM-BC log-linear model
divided by their standard error. The colour code indicates differential
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increase in relative abundance at 40 DAl compared to 0 DAI. A"*"is shown
if ANCOM-BC showed significant differences using the adjusted p-value in
this comparison. The mean relative abundances of the taxa are displayed
at 40 DAl in percent. In the L-compartment, most identified genera of the
pathogen inoculated plants belong to the phylum Proteobacteria, e.g.,
unclassified members of the Comamonadaceae, Moraxellaceae, Morganel-
laceae, Sphingomonadaceae and Xanthomonadaceae. In the control plants,
several Acidobacteriota such as Acidipila, Bryobacter or Bryocella were
significantly decreased in relative abundance at 40 DAI, though not in

the inoculated plants. Only few observations like these were made in the
T-compartment with Edaphobacter, Acidibacter and unclassified members
of Methylophilaceae and Micropepsaceae being significantly increased in
the inoculated plants 40 DAI, but not in the control plants. Figure S3.
Composition of the root-associated bacterial community of apple plants
as revealed by 165 rRNA gene amplicon sequencing in the mixed trial. The
relative abundance of bacterial families in samples from three different
treatments at three different timepoints in the loosely associatedand
tightly associatedcompartment is shown. Phyla and their families with

< 2% relative abundance in the respective treatment were grouped as
“Other”. Figure S4. Variation in beta diversity of differently treated apple
saplings at timepoint 3 in the L-compartment and T-compartment. Vari-
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different symbol sizes, rated on a 0-5 scale with 0 = healthy plants and 5
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Significant differences were calculated with pairwise Kruskal-Wallis tests.
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