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ABSTRACT

A soil column split-root experiment was designed to investigate the ability of apple replant disease (ARD)-causing agents to
spread in soil. ‘M26’ apple rootstocks grew into a top layer of Control soil, followed by a barrier-free split-soil layer (Control
soil/ARD soil). We observed a severely reduced root growth, concomitant with enhanced gene expression of phytoalexin
biosynthetic genes and phytoalexin content in roots from ARD soil, indicating a pronounced local plant defense response.
Amplicon sequencing (bacteria, archaea, fungi) revealed local shifts in diversity and composition of microorganisms in the
rhizoplane of roots from ARD soil. An enrichment of operational taxonomic units affiliated to potential ARD fungal
pathogens (Ilyonectria and Nectria sp.) and bacteria frequently associated with ARD (Streptomyces, Variovorax) was noted. In
conclusion, our integrated study supports the idea of ARD being local and not spreading into surrounding soil, as only the
roots in ARD soil were affected in terms of growth, phytoalexin biosynthetic gene expression, phytoalexin production and
altered microbiome structure. This study further reinforces the microbiological nature of ARD, being likely triggered by a
disturbed soil microbiome enriched with low mobility of the ARD-causing agents that induce a strong plant defense and
rhizoplane microbiome dysbiosis, concurring with root damage.

Keywords: split-root experiment; phytoalexins; soil microbiome; root system architecture; X-ray computed tomography

INTRODUCTION

Apple replant disease (ARD) is a phenomenon that causes
reduced plant and fruit quality and yield and, as a consequence,
economic losses to apple (Malus sp.) nurseries and orchards
worldwide. Upon replanting of new apple trees at the same site
where the previous generations were grown, a strong depres-
sion in plant growth can be observed (Mazzola and Manici 2012;
Winkelmann et al. 2019). ARD aboveground symptoms include
general stunting, shortened internodes and deformed leaves,
whereas belowground root growth arrestment and necrosis
occur (Savory 1966; Hoestra 1968; Grunewaldt-Stöcker et al.
2019). These symptoms are most likely a consequence of a
strong, but impaired, plant defense or stress response to ARD
soil that eventually could lead to autotoxicity (Hofmann et al.
2009; Henfrey, Baab and Schmitz 2015; Weiß et al. 2017). Espe-
cially, plant defense molecules like phytoalexins, which are usu-
ally produced by Malinae species against fungal and bacterial
pathogens, were found in strikingly high concentration in ARD-
affected roots of several Malus genotypes (Weiß et al. 2017; Reim
et al. 2020). Likewise, genes involved in phytoalexin biosynthe-
sis are specifically upregulated in roots of plants exposed to ARD
and have been, therefore, suggested as early genetic biomarkers
for ARD (Rohr et al. 2020). These findings, coupled with the fact
that disinfection treatments overcome the disease, point toward
microorganisms as plausible causing agents (Yim, Smalla and
Winkelmann 2013; Balbı́n-Suárez et al. 2020). Although many
efforts have been made to elucidate ARD etiology, its causal-
ity is still actively debated (Winkelmann et al. 2019). Evidence is
progressively accumulating toward the involvement of a ‘micro-
bial community property’ rather than one or several causing
agents, often referred to as a ‘soil microbiome dysbiosis’ (Lucas
et al. 2018; Nicola et al. 2018; Balbı́n-Suárez et al. 2020). However,
although the root architecture, the plant defense response and
the microbiome analysis were previously investigated in sepa-
rate studies, no multiphasic approach including these factors
was attempted before.

ARD is also defined by other specific and less studied
traits, i.e. specificity, lack of spreading into surrounding soils,
reversibility and persistence (Savory 1966; Hoestra 1994), the bet-
ter comprehension of which might be crucial for elucidating
and delimiting ARD causality. One of the most intriguing ARD-
specific characteristics is the apparent inability of the causing
agents to spread into the surrounding soil in the field, unlike
other plant disease-causing pathogens, e.g. wilt or dieback dis-
eases caused by Ralstonia solanacearum, Fusarium oxysporum f. sp.

cubense (Foc) and Phytophthora cinnamomi (Ristaino and Gumpertz
2000; Dita et al. 2018; Elsayed et al. 2020). Indeed, ARD seems to
be confined locally to the very same planting hole where previ-
ous trees were grown. Back in 1968, Hoestra noted this inabil-
ity to spread, as apple plants could recover once roots reached
deeper non-affected layers after passing through an ARD soil, a
phenomenon also observed for other plant species affected by
replant disease, e.g. marram grass (Van der Putten 1989; Hoestra
1994). Moreover, some orchard management practices reinforce
the ‘low mobility of ARD-causing agents’ aspect, as planting new
trees slightly away from the previous implantation spots (e.g. at
the interspace, at the traffic lanes) or directly into the implanta-
tion spots but after soil renewal (e.g. fresh soil) seemed to alle-
viate ARD severity (Savory 1966; Hoestra 1968; Mai and Abawi
1981; Kelderer et al. 2012).

Recent experiments showed in a split-root approach, with
a physical barrier between ARD-affected and Control soil, that
ARD is not systemic within the plant (Lucas et al. 2018). Indeed,
exposure of apple roots to ARD soil resulted in the selection and
enrichment of very specific microbiomes in the microhabitats
directly under plant influence, i.e. the rhizosphere and the rhi-
zoplane, concomitant with local plant symptoms (Lucas et al.
2018; Balbı́n-Suárez et al. 2020). However, this former split-root
approach based on a physical barrier between compartments
could not determine whether the disease-causing agents are
indeed able to spread from an ARD patch to the surrounding
soil. Additionally, in previous experiments we could observe that
‘M26’ plantlets avoided growing into columns only filled with
ARD soil, forming a quasi-horizontal root system within the
gravel layer covering the columns (unpublished), suggesting the
existence of plant negative (chemo)tropisms toward something
present in ARD soils, e.g. toxins and volatiles (Wenke et al. 2012;
Lee et al. 2016).

To shed light on the ARD low mobility aspect, we devel-
oped a novel split-root design in soil columns assembled from
different substrates in concomitant layers without any phys-
ical barrier, allowing the natural flow of microorganisms and
molecules, e.g. toxins and volatiles (Fig. 1). Roots of the ARD-
sensitive ‘M26’ rootstock were progressively growing through
different substrates, including a first layer of Control soil to
initiate healthy root growth, followed by a split layer contain-
ing ARD soil on one side and Control soil on the other side.
Since ARD-causing agents are unknown, it means a challenge
to study their mobility or spread abilities in soil. Thus, the
present study aiming at providing insights into the low mobil-
ity of ARD-causing agents was based on the study by Lucas

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/97/4/fiab031/6136273 by Biologische Bundesanstalt fuer Land- & Forstw
irtschaft user on 08 April 2021
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Figure 1. Sketch of split-root column. In 5–11 cm depth, half of the layer was
filled with ARD soil (marked in red).

et al. (2018) demonstrating that apple root reactions toward ARD
soil were local and not systemic. If ARD-causing agents do not
spread through the soil, only roots exposed to the ARD soil patch
will be affected by disease, while roots exposed to the Con-
trol soil patch will remain healthy. To achieve this goal, we set
an integrated approach by investigating the response of plant
roots to ARD soil at: (i) the gene expression level using ARD
transcriptional biomarkers (ARD biomarker genes; quantitative
reverse transcription PCR, RT-qPCR), (ii) the molecular level by
measuring plant defense compounds (phytoalexin content; gas
chromatography-mass spectrometry, GC-MS), (iii) the microbial
level by amplicon sequencing of the soil and the rhizoplane
microbiome (bacteria, archaea, fungi; Illumina MiSeq) and (iv)
the root architecture level by X-ray computed tomography (CT)
and WinRHIZO scans (root development and microorganisms’
travel distances). Additionally, the specific substrate layer dis-
position allowed us to investigate a further research question,
i.e. whether roots of the ARD-sensitive rootstock ‘M26’ sense,
and avoid growing into ARD soil, as shown in the aforemen-
tioned pre-experiments. Finally, since concerns were previously
raised on the potential deleterious effects of CT scanning on
root growth and microbial community structures (Fischer et al.
2013; Blaser, Schlüter and Vetterlein 2018), we have also set two
CT scan frequency treatments (low and high frequencies) to
evaluate whether our detection method is generating deleteri-
ous effects that might hamper the conclusions drawn from this
study.

MATERIALS AND METHODS

Barrier-free split-root experiment under composite soil
column design

A split-root experiment was set up in columns (n = 20) assem-
bled from different substrates (Control, ARD) in concomitant lay-
ers without any physical barrier (L1–L4; Fig. 1). This was arranged
to lure root growth through an ARD-affected soil patch, while

also giving the plant the chance to bypass it (split layer). The
soil (endostagnic Luvisol with 73% sand, 15% silt and 10% clay,
from Ellerhoop, Chamber of Agriculture Schleswig-Holstein,
Germany) originated from a reference site of the ORDIAmur con-
sortium (www.ordiamur.de) and was previously used in ARD
studies (Lucas et al. 2018; Mahnkopp et al. 2018; Radl et al. 2019;
Rohr et al. 2020; Balbı́n-Suárez et al. 2020). The full soil descrip-
tion is available in Mahnkopp et al. (2018). ARD was induced at
the Ellerhoop site by replanting apple seedlings (‘Bittenfelder
Sämling’) every two years since 2009. Grassland soil from adja-
cent plots served as control (Control). The soil in the split layer
(ARD-L2/Control-L2) was sieved (1-mm mesh) to maximize con-
trasts via X-ray computed tomography (CT) scans. Upper and
lower layers (L1, L3 and L4) contained 2-mm sieved Control
soil (grassland soil). Soil was filled into plastic cylinders (25 cm
height, 7 cm diameter, 1.1 g cm−3 bulk density). A top 1-cm gravel
layer was added to limit evaporation. Inert garnet grains were
used to distinguish both sides. Nutrients were supplied with
2 g kg−1 Osmocote Exact 3–4 M (16–9–12+2MgO+trace elements;
https://icl-sf.com).

Plant material and growth conditions

In vitro propagated and acclimatized apple plants (rootstock
genotype ‘M26’) were transplanted in columns wrapped with
aluminum foil to prevent algal growth. Columns were placed
in a climate chamber (29 days, 20–18◦C day–night, 70% relative
humidity, 16 h photoperiod at 350 μmol m−2 s−1) on KERN 572
weighing cells (Kern & Sohn GmbH, Balingen, Germany) for con-
trolled irrigation. Plants were watered initially to 18% volumet-
ric water content and kept constant by watering every second
day. Two-thirds of the water was applied from the top and one-
third from the bottom, allowing constant water movements to
exclude a lack of dispersion of ARD due to water deficiency. Each
experimental unit received one plantlet (n = 20).

X-ray computed tomography

Two CT scan modalities were tested: a weekly scanning modality
(frequent CT: ‘fCT’, n = 10) and an end-point scanning modal-
ity (single CT: ‘sCT’, n = 10). In the fCT treatment, columns
were scanned after 14, 21 and 28 days to follow root develop-
ment, while in the sCT treatment columns were scanned once
after 28 days, 1 day before harvest. X-ray tomography was per-
formed with an industrial μCT (X-TEK XTH 225, Nikon Metrol-
ogy, Alzenau, Germany) located next door to the climate cham-
ber. CT settings for large images (whole column diameter) were
140 kV, 286 μA and 500 ms exposure time. A total of 2,748 one-
framed projections were applied (total exposure time: 23 min).
Copper filters were used (0.5 mm, X-ray source/sample distance:
23.7 cm, resolution: 45 μm, dose: 0.49 Gy [sCT] and 1.46 Gy [fCT]).
Improved resolution was achieved on subsamples collected at
harvest (135 kV, 150 μA, 2,500 projections/one frame per pro-
jection, total exposure time: 29.5 min, dose: 1.8 Gy, resolution:
19 μm). Analysis of subsampled CT scans was done with the
adapted ‘Rootine’ algorithm (Gao et al. 2019).

Sampling of roots, soil and subsampling

Aboveground parts of apple plants were cut with sterile scissors.
One half of the replicates (n = 5 columns) was used for micro-
biome sampling and the other half for gene expression and
phytoalexin sampling (sample overview; Table S1, Supporting
Information). For both types of analysis, samples were extracted
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layer-wise. For the microbiome sampling, roots were vigorously
shaken and attached soil was brushed off and discarded. At
this step, roots were used to recover the rhizoplane by vigorous
washing in 50-mL centrifuge tubes (30 mL distilled sterile water,
1 min, shaken by hand), followed by centrifugation (10,000 × g,
30 min, 4◦C). Pellets were recovered and frozen (−80◦C) until DNA
extraction. For gene expression and phytoalexin content analy-
ses, parts of roots were cleaned from adhering soil and snap-
frozen (liquid nitrogen, −80◦C storage).

In addition to the sampling procedure described above, for all
replicates undisturbed subsamples were taken from both com-
partments of the split layer (Fig. 1) by pressing an aluminum
cylinder (height: 3 cm, Ø = 3 cm) into the center of each soil sub-
strate patch. The split layer was pushed out and the subsamples
were carefully removed from the rest of the compartments. After
subsample CT scans (see above), the roots were recovered by
washing and used for WinRHIZO analysis (see the following sec-
tion). The roots remaining were preserved in Rotisol and stored
at 4◦C until analysis for length and diameter class. For roots
used for gene expression analysis, a picture was taken includ-
ing a scale bar—the length of these roots was also included in
the WinRHIZO analysis.

Measurement of root length and diameter classes

Total length and diameter classes were measured from roots
taken by destructive sampling at harvest, and from subsamples
after CT scanning (10 replicates), using the WinRHIZO software
(2009b, Regent Instruments, Canada; https://regent.qc.ca/index
.html). Root length was determined in 11 root diameter classes
ranging from <0.05 to >2 mm. The initial diameter classes were
merged into four groups (≤0.25, ≤0.50, ≤0.75 and ≥1.00 mm).

Gene expression analysis

Frozen root samples (100 mg, 4 mm steel beads) were homoge-
nized, RNA was isolated as previously described (Rohr et al. 2020)
and stored at −80◦C until complementary DNA (cDNA) synthe-
sis. First-strand cDNA synthesis was carried out with the Rever-
tAid First Strand cDNA Synthesis Kit (1 μg RNA input, random
hexamer primers; Thermo Scientific, Waltham, MA, USA) and 1:5
diluted cDNA was stored at −20◦C until quantitative PCR (qPCR)
measurements.

Reactions were run on a CFX Connect instrument (Bio-
Rad, Hercules, CA, USA) using the SYBR Green Supermix (Bio-
Rad, Hercules, CA, USA). Primers for the three ARD-early
biomarker genes (Table S2, Supporting Information) biphenyl syn-
thase 3 (BIS3), biphenyl 4-hydroxylase (B4H) and ethylene-responsive
transcription factor 1B-like (ERF1B) were selected as previously
described (Rohr et al. 2020). Elongation factor 1-α (EF1a), elongation
factor 1-β- (EF1b) and tubulin beta chain (TUBB) (Weiß, Bartsch and
Winkelmann 2017) were chosen as reference genes for normal-
ization after testing their expression stability. Quantitative PCR
was performed as previously described (Rohr et al. 2020) with two
technical replicates for BIS3, B4H, EF1a, EF1b and TUBB (three for
the ERF1B gene with low expression). Normalized gene expres-
sion was calculated according to Pfaffl (2001).

The statistical evaluation was performed using R version
3.5.1 (R Core Team 2011) in RStudio version 1.1.456. First, the data
were checked for a Gaussian distribution and log10-transformed,
if necessary. A linear model was fitted and an analysis of vari-
ance (ANOVA) was performed. Tukey’s all pairwise comparisons
of means were performed with the multcomp (package version
1.4–8; Hothorn, Bretz and Westfall 2008).

Phytoalexin extraction and analysis

Aliquots of root samples from gene expression analysis (Table
S1, Supporting Information) were lyophilized and homogenized
to fine powder (29 Hz, 1 min; Mixer Mill MM400, Retsch, Haan,
Germany). Extraction and analysis of phytoalexins were con-
ducted as previously described (Weiß et al. 2017). Methanol
(1 mL) containing 50 μg of 4-hydroxybiphenyl (internal stan-
dard for relative quantification) was added to the samples,
which were continuously vortexed (2,700rpm, 20 min; Vortex
Genie 2, Scientific Industries, Bohemia, NY, USA). The result-
ing extracts were centrifuged (13,439 × g, 10 min) and aliquots
(200 μL) of the supernatants were air-stream dried in reagent
tubes. Residues were dissolved in 200 μL ethyl acetate, cen-
trifuged (13,439× g, 10 min) and supernatants were trans-
ferred to GC-MS vials with glass inlet. Ethyl acetate was air-
stream evaporated and the residues were re-dissolved in 50 μL
N-methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA, ABCR,
Karlsruhe, Germany) and incubated at 60◦C during 30 min for
silylation. Silylated samples were analyzed by GC-MS (70◦C for
3 min, 70–310◦C in 24 min [10◦C min−1] and 310◦C for 5 min,
helium flow: 1 mL min−1, injection volume: 1 μL, split ratio
1:10).

Total community DNA extraction

Extraction of total community DNA (TC-DNA) was done from
entire rhizoplane pellets and from 0.5 g of bulk soil (FastDNA R©

SPIN Kit for soil and FastPrep R© Instrument, MP Biomedicals,
Santa Ana, CA, USA) followed by DNA purification (GENECLEAN R©

SPIN Kit, Qbiogene Inc., Carlsbad, CA, USA) as previously
described (Lucas et al. 2018).

Library preparation

To study the bacterial/archaeal and fungal communities, the
hypervariable V3–V4 region of the 16S ribosomal RNA (16S rRNA)
gene and the fungal internal transcribed spacer 2 (ITS2) region
were amplified by PCR and sequenced (n = 5; MiSeq R© Illumina R©,
San Diego, CA, USA) according to acknowledged practice guide-
lines (Schöler et al. 2017).

For 16S rRNA gene amplification, primers
341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT-3′) were used (Caporaso et al.
2011; Sundberg et al. 2013). Reactions were performed as previ-
ously described by Babin et al. (2019), except that NEB HotStart
Taq and NEB Standard reaction buffer were used (New England
Biolabs, Ipswich, MA, USA).

For ITS2 fungal region amplification, primers
gITS7 (5′-GTGARTCATCGARTCTTTG-3′) and ITS4 (5′-
TCCTCCGCTTATTGATATGC-3′) (Ihrmark et al. 2012) were used
in a 25 μL PCR reaction volume containing: 1 μL TC-DNA, 200
μM of each dNTP, 2.5 mM MgCl2, 0.2 μM of each primer, 5% (v/v)
dimethyl sulfoxide (DMSO), 1× NEB Standard Reaction buffer
and 0.625 U of NEB HotStart Taq (New England Biolabs, Ipswich,
MA, USA). PCRs were done as follows: initiation (95◦C, 5 min),
30 cycles of denaturation (95◦C, 30 s), annealing (56◦C, 30 s) and
extension (72◦C, 1 min), with final extension (72◦C, 10 min).

A second PCR step was performed to include Illumina
sequencing adapters and unique dual-index combinations for
each sample. After both PCRs, amplicons were purified to
remove short fragments <100 bp (0.65:1 beads: PCR volume ratio;
HighPrep PCR Clean Up System, AC-60500, MagBio Genomics
Inc., MD, USA), normalized (SequalPrep Normalization Plate 96
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Kit, Invitrogen, Maryland, MD, USA) and pooled. The pooled
library was concentrated (DNA Clean and Concentrator-5 kit,
Zymo Research, Irvine, CA, USA), quantified (Quant-iT High-
Sensitivity DNA Assay Kit, Life Technologies; www.lifetechnolo
gies.com) and adjusted to 4 nM before denaturation and load-
ing. Amplicon sequencing was performed on an Illumina MiSeq
platform using Reagent Kit v2 (2 × 250 cycles) (Illumina Inc.,
San Diego, CA, USA). Unassembled raw amplicon data are avail-
able at the Sequence Read Archive public repository (SRA; ht
tps://www.ncbi.nlm.nih.gov/sra) under the accession number
PRJNA644274 (http://www.ncbi.nlm.nih.gov/bioproject/644274).

16S rRNA gene and ITS amplicon sequences processing

Primer sequences were removed (cutadapt; Martin 2011). Only
read pairs with successful primer removal were considered
for further analysis. Primer-trimmed 16S rRNA gene sequences
were merged (assemble pairs) and clustered in operational tax-
onomic units (OTUs; 97%, cluster otus) with UPARSE-OTU algo-
rithm (Edgar 2013) using a custom BioDSL script (https://gith
ub.com/maasha/BioDSL). Primer-trimmed ITS2 sequences were
processed (ITS-dedicated PIPITS workflow, version 2.2; Gweon
et al. 2015), merged (PEAR; Zhang et al. 2014) and quality-filtered
(FASTX-Toolkit, http://hannonlab.cshl.edu/fastx toolkit/index.h
tml; Key: citeulike: 9103573). ITS2 subregions of fungal origin were
extracted from sequences (ITSx; Bengtsson-Palme et al. 2013)
and clustered into OTUs (VSEARCH, 97%). Taxonomic annota-
tions of 16S rRNA gene OTU cluster representatives were per-
formed with mothur (Schloss et al. 2009) naı̈ve Bayes’ classi-
fier using Ribosomal Database Project database trainset 16 (Cole
et al. 2014) formatted for mothur (https://www.mothur.org/wik
i/RDP reference files). Representative ITS OTU sequences were
screened for chimeras (UNITE-UCHIME reference dataset), and
assigned taxonomy (RDP Classifier, UNITE fungal ITS reference
database, version 7.2; https://doi.org/10.15156/BIO/587478).

A phylogenetic tree was constructed with representative 16S
rRNA gene OTU sequences (mafft version 7.407 with retree 1;
Katoh and Standley 2013), and an approximate ML tree was
made and rooted at midpoint (FastTree version 2.1.10; Price,
Dehal and Arkin 2010). Sequencing completion was estimated
with Good’s coverage index (Good 1953) and rarefaction curves
(vegan package R) (Table S3 and Figure S1, Supporting Infor-
mation). Samples with <2,000 sequences and/or low coverage
(Good’s coverage < 97%) were excluded from further analysis
(Caporaso et al. 2011). Subsequent data analysis was conducted
using packages developed for the R software version 3.4.1 (R Core
Team 2017).

Sequencing data analysis

For alpha-diversity analysis, 16S rRNA gene and ITS2 samples
were rarefied to 8,000 counts to avoid biases due to uneven
sequencing depth (samples <8,000 counts not included; Table
S3, Supporting Information). The following indices were con-
sidered: richness, ACE (abundance coverage estimator), Shan-
non, Simpson and Simpson reciprocal (vegan R package; Oksa-
nen et al. 2019). Statistical differences between treatments were
assessed by generalized linear model (GLM) and a post-hoc
Tukey’s HSD correction test (P < 0.05, multcomp R package;
Hothorn, Bretz and Westfall 2008) and Kruskal–Wallis test (P
< 0.05, agricolae R package; Mendiburu 2015) for normal and not
normal distributed data, respectively. Normal data distribution

was assessed by D’Agostino test of skewness (Table S4, Sup-
porting Information, P < 0.05, moments R package; Komsta and
Novomestky 2015).

To study the effect of investigated factors (microhabitat: bulk
soil vs. rhizoplane; soil substrate: Control vs. ARD; and CT fre-
quency: single vs. frequent) on the microbial community compo-
sition at the OTU level, a constrained analysis of principal coor-
dinates (CAP), i.e. a distance-based redundancy analysis, was
applied on relative abundance normalized data (Bray–Curtis dis-
similarity index, capscale function, 10,000 permutations, vegan
R package). The significance of root length on the beta-diversity
index used (here Bray–Curtis) was calculated by PERMANOVA
(adonis, vegan R package; Oksanen et al. 2019). Taxa that con-
tributed to changes in the community composition were iden-
tified at phylum level (relative abundance, ANOVA under GLM
with Tukey’s HSD post-hoc test, P < 0.05, multcomp R package;
Hothorn, Bretz and Westfall 2008) and OTU level (raw counts,
quasi-likelihood F-test under negative binomial generalized lin-
ear modeling [nbGLM] with false discovery rate adjustment,
FDR-adjusted P < 0.05, edgeR package; Robinson, McCarthy and
Smyth 2010). At the OTU level, the identified taxa that were
significantly enriched or depleted in ARD-L2 in comparison to
Control-L2 samples were designated as ‘responders’. Since dif-
ferences attributed to CT scanning frequency were marginal for
both bacterial/archaeal and fungal datasets, significant differ-
ences in OTU abundance between Control-L2 and ARD-L2 sub-
strates were calculated by aggregating sCT and fCT profiles.

RESULTS

Substrate- and depth-dependent root growth

Roots did not completely bypass the ARD-L2 layer (Fig. 2A).
They initially grew into ARD-L2 as into Control-L2 (14 days after
planting); growth within ARD-L2 significantly slowed down 21–
28 days after planting, hence featuring less roots with only
short laterals compared with Control-L2. Since 83% of the root
length had a diameter <0.5 mm and 36% even <0.25 mm (Figure
S2, Supporting Information), automatic root segmentation was
impossible in overview CT scans. Therefore, all further reported
CT data refer to the subsamples taken from the split layer. No
significant differences were observed in shoot biomass and root
length between the two CT scan frequencies. Roots in Control-
L1 were well developed, showing overall the highest root length
densities. In comparison, ARD-L2 had significantly lower root
length densities in both sCT and fCT (Figure S3, Supporting
Information). This was also observed by CT scanning of split
layer subsamples (Fig. 2B). Root length estimation from either
CT scans or WinRHIZO on subsamples showed a strong posi-
tive correlation (R2 = 0.79). A decline in fine roots was observed
in ARD soil (27% <0.25 mm) compared with Control soil (36%
<0.25 mm; Figure S2, Supporting Information). The marked dif-
ferences in root growth between ARD-L2 and Control-L2 resulted
in a higher frequency of long distances for diffusion/mobility
from any point in the soil to the root surface in ARD-L2 (Fig. 2C).

Expression of ARD-biomarker genes in roots

Expression levels of BIS3, B4H and ERF1B did not differ signifi-
cantly between CT frequencies (see values, Figure S4, Supporting
Information); thus, the data were combined (Fig. 3).

Normalized gene expressions were all significantly higher
for ARD-L2 roots compared with adjacent Control-L1 and -L2
(Fig. 3A). For BIS3, the difference was most pronounced, with
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Figure 2. (A) Development of the root system over time (days 14, 21, 28 after planting) in the split layer. 3D visualization of segmented roots in X-ray CT scans; roots
are shown in red, soil matrix in gray scale and column walls are visible in black. (B) Box plot representation of root length based on segmented root systems from CT
images of subsamples from Control-L2 and ARD-L2, respectively (n = 10), 29 days after planting. (C) Frequency distribution of potential travel distances from any point
in the investigated soil volume to the nearest root surface, derived from Euclidean distance transformation conducted from X-ray CT images after root segmentation.

For details of the concept, see Schlüter et al. (2018). fCT = frequently scanned treatment; sCT = single X-ray CT scan prior to harvest.

a fold-change of 3.9 (ARD-L2 vs. Control-L1) and 12.9 (ARD-
L2 vs. Control-L2). B4H also showed an increased expression
fold change of 2.5 (ARD-L2 vs. Control-L1) and 9.7 (ARD-L2 vs.
Control-L2), while fold changes for ERF1B were 6.7 and 3.1,
respectively.

Gene expression differed between the two Control compart-
ments with a higher expression of BIS3 and B4H in the Control-
L1 (significant for B4H and only in tendency for BIS3; Fig. 3A).
In contrast, transcription factor ERF1B expression was signifi-
cantly higher in Control-L2 compared with Control-L1 (Fig. 3A).
The expression of the phytoalexin biosynthesis genes BIS3 and
B4H was higher compared with the transcription factor ERF1B.

Phytoalexin content in roots

There were no significant differences in root phytoalexin
amounts between CT scan frequencies (Figure S4, Supporting
Information). The root phytoalexin content in ARD-L2 (0.76 ±
0.25 mg/g DW) was 6.3 and 4.5 times higher than in Control-
L1 (0.12 ± 0.06 mg/g DW) and Control-L2 (0.17 ± 0.08 mg/g
DW), respectively (Fig. 3B). Between Control-L1 and Control-
L2, the phytoalexin contents did not statistically differ. Iden-
tified compounds included four biphenyls and five dibenzo-
furans (Fig. 3C), the majority of them being present at low
levels in the two Controls. The top three phytoalexins were
2-hydroxy-4-methoxydibenzofuran, noraucuparin and noreri-
obofuran. 2-Hydroxy-4-methoxydibenzofuran was detected in
all samples and accounted for >50% of the total phytoalexin
content in Control roots. In ARD-L2 roots, the 2-hydroxy-4-
methoxydibenzofuran levels were increased 4.1 and 2.9 times
compared with Control-L1 and -L2, respectively. The 3-hydroxy-
5-methoxybiphenyl content in ARD-L2 was even increased to

0.06 mg/g DW, being 69 times higher than in Controls. Consid-
erable variation was observed in the levels of individual com-
pounds among replicates in both ARD and Control soils.

Soil layer, substrate and CT scan frequency effects on
microbial communities

For bacteria and archaea, 748,965 high-quality 16S rRNA gene
sequences (8,607–23,925 per sample) and 1,531 OTUs were recov-
ered. For fungi, 1,360,631 ITS2 sequences (6,476–50,922 per sam-
ple) and 2,361 OTUs were obtained.

Alpha-diversity analysis

For bacterial/archaeal profiles, significantly lower richness
(species richness and ACE) and evenness (Simpson and Shan-
non) in the rhizoplane compared with bulk soil was detected
(Fig. 4). For fungi, the same trend was observed for richness
(species richness and ACE, Fig. 4), but no differences were
observed for their evenness.

For bacterial/archaeal profiles, significant but minor effects
of CT scan frequencies were detected for species richness and
ACE, being higher for sCT (Table S4, Supporting Information). For
fungi, no effect of CT scan frequencies was observed (Table S4,
Supporting Information). As effects of other factors were impor-
tant and highly significant, we decided to average fCT and sCT
values (n = 7–10, Fig. 4). Rhizoplane bacteria/archaea diversity
indices were significantly lower for richness (species richness
and ACE) and evenness (Simpson and Shannon) in ARD-L2 com-
pared with Control-L1 and -L2. For fungi, the same trend was
observed for richness in rhizoplane samples, while the opposite
was observed for bulk soil samples.
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Figure 3. Analysis of ARD biomarker gene expression and phytoalexins in roots of apple genotype ‘M26’ grown in columns for 29 days. (A) Normalized expression of
the ARD biomarker genes biphenyl 4-hydroxylase (B4H), biphenyl synthase 3 (BIS3) and ethylene-responsive transcription factor 1B-like (ERF1B) in roots of ‘M26’ plants
at the positions L1 (Control soil), L2 (ARD soil) and L2 (Control soil) as depicted in Fig. 1. (B) Total phytoalexin content in Control and ARD soils under fCT and sCT
scan frequencies. (C) Levels of individual phytoalexins identified by GC-MS. Compounds are indicated in the order of increasing retention index (RI): 1956, 3-hydroxy-

5-methoxybiphenyl; 2070, 2’,3-dihydroxy-5-methoxybiphenyl; 2090, aucuparin; 2121, noraucuparin; 2131, 2-hydroxy-4-methoxydibenzofuran; 2228, eriobofuran; 2259,
noreriobofuran; 2331, hydroxyeriobofuran isomer 2; 2479, 3,9-dimethoxy-2,4-dihydroxydibenzofuran. Different letters indicate a statistical difference between variants
as assessed by multiple comparisons (Tukey test, P < 0.05; n = 10).

Beta-diversity analysis

First, we tested whether the sampling inside the same experi-
mental unit (column) had an effect on the microbial community
composition (column effect). No significant column effect on the
microbial community composition was identified (P > 0.05). In
terms of community structure, no effects of CT scan frequencies
were detected on bacterial/archaeal (P = 0.13, Figure S5, Support-
ing Information) and fungal profiles (P = 0.07, Figure S6, Sup-
porting Information). Significant effects of microhabitats, soil
substrate and their interaction were detected for both bacte-
rial/archaeal (Figure S5, Supporting Information) and fungal pro-
files (Figure S6, Supporting Information). For bacterial/archaeal
profiles, the main factor was the difference between microhabi-
tat (bulk soil vs. rhizoplane, CAP1 = 50.6%) followed by ARD (Con-
trol soil vs. ARD soil, CAP2 = 14.3%). For fungal profiles, the main
factor was ARD (Control soil vs. ARD soil, CAP1 = 34.3%), followed
by microhabitats (bulk soil vs. rhizoplane, CAP2 = 11.3%). The
microhabitat effect was clear at phylum level (Table S5, Support-
ing Information) with an increase of Proteobacteria and Can-
didatus Saccharibacteria in TC-DNA from rhizoplane samples,
while only the endomycorrhizal Glomeromycota and Olpid-
iomycota were increased for fungi. The ARD effect was seen at

phylum level for both bacteria/archaea and fungi (Tables S6 and
S7, Supporting Information, respectively) compared with Con-
trols. Gemmatimonadetes showed a significant increase in ARD-
L2 compared with Controls in both microhabitats (rhizoplane
and bulk soil; Table S6, Supporting Information). In the rhizo-
plane, Betaproteobacteria were increased in ARD-L2 (14%) com-
pared with Controls (7–9%). In bulk soils, Firmicutes, Gammapro-
teobacteria and Gemmatimonadetes were increased in ARD-L2
compared with Controls. Conversely, Deltaproteobacteria, Aci-
dobacteria and Latescibacteria (WS3) were increased in Con-
trol samples compared with ARD-L2 in all microhabitats. Ver-
rucomicrobia, Actinobacteria and Nitrospirae were increased
in Controls of bulk soils. For fungi, a significant increase of
Rozellomycota, Mucoromycota, Glomeromycota and Olpidiomy-
cota was detected in Controls compared with ARD-L2 (Table
S7, Supporting Information). Mortierellomycota were increased
in Control bulk soils only. Conversely, only Ascomycota were
increased in ARD-L2 samples compared with Controls in all
microhabitats. For all microbial profiles, the significant interac-
tion between soil substrate and microhabitat was due to notable
differences between rhizoplane communities in Control-L1 and
-L2, no longer seen in bulk soils (Figure S5 and S6, Supporting
Information).
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Figure 4. Microbial alpha-diversity analysis (n = 7–10). Alpha-diversity of the bacterial/archaeal and fungal communities for each substrate (Control, ARD) across the
different microhabitats (rhizoplane, bulk soil) and soil depths (layer 1/L1 and layer 2/L2). Box plots display the following alpha-diversity indices calculated from 16S

rRNA gene and ITS2 fragment amplicon sequencing data: Species richness, ACE, Shannon and Simpson. Samples below our quality thresholds were not included
in this analysis (Table S3, Supporting Information), leaving between 7 and 10 replicates per treatment. Different lowercase letters and uppercase letters represent
statistically significant differences between substrates within each microhabitat and between microhabitats, respectively (test used: ANOVA & post-hoc Tukey’s HSD

correction test or Kruskal–Wallis according to data distribution; Table S4, Supporting Information). Results are displayed in box plots (ggplot2 R package; Wickham
2009). Boxes are colored by sample type.

A refined analysis was made separately in the bulk and the
rhizoplane samples for all microbial groups (Fig. 5), revealing a
significant difference between microbial communities in Con-
trol and ARD substrates, being exacerbated in bulk soils (CAP1
= 56–62%) compared with rhizoplanes (CAP1 = 27–33%). Rhizo-
plane differences between Control soils in L1 and L2 were minor
(CAP2 = 8–14%), and marginal in bulk soils (CAP2 = 3%). The
peculiar community structure identified in ARD exposed roots is
also coherently associated with the shorter root length observed
in these specific samples, be it for the fungi in the rhizoplane (R2

= 0.15, P = 0.001) and bulk soil (R2 = 0.23, P = 0.001), as well as for
the bacteria and archaea in the rhizoplane (R2 = 0.21, P = 0.001)
and bulk soil (R2 = 0.19, P = 0.001).

Identification of microbial OTUs responding to
substrate

‘Responders’ or OTU taxa that were significantly enriched or
depleted in ARD-L2 samples in comparison to Control-L2 sam-
ples were identified. A total of 244 bacterial/archaeal and 134
fungal rhizoplane responders were found. Dominant respon-
ders were displayed in a heat map (Fig. 6). Numerous dominant
Actinobacteria (Streptomyces), Alpha- (e.g. Novosphingobium, Sph-
ingobium, Sphingomonas, Asticcacaulis and Bosea), Beta- (Burkholde-
ria, Variovorax and Methylophilaceae) and Gammaproteobacte-
ria (e.g. Pseudoxanthomonas, Rhodanobacter and Lysobacter) OTUs
were increased in ARD-L2 rhizoplanes (Fig. 6). In Control-L2,
phylogenetically diverse OTUs were higher in relative abun-
dance compared with ARD-L2, including the dominant Candi-
datus Saccharibacteria, Massilia and Acidobacteria (Gp6).

Several fungal OTUs were assigned only at order level,
while others were not even classified at phylum level. In both
microhabitats, dominant responding OTUs belonged mainly
to Ascomycota, and also Morteriellomycota, Rozellomycota,
Mucoromycota and Basidiomycota. Diverse OTUs belonging to
classes, i.e. Eurotiomycetes (Herpotrichiellaceae), Rozellomy-
cota, Mucoromycota and Morteriellomycota, were increased
in the rhizoplane from roots exposed to Control-L2 com-
pared with ARD-L2 (Fig. 6). Conversely, dominant rhizo-
plane OTUs increased in ARD-L2 belonged to Pleosporales
(Dothideomycetes; ARD: 6% vs. Control: 2%), Xylariales (Sor-
diaromycetes), Helotiales (Leotiomycetes) and Apiotrichum xylop-
ini (Tremellomycetes). OTUs affiliated to classes Leotiomycetes
and Tremellomycetes were exclusively enriched in ARD-L2. Ily-
onectria robusta (OTU1509) and Nectria sp. (OTU1224), potential
ARD pathogens, were significantly enriched in ARD-L2 com-
pared with Control-L2 in both microhabitats.

A total of 416 bacterial/archaeal and 350 fungal ARD bulk
soil responders were identified. Dominant responders were dis-
played in a heat map (Figure S7, Supporting Information). Sev-
eral taxa increased in ARD-L2 bulk soil belonged to Acidobac-
teria (e.g. Gp4), Firmicutes (e.g. Bacillus) and Thaumarchaeota
(Nitrososphaera). Conversely, Gp6 (Acidobacteria) were increased
in Controls.

In bulk soil, the most abundant fungal OTUs in ARD-L2
belonged to Pleosporales (ARD: 9% vs. Control: 2%, Doth-
ideomycetes), Pseudaleuria (Pezizomycetes), Solicoccozyma
(Tremellomycetes), Xylariales (Sordariomycetes), Morteriella
(Morterielloycetes) and Helotiales (Leotiomycetes). Fungi affili-
ated to the Herpotrichiellaceae (Eurotiomycetes), Mucoromycota
and Rozellomycota were uniquely enriched in Control-L2.
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Figure 5. Microbial beta-diversity analysis (n = 7–10). Distance-based redundancy analysis of bacterial/archaeal and fungal communities for each substrate (Control,
ARD), depth (layer 1/L1 and layer 2/L2) and CT frequency (frequent CT/fCT, single CT/sCT) across microhabitats (rhizoplane and bulk soil). Analysis done on relative
abundance transformed 16S rRNA gene and ITS2 fragment amplicon sequencing data (Bray–Curtis dissimilarity index, 10,000 permutations). Percentage of variance

explained (R-square or R2) and significance (ANOVA) of the model shown. The level of significance is displayed as follows: ∗0.05 ≤ P-values < 0.01; ∗∗0.01 ≤ P-values
< 0.001; ∗∗∗P-values ≤ 0.001. Root length data were added to display their association with microbial community composition.

The distribution of microbial responders across microhab-
itats was synthesized in Venn diagrams (Figure S8, Support-
ing Information). A high number of responders was uniquely
detected in the bulk soil (52–71%). Important overlaps for bac-
terial/archaeal and fungal responders were detected between
rhizoplanes and bulk soils (20–31%). Ten fungal OTUs were only
enriched in rhizoplanes of plants grown in ARD, being absent in
bulk soils.

DISCUSSION

In this study, we investigated the ability of ARD-causing agents
to spread in soil by means of an integrated approach targeting,
for the first time, four different levels: root architecture, soil- and
rhizoplane-associated microbial communities, plant ARD indi-
cator gene expression and phytoalexin contents. An innovative
experimental design relying on a barrier-free split-root experi-
ment under composite soil with different layers (Control/ARD)

was used allowing microorganisms to move freely throughout
the soil (Fig. 1). We predict that if ARD-causing agents do not
spread through the soil, apple roots grown in the ARD patch
will be affected by the disease, while roots in Control soils will
develop normally.

Local root growth reduction and strong biotic stress
defense response in ARD-exposed roots

Despite water movements in our soil column and lack of physi-
cal barrier, we only observed root growth reductions in roots of
plants grown in ARD soil patches. This is a major experimen-
tal evidence confirming the local occurrence of ARD symptoms
(Lucas et al. 2018; Balbı́n-Suárez et al. 2020). We demonstrated for
the first time that not only root growth was arrested locally by
ARD soil but also the plant defenses, i.e. expression of ARD indi-
cator genes and total phytoalexin contents, were significantly
higher in roots exposed to ARD soil. No systemic induction of
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Figure 6. ARD rhizoplane responders (n = 9–10). Heat maps showing bacterial and fungal OTUs whose relative abundance is significantly higher or lower in ARD-L2

in comparison to Control-L2 samples in the rhizoplane (>0.2%). Taxa relative abundance was log10-transformed and center-scaled for the heat map representation
(z-score). Taxa are classified at the species level or the lowest rank possible with the RDP and UNITE database for bacteria and fungi, respectively. Similarities in
community composition between samples determine the top hierarchical clustering (Bray–Curtis dissimilarity index), while similarities between taxa abundance

behavior, along the samples studied, determine the side hierarchical clustering. Column side and row side colors indicate sample type and taxonomic affiliation at
the phylum level (Class for Proteobacteria), respectively. Significant differences in relative abundance between treatments were determined by negative binomial GLM
fit with a likelihood ratio test and corrected using false discovery rate for multiple comparisons (FDR, P < 0.05).

ARD indicator genes was detected confirming the local and spe-
cific response aspect (Lucas et al. 2018; Reim et al. 2020; Rohr et al.
2020). However, our study was not designed to identify a subse-
quent systemic reaction that might be triggered later (Henfrey,
Baab and Schmitz 2015; Weiß and Winkelmann 2017). Indeed,
phytoalexin formation (especially biphenyls and dibenzofurans)
is a plant defense strategy against pathogen invasion (Chizzali
and Beerhues 2012), creating a local environment that inhibits
microbial growth and propagation, prior to systemic resistance
induction (Tian and Zhang 2019). This ‘phytoalexin signature’
is reasonably orientated toward a microbial origin, be it from
the original ARD-specific soil or the later root-associated micro-
biome. Deeper analysis relying on strain isolation and applica-
tion as well as specific effects of phytoalexin compounds on root
microbiome would be useful.

Local alterations of root-associated microbiome
(dysbiosis) and higher abundance of potential ARD
pathogens in ARD-exposed roots

Dysbiosis is defined as any deviation in community structure of
the resident root/gut microbiome of healthy plants/individuals
that is linked with host disease (Petersen and Round 2014;
Mendes and Raaijmakers 2015; Smets and Koskella 2020). These
changes might be crucial in ARD disease development, as the
presence of a disrupted root-associated microbiome might facil-
itate pathogen establishment (Mendes et al. 2011) or trigger the
disease itself by altering adequate host immune responses, like
those observed for human gut diseases (Petersen and Round
2014). Previous split-root analysis revealed the existence of an
altered bacterial and archaeal community in ARD bulk soils
and rhizoplane samples (dysbiosis), both in terms of alpha- and

beta-diversity (Lucas et al. 2018; Balbı́n-Suárez et al. 2020). Here,
we confirm this finding with regard to bacteria/archaea, and
broaden it to the fungal community for the first time.

Indeed, our analysis revealed a significantly reduced micro-
bial richness (bacteria/archaea and fungi) and evenness (bacte-
ria/archaea) in ARD-affected rhizoplanes, a characteristic pre-
viously related to facilitation of pathogen establishment or
microbial invasions (Mallon, Van Elsas and Salles 2015; Yang
et al. 2017). Likewise, bacterial/archaeal and fungal community
compositions were profoundly altered in ARD-affected samples
across microhabitats.

Potential fungal pathogens associated with ARD, like Rhizoc-
tonia (Mazzola 1997) and Fusarium (Franke-Whittle et al. 2015;
Manici, Caputo and Saccà 2017), were either not detected or
were not significantly enriched in ARD (<0.02%). However, mem-
bers of the Pleosporales, Helotiales and Nectriaceae (Ilyonectria
robusta and Nectria sp.) that were significantly enriched in ARD
rhizoplanes and bulk soils were previously found to be asso-
ciated with ARD soils, isolated from ARD-exposed roots and
proved pathogenic toward apple (Deakin et al. 2018; Manici et al.
2018; Popp, Grunewaldt-Stöcker and Maiss 2019; Popp et al. 2020).
The presence of other potential ARD pathogens like Pythium sp.
and Phytophthora sp. could not be addressed in the present study,
as the ITS primers used did not target oomycetes (Mazzola et al.
2002; Tewoldemedhin et al. 2011).

Bacterial taxa differentially enriched in rhizo-
plane/rhizosphere samples from ARD exposed roots (e.g.
Variovorax, Streptomyces, Methylophilaceae) or Control samples
(e.g. Spartobacteria) were consistent with previous studies
(Mazzola 1999; Tilston et al. 2018; Balbı́n-Suárez et al. 2020).
Interestingly, ribotypes affiliated to Streptomyces were found to
be increased in abundance also inside the roots of ARD-affected
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plants, suggesting their involvement in ARD development
(Mahnkopp-Dirks et al. 2020). Moreover, several taxa known
for their aromatic compound degradation capabilities like
Burkholderia (Krastanov, Alexieva and Yemendzhiev 2013),
Sphingobium, Streptomyces (Seo, Keum and Li 2009), Sphingomonas
(Zhao et al. 2008), Variovorax (Satola, Wübbeler and Steinbüchel
2013) and the fungal genus Apriotrichum (Mašı́nová et al. 2016)
were consistently enriched in ARD rhizoplane samples, being
concomitant with the presence of higher concentration of
phenolic compounds in ARD-affected roots (Henfrey, Baab
and Schmitz 2015; Weiß et al. 2017; this study). This would
support the notion that the rhizoplane dysbiosis state may be
an indirect consequence of plant responses to ARD. Functional
speculation on taxonomic results should be taken with care,
as another study, based on metagenome analysis, indicated a
reduced potential for degradation of phenolic compounds by
rhizosphere microbes under ARD (Radl et al. 2019).

Overall, our observations and previous findings (Yim, Smalla
and Winkelmann 2013; Sun et al. 2014; Balbı́n-Suárez et al. 2020),
point toward a systematic alteration of microbial communities
in ARD soil and the subsequent root-associated microbiome
developed from that same ARD bulk soil. Therefore, our findings
can be interpreted as evidence for a dysbiosis state of rhizoplane
microbiome that was observed only on ARD-exposed roots, thus
reinforcing the local response assumption. It is still not fully
understood whether a dysbiotic microbiome is directly associ-
ated with host disease susceptibility, or whether it is an indirect
consequence of the disease itself (Bäckhed et al. 2012; Belizário
and Napolitano 2015). Further studies are required to elucidate
whether this dysbiotic microbiome is a common ARD feature
(across sites and rootstocks), and a cause or a consequence of
the disease.

No significant effects of the CT frequency were observed,
except for minor effects on the bacterial and archaeal com-
munities, whose richness was slightly decreased with repeated
scans. This is in agreement with Ganther et al. (2020), who found
no (microbial community composition) or only transient (gene
expression) changes upon X-ray CT exposure (using similar X-
ray doses and the same geometry).

Does ARD spread through the soil?

The deliberate absence of physical barriers in our split-root
design allowed testing the lack of horizontal spreading in ARD
under controlled conditions. We concluded that ARD-causing
agents have most likely a low mobility and do not spread
through soil, at least not in the short term (28-day experiment),
as only roots in contact with ARD soil were affected by the dis-
ease showing: (i) local root growth reductions and enhance-
ment of plant defense reactions (phytoalexins), (ii) an altered
root-associated microbiome (dysbiosis) and (iii) a significant
enhancement of potential ARD-causing agents abundance. The
lowered microbial diffusion potential observed between ARD-
L2 and Control-L2 neighbor compartments reinforced as well
the aspect of the low mobility of the ARD-causing agents. ARD-
causing agents’ lack of spreading through soil could be as well
explained by their inability to increase in abundance under
specific microbial contexts. Indeed, other studies reported that
aggressiveness or pathogenicity of potential ARD pathogens was
often reduced when inoculated in commercial or grass soils
in contrast to sterile soils (Mazzola 1997; Manici, Caputo and
Saccà 2017; Popp, Grunewaldt-Stöcker and Maiss 2019). Hence,
pathogen virulence and dispersal abilities may be influenced by
the presence of specific microbial assemblies (e.g. dysbiosis) or

microorganisms (e.g. synergistic effects) that may facilitate or
even promote pathogen attack as already suggested by Manici
et al. (2018). However, our 28-day experiment might not have
been sufficient for pathogens with low growth rates, like Ilyonec-
tria sp., to efficiently spread throughout the soil (Manici et al.
2018). Further studies need to be conducted to confirm the find-
ings of the present study, including additional soil textures and
plant genotypes.

Are apple plants able to sense ARD soil?

The sessile nature of plants forced their acquisition of fine
mechanisms to sense environmental changes to appropriately
adjust their physiology, e.g. tropisms or directional plant organ
growth movements (Esmon, Pedmale and Liscum 2005; Muthert
et al. 2020).

In the present study, we tested the apple plant’s ability to
sense ARD soil presence by providing a choice of substrate for
root growth. While high root lengths were observed in the Con-
trol layers (L1 and L2), only a small proportion of roots originated
from the ARD-L2 soil. The root growth kinetic observed via fre-
quent scanning showed head-on growth through ARD-L2, fol-
lowed by marked growth retardation. Thus, it can be concluded
that a direct contact is required with ARD soil to trigger root
growth inhibition. If volatiles are involved, their action range
will not exceed few centimeters at best. Thus, the most parsi-
monious explanation would be that direct exposition to caus-
ing agent(s) is required. If avoidance is defined sensu stricto as
no growth into the ARD substrate and/or altered root negative
tropism, we should rule out the existence of apple plant negative
tropisms toward ARD soil. However, if avoidance is defined sensu
largo at the entire root system level, negative tropism may still be
valid. Indeed, the share of roots found in each respective com-
partment, i.e. root system plasticity (Hodge 2006), will depend
on growth conditions in the neighboring compartment (Control
soil) and will be also influenced by root gravity tropisms (Kiss
2007). Further studies of apple root negative tropism toward ARD
soil are required to unravel the root-sensing mechanism, the
vector nature (e.g. microbes or molecules) and the route (water,
volatile).

CONCLUSION

Our barrier-free column split-root experiment supports the idea
of ARD-causing agents not spreading through soil, as only apple
roots exposed to ARD soil were affected. This was evidenced
by lower root length, different diameter distribution, enhanced
expression of ARD indicator genes and phytoalexin contents
and rhizoplane microbiome shifts. Apple plant roots growing
straight into ARD soil will display the symptoms, without evi-
dence supporting avoidance by altered tropisms. Alpha- and
beta-diversity indicated a strong dysbiosis of the global micro-
bial community in the rhizoplane of ARD roots that might be
caused by the exposure to an already deeply altered micro-
biome in ARD bulk soils, together with the strong local plant
defense response. Potential apple plant pathogens (Pleospo-
rales, Helotiales, Ilyonectria) in rhizoplane and/or in bulk soil
samples might have triggered the strong local plant defense
response and the subsequent root accumulation of phenolic
compounds (phytoalexins) and recruitment of phenolic micro-
bial degraders (e.g. Variovorax, Streptomyces, Apiotrichum). The
rhizoplane dysbiosis might be, therefore, a consequence of
ARD or part of ARD disease development. Further microbiome
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studies focusing on the restoration of a healthy apple rhi-
zosphere/rhizoplane microbiome (rebiosis), e.g. by increasing
microbial diversity and/or activation of its indigenous suppres-
sive potential (through organic amendments or inoculants),
could open new perspectives for the development of more sus-
tainable ARD counteraction strategies.
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