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Abstract 
Introduction Apple replant disease (ARD) causes 
reduced growth and fruit yield and affects orchards 
and tree nurseries worldwide. A number of pathogens 
have been consistently identified as causal agents of 
ARD; however factors affecting disease-severity are 
not fully understood.
Aims We examined five soils from German tree 
nurseries and apple orchards featuring different soil 
characteristics and replant histories. We aimed to link 
the plant-soil interaction to replant disease severity.

Methods In a greenhouse experiment, young apple 
plants were grown for eight weeks on untreated 
and disinfected (control) soils. Growth parameters 
were recorded to evaluate the severity of ARD. The 
defence response of the plants was examined by 
expression analysis of ARD indicator genes (BIS3, 
B4H and ERF1B) and GC–MS-based detection of 
phytoalexins. The fungal and bacterial rhizosphere 
communities were investigated by ITS and 16S rRNA 
amplicon sequencing, respectively.
Results After eight weeks, ARD symptoms were 
observed on all soils. Growth depression was high-
est on soils that had faced intensive apple cultivation 
and lowest on a soil with only one year of apple cul-
tivation prior to the experiment. These results corre-
lated with increases in the BIS3 expression level and 
the phytoalexin content in the roots. No bacteria and 
fungi commonly found in increased abundance in 
ARD soils were consistently detected in all soils.
Conclusions Replant history influenced disease 
severity more than soil characteristics. ARD symp-
toms correlated with BIS3 expression and phytoalexin 
(PA) formation. PA exudation increased the relative 
abundance of bacterial genera with the potential abil-
ity to degrade phenolic compounds.
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Introduction

Apple replant disease (ARD) occurs worldwide and 
has been described as a “harmfully disturbed physi-
ological and morphological reaction of apple plants to 
soils that faced alterations in their (micro-)biome due 
to previous apple cultures” (Winkelmann et al. 2019). 
Another slightly different definition was introduced by 
Somera and Mazzola (2022) stating that ARD “occurs 
when plant-induced changes to the soil microbiome 
promote the infestation of multiple host-specific, 
soilborne pathogens”. Symptoms commonly found 
are stunted growth, reduced fruit quality and yield as 
well as damages to the roots such as root tip necro-
sis, root blackening and reduced growth of root hairs 
(Grunewaldt-Stöcker et al. 2019; Mazzola and Manici 
2012). The effectiveness of soil disinfection as a treat-
ment to overcome ARD has consistently demonstrated 
biotic factors as the primary cause of the disease.

Numerous studies have found an altered abun-
dance of several organisms in bulk and rhizosphere 
soils as well as apple roots in conjunction with ARD, 
including fungi, bacteria, nematodes and oomy-
cetes (Balbín-Suárez et  al. 2021; Franke-Whittle 
et  al. 2015; Kanfra et  al. 2018; Mahnkopp-Dirks 
et al. 2021; Manici et al. 2013, 2018; Mazzola 1998; 
Nicola et al. 2018; Otto and Winkler 1977; Popp et al. 
2020; Utkhede and Li 1988). Somera and Mazzola 
(2022) stated that genera of known pathogens in the 
ARD complex generally occur consistently world-
wide, while species composition and sometimes even 
occurrence may differ between studies conducted on 
ARD-affected soils from different regions. On the 
other hand, Manici et al. (2013) found Pythium spp. 
infections to be negatively correlated to plant growth 
in soils from three orchards in Germany but not in 
the soils from orchards in Italy or Austria examined 
in their study and Manici et  al. (2003) found nega-
tive correlations between Pythium spp. and growth 
in Italy. Furthermore, different species of Pythium 
have been associated with ARD in different regions. 
Species commonly described in studies conducted 
in North America and Europe, such as Pythium ulti-
mum and Pythium intermedium (Mazzola 1998; 
Sewell 1981; Tilston et  al. 2018), were rarely iden-
tified as ARD agents in South Africa. For example, 
Moein et  al. (2019) found  only Pythium ultimum in 
their study, while Tewoldemedhin et  al. (2011a) did 

not identify either species. Similar reports were pub-
lished for fungi, e.g. the genera Cylindrocarpon and 
Ilyonectria. In Europe, Ilyonectria robusta and Dac-
tylonectria torrensis were repeatedly identified in 
ARD-affected apple roots and subsequently shown 
to be pathogenic to apple plants (Manici et al. 2018; 
Popp et al. 2020). While Ilyonectria robusta has also 
been associated with ARD in North America (Wang 
and Mazzola 2019), Dactylonectria torrensis has, to 
the best of our knowledge, not been reported in stud-
ies on ARD outside of Europe. Tewoldemedhin et al. 
(2011b) identified Cylindrocarpon macrodidymum 
as a pathogen likely related to ARD in South Africa, 
while reports of this species in association with ARD 
are rare in other parts of the world. In summary, the 
occurrence and dominance of ARD-causing agents 
within the disease complex may vary at species level 
between different affected sites.

In their review, Somera and Mazzola (2022) also 
pointed out that a high abundance of certain micro-
bial species, based on amplicon sequencing, in 
ARD-affected soils do not confirm their involvement 
in the ARD complex. Furthermore, Balbín-Suárez 
et al. (2021) suggested, alongside contributions from 
known causative agents, a dysbiotic state to be char-
acteristic of ARD. This hypothesis is supported by 
the higher abundance of stress-related bacterial genes 
in ARD soils (Radl et al. 2019).

Even though biotic factors are agreed on to be the 
primary cause of ARD, soil and environmental fac-
tors strongly influence microbiota and may thus alter 
the abundance and relative dominance of causal 
microorganisms. For example, the pathogen complex 
may vary by region or even season depending on soil 
type, temperature and soil-water-content (Somera and 
Mazzola 2022), as those factors influence the micro-
biome in all terrestrial ecosystems. In a number of 
studies, the severity of ARD was observed to be lower 
in soils with higher clay content compared to sandier 
soils with less density and better aeration (Kviklys 
et  al. 2016; Mahnkopp et  al. 2018; Schimmel et  al 
2024). However, out of these studies, only Schimmel 
et  al. (2024) were able to demonstrate the influence 
of clay in alleviating ARD-related growth reduction 
by treating soils with clay amendments. In contrast, 
opposing results have also been published, showing 
higher severity of ARD in soils with higher clay con-
tent (Sheng et  al. 2019, 2020). Due to contradictory 
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statements based on a low number of soils in each 
study, more research in this field is needed.

As stated, it is evident that apple plants alter the 
soil microbiome during growth and leave the soil in a 
dysfunctional state for the repeated growth of apple. 
In addition to known causal agents, underlying mech-
anisms, which may contribute to the disease, remain 
to be elucidated. One proposed explanation is a dys-
biosis caused by the exudation of secondary plant 
metabolites, which might either attract or eliminate 
specific organisms in the soil (Balbín-Suárez et  al. 
2021; Busnena et  al. 2023). For example, a num-
ber of phytoalexins (PA) were produced in signifi-
cantly higher amounts in apple plants grown in ARD 
soils compared to those in healthy soils (Busnena 
et  al. 2021). Phytoalexins play an important role in 
the disease response of apple plants (Busnena et  al. 
2023). Genes involved in the production of phyto-
alexins, such as BIS3 and B4H, are upregulated in 
roots shortly after facing ARD-affected soil (Weiß 
et  al. 2017a, b). Rohr et  al. (2020) showed signifi-
cant upregulation of these genes as early as 72 h after 
contact of roots with ARD soil.

In summary, previous studies found that a shift in 
the soil microbiome, elicited by the repeated growth 
of apple plants, is an important factor for ARD. How-
ever, these shifts differ between sites and regions. 
Furthermore, the mechanisms that cause the shift as 
well as the plant reaction are still poorly understood. 
To better understand the effect of the soil, it is essen-
tial to collect data on the microbiome and the plant 
reaction from one and the same experiment, across 
a variety of ARD-affected soils with different histo-
ries and properties. This study examined five ARD-
affected soils with differing replant histories, which 
were collected at German tree nurseries and apple 
orchards. We investigated a combined data set com-
prising soil properties and plant-available nutrients, 
plant growth parameters, gene expression of ARD 
indicator genes, phytoalexin production as well as 
a community analysis of fungi and bacteria in the 
rhizosphere. In a greenhouse experiment based on the 
biotest described by Yim et  al. (2015), apple plants 
were grown on five different ARD-affected soils, 
either untreated or disinfected by gamma-irradiation. 
The difference in growth between the two variants of 
a given soil allowed an estimation of ARD severity in 
this respective soil.

Materials & methods

Soil sites

ARD-affected soils for this experiment were collected 
from five different regions with different replant his-
tories in Germany: Site M (orchard, 50°37′8.5’N, 
6°59′25.4’E, Meckenheim, North Rhine-Westphalia), 
Site C (tree nursery, 53°38′03.1’N, 9°42′22.1’E, 
Holm, Schleswig–Holstein), Site L (tree nursery, 
51°49′57.1’N, 7°25′15.5’E, Dülmen, North Rhine-
Westphalia), Site Ha-R (orchard, 53°28′55.1’N, 
9°35′30.2’E, Jork, Lower Saxony) and Site ST 
(tree nursery, 53°40′42.6’N 9°43′53.3’E, Tornesch, 
Schleswig–Holstein). The soil type was classified 
based on the German classification system (Ad-hoc-
Arbeitsgruppe Boden 2005). The classification and the 
cultivation history of the sites are displayed in Table 1.

Sampling took place in spring 2020. Soil samples 
were taken at different positions on each site from the 
upper 30 cm of the topsoil. The soils were homoge-
nised using an 8 mm sieve. One half of each soil was 
left untreated  (U) and the other half was disinfected 
using gamma-irradiation (G) (15.69—23.79  kGy; 
Synergy Health Radeberg GmbH, STERIS, Rade-
berg, Saxony, Germany), which served as a control. 
100 g of each soil variant were sampled to determine 
grain size fractions, pH, organic matter and plant 
available nutrients. Until the start of the experiment, 
the soils were stored for one week at 4 °C.

Analyses of chemical soil properties

For soil analyses, samples were air-dried and sieved 
(< 2 mm). Grain size fractions (soil texture, Table 1) 
was determined by the pipette method for the clay 
and silt fractions and by wet sieving for the sand frac-
tion (Gee and Bauder 2018). Soil pH (Suppl. Table 1) 
was measured in 0.01  M  CaCl2 solution (1:12.5 
soil and solution). Plant available nutrients (Suppl. 
Table 1) in soil were analysed using the Mehlich III 
method (Mehlich 1984). Extraction solution (0.2  M 
 CH3COOH, 0.25  M  NH4NO3, 0.015  M  NH4F, 
0.013 M  HNO3, 0.001 M EDTA) was added to soil at 
a ratio of 1:3 and horizontally shaken for 5 min. After 
centrifugation at 2500 × g for 5 min, the supernatant 
was extracted and acidified (10%  HNO3) and ele-
mental determination was performed by inductively 
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coupled plasma optical emission spectroscopy (ICP-
OES, Varian 725-ES, Agilent Technologies, Santa 
Clara, CA, USA). The bulk organic C and N analyses 
(Table 1) were performed by dry combustion with a 
CNS-Elemental Analyzer (Vario EL III, Elementar 
Analysensysteme GmbH, Hanau, Germany).

Greenhouse biotest

A greenhouse experiment, based on the biotest estab-
lished by Yim et  al. (2015), was carried out from 
March 17th to May 11th 2020 (19.3  °C ± 4.3). All 
soils were fertilised with 2 g   L−1 Osmocote® Exact 
3–4 M (16 + 9 + 12 + 2 MgO; ICL Specialty Fertiliz-
ers, Tel Aviv, Israel) at the start of the experiment. 
Previously in vitro propagated and rooted plantlets of 
the ARD-sensitive apple rootstock M26 were accli-
matised for 4 weeks in a greenhouse prior to the start 
of the experiments as described in detail by Rohr 
et  al. (2021). After removal of the peat substrate, 
which was used for acclimatisation, the plants were 
potted into 750  mL moist untreated (U) or gamma-
irradiated (G) soil from the five different sites (M, C, 
Ha-R, L, ST). Each of the ten resulting variants, i.e. 
treatment-soil combinations (M-G, M-U, C-G, C-U, 

Ha-R-G, Ha-R-U, L-G, L-U, ST-G, ST-U), included 
12 replicates, i.e. pots with one M26 plant each. The 
pots were placed randomised into four blocks in a 
greenhouse chamber.

During the growth period of 8  weeks, the plants 
were watered with tap water by hand as needed. Tech-
nical settings of the greenhouse in this period were 
as follows: heating at < 19 °C, ventilation at > 21 °C, 
shading at 25.0 klx (8  am—8  pm) and additional 
light (SON-T Philips Master Agro 400 W; 25.0 
klx; 7 am −11 pm). For pest control, a mix of 0.3% 
NeemAzal® (Trifolio-M GmbH; Lahnau, Germany) 
and 0.05% Gnatrol® (Valent BioScience LLC; Liber-
tyville, IL, USA) solution was applied 1–2 times per 
week. Additionally, a sulphur evaporator was used at 
night to prevent powdery mildew infections.

Plant growth measurements and samplings

The shoot length (SL) growth (total SL increase) was 
calculated by subtracting the SL on day 0 from the SL 
after 8 weeks. At the end of the growth period, fresh 
mass (FM) and dry mass (DM) of shoots and roots 
were determined by oven drying of shoots and washed 
roots for at least 3 d at 70 °C. Six representative plants 

Table 1  Organic carbon (OC), total nitrogen (TN), particle 
size distribution, soil texture category, soil type (Ad-hoc-Arbe-
itsgruppe Boden 2005) and cultivation history of soil from the 

sites Meckenheim (M), Holm (C), Jork (Ha-R), Dülmen (L) and 
Tornesch (ST); untreated (UT) and gamma-irradiated (G)

Site OC (%) TN (%) Clay (%) Silt (%) Sand (%) Soil texture Soil type Cultivation history

M 1.27 (G)
1.40 (U)

0.14 (G)
0.14 (U)

21.3 71.8 7.0 Strong  
clayey silt

haplic  
Luvisol

Several generations of apple 
& pear for 5–20 years 
each since 1950

C 2.58 (G)
2.45 (U)

0.15 (G)
0.14 (U)

2.6 3.7 93.7 Sand gleyic  
Podzol

2015–2018 three generations 
of Malus

Ha-R 1.56 (G)
1.69 (U)

0.13 (G)
0.14 (U)

4.1 50.3 45.6 Medium  
silty sand

stagnic  
Cambisol

Agricultural crops, including 
Zea mays, before 1995; 
1995–2009 ‘Jonagold’ on 
M9; 2010–2019 ‘Rubens’ 
on M9

L 2.92 (G)
2.95 (U)

0.18 (G)
0.18 (U)

7.4 16.0 76.6 Slightly  
loamy sand

gleyic  
Podzol

1995–2009 Malus Pi 80; 
2009–2018 a variety 
of Maloideae & drupe 
with periods of fallow or 
Tagetes

ST 1.35 (G)
1.59 (U)

0.10 (G)
0.11 (U)

5.9 42.0 52.1 Slightly  
loamy sand

stagnic  
Podzol

Until 2014 Rosa; 2015–2016 
different grains & Zea 
mays; 2017 Tagetes; 
2018–2019 M9



Plant Soil 

Vol.: (0123456789)

of each soil and treatment, excluding the smallest and 
largest plant each, were chosen for molecular analy-
ses. The following samples were taken from these 
six plants: For each untreated soil (U), rhizosphere 
samples were taken from six pots for 16S rRNA and 
ITS barcoding of the microbiome. The bulk soil was 
first removed by hand. Then, 1–2 mL of the remain-
ing root adhering soil was collected in 2 mL reaction 
tubes and stored at −80  °C until DNA extraction. 
Furthermore, to determine concentrations of phyto-
alexins and phenolic compounds as well as the rela-
tive expression of ARD-indicator genes (Reim et  al. 
2020; Rohr et  al. 2020; Weiß et  al. 2017a, b), roots 
of the same six plants per U variant and an additional 
six plants from each G variant were sampled. The 
roots were deep frozen in liquid nitrogen and stored at 
−80 °C until they were processed further. In total, 30 
samples were taken from U variants for each type of 
analysis and another 30 samples were taken from G 
variants for the analysis of phenolic compounds and 
gene expression.

RNA extraction and RT-qPCR for expression analysis 
of ARD indicator genes in roots

The root samples were homogenised on liquid nitro-
gen in a Retsch mill (MM400; Retsch, Haan, Ger-
many) for 30 s at 27 Hz. About 60 mg were used for 
RNA extraction using the InviTrap® Spin Plant RNA 
Mini Kit (Invitek Molecular, Berlin, Germany) fol-
lowing the instructions of the manufacturer. Prior to 
cDNA-synthesis, genomic DNA was removed with 
the DNase I protocol provided by Thermo Fisher Sci-
entific (Waltham, MA, USA). The cDNA was synthe-
sised using the Revert Aid First Strand cDNA Syn-
thesis Kit (Thermo Fisher Scientific; Waltham, MA, 
USA) and oligo-dT primers.

Elongation factor 1-alpha (EF1a) and elongation 
factor 1-beta 2-like (EF1b) as well as tubulin beta 
chain (TUBB) were selected as reference genes based 
on the previous work of Weiß et al. (2017a). Follow-
ing the results of Reim et  al. (2020), biphenyl syn-
thase 3 (BIS3) and cytochrome P450 CYP736A12-like 
(biphenyl-4-hydroxylase, B4H) were selected as the 
candidate genes reacting most specifically to ARD. 
Because both genes are involved in phytoalexin bio-
synthesis, ethylene-responsive transcription factor 
1B-like (ERF1B) was also included as an indicator 
independent of the phytoalexin pathways (Reim et al. 

2020; Rohr et  al. 2020). The primer efficiency tests 
(technical replicates = 3) and qPCR (technical rep-
licates = 2 (BIS3, B4H) or 3 (ERF1B, EF1a, EF1b, 
TUBB)) were conducted as described by Weiß et  al. 
(2017a) using the CFX Connect™ qPCR cycler and 
CFX Manager 3.1 software (Bio-Rad, Hercules, CA, 
USA). Finally, the normalised gene expression was 
calculated according to Pfaffl (2001).

Phytoalexin (PA) extraction and quantification by gas 
chromatography-mass spectrometry (GC–MS)

Apple roots were lyophilised and homogenised to 
fine powder (29  Hz, 1  min; Mixer Mill MM400, 
Retsch, Haan, Germany). The pulverised roots were 
weighed and extracted with 1  mL of methanol sup-
plemented with 25  µg of 4-hydroxybiphenyl (inter-
nal standard for relative quantification). The suspen-
sion was continuously vortexed using Vortex Genie 
2 (Scientific Industries, Bohemia, NY, USA) at the 
maximum speed of 2700 rpm for 20 min. The result-
ing extract was centrifuged (13,439  g, 10  min) and 
the supernatant was dried under a stream of air in a 
reaction tube. The residue was re-dissolved in 1 mL 
dichloromethane:chloroform (1:1, v/v) and centri-
fuged at 13,439  g for 10  min. The supernatant was 
transferred to a new 1.5 mL reaction tube and evapo-
rated to dryness under a stream of air. The residues 
were re-dissolved in 200 µL ethyl acetate and centri-
fuged at 13,439 g for 10 min. The clear supernatant 
was carefully transferred into a micro inlet sitting 
in an analytical 1.5  mL vial. The ethyl acetate was 
evaporated to complete dryness under a stream of air. 
The residue was re-dissolved in 50  µL N-methyl-N-
(trimethylsilyl)-trifluoroacetamide (MSTFA; ABCR, 
Karlsruhe, Germany) and silylated at 60  °C for 
30  min. The silylated samples were analysed by an 
Agilent Technologies 6890 N (Agilent Technologies 
Deutschland GmbH, Böblingen, Germany) gas chro-
matograph coupled to an Agilent Technologies 5975B 
mass spectrometer (MS). The following MS settings 
were applied: ionisation voltage 70  eV, ion source 
temperature 230 °C and interface temperature 290 °C. 
The following temperature program was applied: 
70  ˚C for 3  min, then increased at a rate of 10  ˚C 
 min−1 to 310  °C and held at 310  °C for 5  min. For 
chromatographic separation, a Zebron ZB-5MS cap-
illary column (30  m × 0.25  mm × 0.25  µm; Phenom-
enex, Aschaffenburg, Germany) was used. Helium 
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was the carrier gas at a flow rate of 1 mL  min−1. The 
injection volume was 1 μL using a split ratio of 1:10. 
Relative quantification of the individual compounds 
using the added internal standard 4-hydroxybiphenyl 
(response factor 1) allowed the relative quantitative 
comparison of the levels of phytoalexins of all sam-
ples. A set of co-injected hydrocarbons (even-num-
bered  C14—C32) was used to calculate the retention 
indices by linear extrapolation as described by Bus-
nena et al. (2021).

DNA extraction and amplicon sequencing for 
microbial analyses of rhizosphere samples

DNA was extracted from 0.5  g of rhizosphere soil 
collected from the (U) samples using a protocol ini-
tially developed by Lueders et al. (2004) and subse-
quently modified by Stempfhuber et al. (2017). DNA 
was quantified using the Quant-iT™ PicoGreen™ 
dsDNA Assay Kit (Thermo Fisher Scientific, Darm-
stadt, Germany). For the assessment of the bacte-
rial community the ‘16S Metagenomics Sequenc-
ing Library Preparation’ protocol (Illumina, San 
Diego, CA, United States) and quality guidelines 
by Schöler et  al. (2017) were used. The V4 region 
of the 16S rRNA gene was amplified using primer 
pair 515F (Parada et  al. 2016) and 806R (Apprill 
et  al. 2015). Quality guidelines were followed as 
described in Schöler et al. (2017). PCR reaction mix-
tures contained 15 ng of DNA, 0.5 μL of 10 pmol of 
each primer (10  μM), 2.5  μL of  3% BSA, 12.5  μL 
of NEBNext® High-Fidelity 2 × PCR Master Mix 
(New England Biolabs, Frankfurt am Main, Ger-
many) and DEPC-treated water was added to bring 
the volume up to up to 25 μL. The amplification pro-
gram for the 16S rRNA gene was initiated at 98 °C 
for 1 min, followed by 30 cycles of 98 °C for 10 s, 
55  °C for 30  s and 72  °C for 30  s, and terminated 
by a final extension at 72  °C for 5 min. PCR prod-
ucts were purified using MagSi NGSprep Plus beads 
(Steinbrenner, Wiesenbach, Germany) and quanti-
fied and quality checked using the Fragment Ana-
lyzer (Agilent Technologies, Santa Clara, CA, United 
States) and the NGS Fragment Kit (1–6,000 bp, Agi-
lent Technologies, Santa Clara, CA, United States). 
Indexing PCR was performed in a reaction mixture 
consisting of 10 ng of the purified amplicon, 1.5 μL 
of each indexing primer (Nextera® XT Index Kit 
v2 Set B; Illumina, San Diego, CA, United States), 

12.5  μL NEBNext® HighFidelity 2 × PCR Master 
Mix and the volume was adjusted to 25  μL using 
DEPC-treated water. Afterwards, amplicons were 
purified and quantity as well as quality checked as 
previously described. The library was diluted to 
4  nM and pooled equimolarly. For sequencing, the 
MiSeq®Reagent kit v3 (600 cycles) (Illumina, San 
Diego, CA, United States) was used for paired-end 
sequencing on the MiSeq® instrument (Illumina, 
San Diego, CA, United States).

For the assessment of fungal community, the 
ITS3 primer mix and ITS4 primer mix, which tar-
get the fungal internal transcribed spacer (ITS) were 
used (Tedersoo et  al. 2015). PCR reaction mixtures 
contained 5 ng of DNA, 0.5 μL of 10 pmol of each 
primer, 2.5  μL of 3% BSA, 12.5  μL of NEBNext® 
High-Fidelity 2 × PCR Master Mix (New England 
Biolabs, Frankfurt am Main, Germany) and DEPC-
treated water up to 25 μL. The amplification program 
for the ITS gene was initiated at 95  °C for 1  min, 
followed by 30 cycles of 95  °C for 30  s, 55  °C for 
30 s and 72 °C for 60 s, and terminated at 72 °C for 
10 min. Libraries were prepared in the same way as 
16S rRNA amplicon libraries.

The demultiplexed sequences were processed 
using the Galaxy web server (www. usega laxy. org; 
Afgan et al. 2018). FASTQ files were trimmed with 
minimum read length of 50 using Cutadapt v3.7 
(Martin 2011) and quality control was done using 
FastQC v0.11.9 (Andrews 2010). Further read pro-
cessing was performed using DADA2 pipeline (Cal-
lahan et al. 2016), as implemented in Galaxy Version 
23.0.rc1, with the following trimming and filter-
ing parameters: For both 16S and ITS, 20  bp were 
selected from the start of the sequence for forward 
and reverse reads. The expected error was 3 (forward) 
and 4 (reverse). Read length was truncated at 240 bp 
(forward, 16  s and ITS), 200  bp (reverse, 16S) and 
190  bp (reverse, ITS), respectively. Taxonomy was 
assigned to the resulting unique amplicon sequence 
variants (ASVs) using the SILVA database (SILVA 
v138.1; Quast et  al. 2013) for bacterial 16S rRNA 
gene sequences and the UNITE database (UNITE 
release s10.05.2021; Nilsson et  al. 2019) for fungal 
ITS sequences. The minimum bootstrap confidence 
for assigning taxonomic level was 50. For bacte-
ria, only 3.1% of all ASVs could not be assigned to 
a phylum, representing 0.5% of all reads. For fungi, 
34% of ASVs could not be assigned at phylum level, 

http://www.usegalaxy.org
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corresponding to the same percentage of overall unas-
signed reads. ASVs assigned to mitochondrial and 
chloroplast reads as well as Archaea were removed 
from the dataset. To exclude potential contamina-
tion, ASVs occurring in negative controls and single-
tons (ASVs represented by only one read) were also 
removed.

Statistical analyses

For growth parameters, normalised gene expres-
sion data and PA contents, an ANOVA as well as 
a Tukey test were performed in RStudio (RStudio 
ver. 2022.02.3 + 492; Boston, MA, USA), run on R 
(v4.3.1; R Core Team 2022), using the package ‘agri-
colae’ (v1.3–5; de Mendiburu 2021).

The analysis of the microbiome data was done in R 
(v4.3.1; R Core Team 2022). The data was normalised 
by scaling with ranked subsampling (Beule and Kar-
lovsky 2020), using R package ‘SRS’ (v9.2.3, Hei-
drich et  al. 2021). Alpha diversity indices (observed 
species richness, Pielou evenness and Shannon 
diversity index) were calculated using R-package 
‘microbiome’ (v1.20.0; Lathi et  al. 2019). Testing 
for significant differences of alpha diversity indices 
among different soils was done using Wilcoxon test 
implemented in the R package ‘rstatix’ (v0.7.2; Kas-
sambara 2023) and corrected for multiple testing 
using ‘Bonferroni’. Beta diversity was analysed via 
Bray–Curtis distance matrix. Principle coordinate 
analysis (PCoA) was used for ordination. Significant 
differences in community composition were tested 
applying PERMANOVA (p < 0.05), using function 
‘adonis2’ implemented in R-package ‘vegan’ (v2.6–4; 
Oksanen et  al. 2022), followed by a pairwise PER-
MANOVA using the R-package ‘pairwise-Adonis’ 
(v.0.4.1; Arbizu 2017) and the p-values adjusted 
using ‘Bonferroni’. Relative abundance was estimated 
on the genus level, using transform (‘compositional’) 
function of R-package ‘microbiome’ (v1.20.0; Lathi 
et al. 2019). The heat map of the top 30 genera was 
plotted using the R-package ‘MicroEco’ (v1.6.0; (Liu 
et  al. 2021a). Core microbiome analysis was per-
formed with R-package ‘ampvis2’ (v2.7.33; Andersen 
et al. 2018) with an abundance cut-off of 0.1% and a 
frequency of min 80%. Testing for significance was 
done using Wilcoxon test implemented in the R pack-
age ‘rstatix’ (v0.7.2; Kassambara 2023) and corrected 
for multiple testing using ‘Bonferroni’.

A Spearman correlation analysis was performed 
in R (v4.3.1; R Core Team 2022) using the ‘corrplot’ 
package (v0.92; Wei and Simko 2021). Bacterial 
and fungal genera were included using the same cut-
off as described before. Only those PAs and genes 
were included which showed significant correla-
tion (p < 0.05) with at least one growth parameter or 
microbial genus.

Results

After 8 weeks, severe growth reduction was observed 
in plants cultivated in ARD (U) soil compared to con-
trol (G) soil for all five soil types (M, C, Ha-R, L, ST). 
Previously reported ARD-related symptoms, such as 
stunted growth and root blackening, were apparent 
(Fig. 1B). Soils M and C caused the highest relative 
reduction in shoot fresh mass in ARD (U) compared 
to the control (G), i.e. 59% and 53%, respectively 
(Fig. 1A). The lowest reduction of shoot fresh mass 
(40%) was observed on soil ST. In contrast, root fresh 
mass was reduced most severely on Ha-R and L soils, 
i.e. 49% and 50%, respectively (Fig. 1C). The soils M 
and C showed comparatively lower reductions in root 
fresh mass (42% and 45%, respectively) than Ha-R 
and L, although these differences between U and G 
were not significant, likely due to relatively high 
standard deviations in M-U and C-U compared to Ha-
R-U and L-U, in relation to their respective RFM.

Expression of ARD indicator genes

In addition to the evaluation of growth data, expres-
sion of three ARD indicator genes was analysed by 
quantitative RT-qPCR. The expression of the BIS3 
gene was significantly increased, i.e. 8- to 10-nfold, 
in roots grown in the ARD variants of soils M, C and 
L, compared to the respective disinfected (G) vari-
ants (Fig. 2A). The differences between ARD and G 
variants in Ha-R and ST soils were not significant. 
However, a clear increase in BIS3 gene expression 
was seen in all U variants. The normalised expression 
level of B4H was lower than that of BIS3 but showed 
a similar pattern (Fig.  2B). Only on ST soil, which 
resulted in the lowest fold-change of B4H expression, 
the difference between U and G variants was not sig-
nificant. For both genes, the fold-change was highest 
in soil C, which also led to strong reduction in plant 
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fresh mass, and it was lowest in ST soil with the 
weakest reduction in plant fresh mass. The relative 
expression level of the transcription factor ERF1B 
was generally lower than those of BIS3 and B4H by 
the power of 10 or more (Fig.  2C). In most soils, 

ERF1B was not significantly higher expressed in the 
U variants, except for soil C.

When comparing the different soils with each 
other, there were no significant differences in the 
relative expression of the BIS3 and B4H genes in the 

Fig. 1  Shoot fresh mass (A), representative photos (B) and 
root fresh mass (C) of M26 plants after 8 weeks on untreated 
(U) and gamma-irradiated (G) ARD soils from five differ-
ent sites (M, C, Ha-R, L, ST; see Table 1). Percentage values 
indicate the respective, partial growth reduction (mass on G 
soil variants = 100%). Given are means ± SD (n = 12 plants). 

Stars indicate significant differences between G and U of the 
same soil in the Tukey test (*** = p < 0.001; ** = p < 0.01; 
* = p < 0.05, n.s. = not significant). Capital letters indicate sig-
nificant differences between G variants (p < 0.05); lowercase 
letters indicate significant differences between U variants 
(p < 0.05)
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Fig. 2  Relative expres-
sion of the ARD indicator 
genes biphenyl synthase 3 
(BIS3, A), cytochrome P450 
CYP736A12-like (biphenyl-
4-hydroxylase, B4H, B) 
and ethylene-responsive 
transcription factor 1B-like 
(ERF1B, C) in M26 roots 
after 8 weeks on untreated 
(U) and gamma-irradiated 
(G) ARD soils from five 
different sites (M, C, 
Ha-R, L, ST). Reduction 
in plant fresh mass (FM 
Red.) between variants on 
the same soil is shown at 
the top of each figure and 
the fold-change between 
G and U of each soil is 
displayed below difference-
indicating brackets. Given 
are means ± SD of n = 6 
biological replicates. Stars 
indicate significant dif-
ferences between G and 
U of the same soil in the 
Tukey test (*** = p < 0.001; 
** = p < 0.01; * = p < 0.05, 
n.s. = not significant). 
Capital letters indicate sig-
nificant differences between 
G variants (p < 0.05); lower-
case letters indicate signifi-
cant differences between U 
variants (p < 0.05)
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gamma variants of all soils. The same was true for the 
ARD variants (U). The expression of ERF1B was sig-
nificantly increased in the U variant of soil C com-
pared to the other soils.

Phytoalexin contents

In roots of the G variants, three phytoalexins, 
2-hydroxy-4-methoxydibenzofuran (retention index 
(RI) = 2131), hydroxyeriobofuran isomer 2 (RI = 2331) 
and eriobofuran isomer 2 (RI = 2346) were present at 
low levels. Their production in roots from untreated 
soils was highly increased and eight additional phyto-
alexins, i.e. 3-hydroxy-5-methoxybiphenyl (RI = 1956), 
aucuparin (RI = 2090), noraucuparin (RI = 2121), eri-
obofuran (RI = 2228), noreriobofuran (RI = 2259), 
hydroxynoreriobofuran isomer 4 (RI = 2365), methox-
yeriobofuran isomer 4 (RI = 2399) and hydroxyeriobo-
furan isomer 5 (RI = 2474), were induced. As a result, 
the total PA contents in roots from all untreated soils 
were significantly higher than in roots from the respec-
tive gamma-irradiated soils (Fig. 3, Suppl. Table 2).

In the untreated soils, M26 roots from M soil 
contained the highest level of phytoalexins, whereas 
roots grown in ST soil contained the lowest level. 
The total phytoalexin contents in roots grown in L, 
Ha-R and C were similar and ranged between those 
of roots grown in ST and M soils (Fig. 3). The phy-
toalexins 3-hydroxy-5-methoxybiphenyl (RI = 1956) 
and noraucuparin (RI = 2121) were strongly induced 
in M, C and L soils, compared to the other two soils. 
In all untreated soils, the roots contained high levels 
of 2-hydroxy-4-methoxydibenzofuran (RI = 2131) 
and hydroxyeriobofuran isomer 2 (RI = 2331). In the 
gamma-irradiated soils, the PA contents did not sig-
nificantly differ between the roots from the five soil 
origins.

Rhizosphere microbiomes

The microbial composition of the rhizosphere was 
analysed using 16S rRNA gene and ITS amplicon 
sequencing to detect bacteria and fungi, respectively. 

Fig. 3  Phytoalexin contents in roots of M26 plants grown for 
8 weeks on untreated (U) and gamma-irradiated (G) ARD soils 
from five different sites (M, C, Ha-R, L, ST). The percentage 
between the bars shows the respective total phytoalexin increase 
(content in G variant = 100%). Given are means of n = 6 bio-
logical replicates. Stars indicate significant differences between 
G and U of the same soil in the Tukey test (*** = p < 0.001; 
** = p < 0.01; * = p < 0.05, n.s. = not significant). Capital letters 
indicate significant differences between G variants (p < 0.05); 

lowercase letters indicate significant differences between U 
variants (p < 0.05). Retention indices indicate the following com-
pounds: 1956 = 3-hydroxy-5-methoxybiphenyl; 2090 = aucuparin; 
2121 = noraucuparin; 2131 = 2-hydroxy-4-methoxydibenzofuran; 
2228 = eriobofuran; 2259 = noreriobofuran; 2331 = hydroxyeri-
obofuran isomer 2; 2346 = eriobofuran isomer 2; 2365 = hydrox-
ynoreriobofuran isomer 4; 2399 = methoxyeriobofuran isomer 4; 
2474 = hydroxyeriobofuran isomer 5
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The Shannon index indicated that M-U had the 
highest bacterial alpha diversity, followed by C-U 
(Table  2a). In contrast, the highest fungal diversity 
was found for L-U, while M-U displayed the lowest 
species richness (Table 2b).

Beta-diversity analysis revealed that both bacte-
rial and fungal communities in M-U were distinc-
tive from those in the other soils (Fig.  4). Bacterial 
communities of Ha-R-U and ST-U clustered together. 
Additionally, fungal communities seemed to be more 
distinctive among soil sites compared to bacterial 
communities. The PERMANOVA analysis indicated 
an overall significant influence of the soil on both 
bacterial and fungal communities.

Considering the relative abundance (RA) of both 
bacterial and fungal genera, significant differences 
were recorded among the different soils (Fig.  5, 
Supplementary Tables  3, 4, and  5). Fusarium, Gib-
berella, Gibellulopsis, Solicoccozyma, Humicola, 
Cladosporium, Mortierella, Trichoderma and Pseud-
ogymnoascus were identified within the top 30 abun-
dant fungal genera in all soil sites (Fig. 5B, Supple-
mentary Table 3). Genera of arbuscular mycorrhiza, 

including Glomus, Diversispora, Entrophosphora, 
Rhizophagus and Paraglomus, were detected in only 
low relative abundances in all soils.

In none of the five soils, a single bacterial genus 
reached a RA of 10% while fungal genera exceeded 
10% RA in several cases, e.g. Gibellulopsis in L-U 
(20%) and Solicoccozyma in ST-U (15%). In con-
trast, low abundant bacterial taxa categorised as ‘oth-
ers’ made up for 50% (ST-U) and 65% (M-U) of the 
total RA, whereas low abundant fungal taxa only 
accounted for 15% (ST-U) to 35% (L-U) of total RA. 
This difference is also reflected in the Pielou indices 
(Table 2a and b).

The core microbiome for the studied soils was 
calculated to show taxa that are present at all loca-
tions. To be regarded core, an ASV had to be present 
in 80% of the samples with a minimum RA of 0.1%. 
The analysis again corroborated the huge variation 
between the different soils. For bacteria, 22 genera 
built the core microbiome, which mainly belonged 
to Actinobacteria and Alphaproteobacteria (Fig. 6A). 
Bacillus, Arthrobacter, Bradyrhizobium, unknown 
KD4-96 uncultured bacterium, Blastococcus and Ter-
rabacter were the most abundant taxa. With Gaiella, 
Sphingomonas, Streptomyces and Nakamurella, 
known candidates of apple rhizosphere inhabitants 
were also detected.

For fungi, similar effects were noted (Fig.  6B). 
Here, the core microbiome consisted of eleven 
genera belonging to Tremellomycetes, Leotio-
mycetes and Sordariomycetes, including Solicoc-
cozyma, Pseudogymnoascus, Humicola, Gibel-
lulopsis, Tetracladium and Fusarium. In contrast 
to the bacteria, however, each soil contained two 
dominant fungal genera, which made up almost 50% 
or more of the total RA of the core microbiome. 
These were Tetracladium (43.1%) and U. Asco-
mycota (23.1%) in M-U, Solicoccozyma (24.3%) 
and Fusarium (29.2%) in C-U, Pseudogymnoascus 
(36.6%) and Humicola (39.4%) in Ha-R-U, Solicoc-
cozyma (13.9%) and Gibellulopsis (44.9%) in L-U 
and Solicoccozyma (32.7%) and Pseudogymnoas-
cus (16.5%) in ST-U. This observation was also 
reflected in the lower Pielou indices in fungal com-
munities compared to bacterial communities in this 
study (Table 2).

Table 2  Alpha diversity indices of bacterial (a) and fungal (b) 
communities in rhizospheres extracted after 8-week-growth of 
M26 plants in untreated (U) variants from 5 different sites (M, 
C, Ha-R, L, ST)

Given are means ± SD of 6 replicates. Significance was tested 
by Wilcoxon test and adjusted by ‘Bonferroni’ (p < 0.05). Dif-
ferent letters indicate significant differences of the same index 
between the variants

Soil Shannon Observed Pielou

a) Bacterial communities
M-U 6.98 ± 0.21a 2007 ±  469a 0.92 ± 0.00a

C-U 6.86 ± 0.16a 2270 ±  412a 0.89 ± 0.01b

Ha-R-U 6.42 ± 0.48a 1351 ±  578a 0.91 ± 0.02ab

L-U 6.71 ± 0.50a 1856 ±  800a 0.91 ± 0.01b

ST-U 6.53 ± 0.29a 1402 ±  473a 0.91 ± 0.01ab

b) Fungal communities
M-U 4.51 ± 0.39abc 459 ±  85a 0.74 ± 0.06abc

C-U 4.37 ± 0.25ab 569 ±  42a 0.69 ± 0.04ab

Ha-R-U 3.77 ± 0.15c 490 ±  81a 0.61 ± 0.03c

L-U 4.64 ± 0.31a 706 ±  153a 0.71 ± 0.03a

ST-U 3.94 ± 0.20bc 494 ±  48a 0.64 ± 0.03bc
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Fig. 4  PCoA clustering and PERMANOVA based on Bray–
Curtis distance according to beta diversity of bacterial com-
munities (A) and fungal communities (B) in rhizospheres 
extracted after 8-week-growth of M26 plants in untreated (U) 

ARD soils from 5 different sites (M, C, Ha-R, L, ST). Sig-
nificant differences between two soils were tested by pairwise 
PERMANOVA and are displayed in Suppl. Table 6
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Correlation analysis

In order to link the data of the different analyses, a 
correlation analysis was carried out. Of the three 
genes examined in this study, only the expression 
level of BIS3 was significantly, negatively correlated 
with the growth parameters (Fig.  7). As previously 
shown, B4H showed a similar pattern of expression as 
BIS3 in the different variants. However, B4H did not 
significantly correlate with growth. Most of the phy-
toalexins that were upregulated in the ARD variants 
correlated with  both growth (negatively) and BIS3 
expression (positively).

In the rhizosphere, bacteria belonging to the gen-
era Bacillus, Bradyrhizobium and Nakamurella were 
among those positively correlated with plant growth. 
Additionally, there were some unassigned genera that 
correlated positively with growth, namely U. Bacil-
lales and U. Gaiellales as well as U.  JG30-KF-AS9 
and U. IMCC26256. In contrast, species belonging 
to Sphingomonas, Gaiella, Nocardioides and Piscini-
bacter were negatively correlated with growth.

None of the selected fungi in the rhizosphere cor-
related negatively with plant growth. This included 
the genera that were most abundant in the variants 
with the highest growth reduction (M-U and C-U). 
A few positive correlations with plant growth were 
observed for the genera Pseudogymnoascus, Humi-
cola, Pseudeurotium and Saitozyma as well as unas-
signed genera of the family Heliotales.

In addition, correlations between microorganisms 
and phytoalexins were observed. Notably, bacteria 
of the order Bacillales, Gaiellales, IMCC26256 and 
JG30-KF-AS9 as well as the genus Bacillus cor-
related negatively with all phytoalexins included 
in this study, except for JG30-KF-AS9, which 
showed no significant correlation with 2-hydroxy-
4-methoxydibenzofuran. In contrast, bacteria of the 
genus Gaiella, which are part of Gaiellales, were 
positively correlated with almost all phytoalex-
ins. Furthermore, the genera Sphingomonas and 
Nocardioides were positively correlated with all phy-
toalexins and Piscinibacter was likewise positively 
correlated with most phytoalexins but aucuparin and 
2-hydroxy-4-methoxydibenzofuran.

Fungi, which are part of the core microbiome, 
were less clearly correlated to phytoalexins compared 

to bacteria. Surprisingly, we mostly observed nega-
tive correlations, with only two exceptions: Gibel-
lulopsis and Tetracladium correlated positively to 
3-hydroxy-5-methoxybiphenyl and eriobofuran, 
respectively. Only Pseudogymnoascus, Humicola and 
U. Heliotales were negatively correlated with more 
than two phytoalexins, including 3-hydroxy-5-meth-
oxybiphenyl, noraucuparin and eriobofuran for all 
three groups. 2-Hydroxy-4-methoxydibenzofuran was 
the only analysed phytoalexin that did not show a sig-
nificant correlation with any of the fungi of the core 
microbiome.

Interestingly, some of the microorganisms were 
only correlated with the hydroxynoreriobofuran iso-
mer 4; Bradyrhizobium, U. KD4-96, Terrabacter, 
Oryzihumus and Saitozyma correlated negatively, 
while Tetracladium correlated positively.

Discussion

In this study, significant growth reduction due to 
ARD was observed in the performed biotests for 
five soils with different apple replant histories. The 
shoot fresh mass reduction in untreated soils com-
pared to gamma-irradiated soils ranged between 40 
and 59%. This is in line with previous studies, which 
also observed shoot growth reductions for M26 under 
similar growing conditions in ARD-affected soils 
(Mahnkopp et al. 2018; Siefen et al. 2024; Yim et al. 
2015). It also confirms the disease being present in 
the tree nurseries and apple orchards selected for this 
study. The root fresh mass was significantly reduced 
in U variants of three soils: L, Ha and ST. Although 
soils C and M led to lower, insignificant reductions 
in the root fresh mass, the highest shoot fresh mass 
reductions were observed for these two soils. This 
means that the severity of ARD in a soil does not nec-
essarily affect shoot growth and root growth equally. 
In fact, the Pearson correlation (Fig. 7) showed only 
a medium positive correlation between shoot FM and 
root FM (+ 0.71).

Allometric growth in plants has been studied 
for a long time (Huxley and Teissier 1936). In pre-
vious studies, changes in the shoot:root ratio have 
been attributed to the compensation for constraints 
(e.g. root system damage), by aptly adjusting energy 
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investments, (e.g. by upregulating plant defence 
mechanisms or root growth) (Mokany et  al. 2006; 
Wilson 1988). A number of compounds with anti-
microbial properties, including phloridzin (Börner 
1960; Hofmann et  al. 2009; Raa 1968) and phyto-
alexins (Reim et  al. 2020; Weiß et  al. 2017b), were 
reported to be produced in the roots of apple plants 
grown in ARD-affected soils. Yim et al. (2013, 2015) 

proposed that root browning and higher lignin con-
tents in the outer layers of roots could be the conse-
quence of the oxidation of phenolic substances in the 
roots.

Soil abiotic factors play an ancillary role

Different grain size fractions in soils might cause 
varying shoot:root ratios. For example, it is easier for 
plants to form roots in rather light, sandy soil than 
heavy, loamy soil (Poeplau and Kätterer 2017; Scan-
dellari et  al. 2010). Moreover, higher clay content 
has been repeatedly reported in conjunction with less 
ARD severity compared to sandy soils (Kviklys et al. 

Fig. 5  Relative abundance (RA) of top 30 genera, sorted by 
mean RA across all soils, of the bacterial (A) and fungal com-
munities (B) in rhizosphere soil extracted after 8-week-growth 
of M26 in untreated (U) ARD soils from five different sites 
(M, C, Ha-R, L, ST; 6 replicates each)

◂

Fig. 6  Core microbiome 
taxa on genus level for bac-
terial 16S (A) and fungal 
ITS (B) partial sequences 
of microbial rhizosphere 
communities, extracted 
after 8-week-growth of 
M26 plants in untreated (U) 
ARD soils from 5 different 
sites (M, C, Ha-R, L, ST). 
The core microbiome was 
calculated using R-package 
‘ampvis2’ (v2.7.33) with an 
abundance cut-off of 0.1% 
and a frequency of min 
80%. Numbers displayed 
are relative abundances in 
percent of a taxon of the 
core microbiome in the 
respective soils



 Plant Soil

Vol:. (1234567890)

Fig. 7  Spearman correlations between growth data (shoot 
fresh mass = Shoot FM, Root fresh mass = Root FM, total 
fresh mass = total FM, shoot length growth = SL growth), 
relative expression of ARD indicator genes (biphenyl syn-
thase 3 = BIS3, cytochrome P450 CYP736A12-like = biphenyl-
4-hydroxylase = B4H), phytoalexin contents (total phytoalexin 
contents = total PA) as well as relative abundances of bacte-

rial and fungal genera in the rhizosphere (RA > 0.1%, > 80% 
frequency). Parameters are derived from the same 6 plants of 
each untreated (U) soil variant (M-U, C-U, Ha-R-U, L-U and 
ST-U), resulting in 30 data points per parameter. Significant 
positive correlations are shown as blue circles and signifi-
cant negative correlations are shown as red circles (p < 0.05). 
Darker colours and larger circles indicate higher correlations
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2016; Mahnkopp et al. 2018; Schimmel et al. 2024), 
although a conclusive statement on this topic cannot 
be made based on current literature. Soil texture can 
also strongly affect the soil–water-content, as loamy 
soils with fine pores are significantly more prone to 
waterlogging than sandy soils with comparatively 
large pores. The anaerobic conditions during water-
logging directly and indirectly affect root growth by 
changing the physiological conditions for the plant 
and the soil microbiome, respectively.  In this study, 
while the relative abundances of bacteria and fungi 
comprising the core rhizosphere microbiome (present 
in 80% of the samples at > 0.1% RA) differed dras-
tically between soils, a clear connection of certain 
strains to the severity of ARD could not be made.

The two soils with the highest total growth reduc-
tion, M and C, were on opposite sides of the spectrum 
in terms of grain size fractions. C was a very light 
soil with 93.7% sand and only 2.6% clay, while M 
consisted of only 7% sand but had a relatively high 
clay fraction of 21.3%. While these results seem to 
oppose previous reports on the effect of clay content 
at first glance, all these studies, including this one, 
are based on a comparison of a rather limited number 
of soils and thus should not be taken as conclusive. 
This study is also not the first one to report relatively 
high ARD severity in a soil with high clay content, 
as research by Sheng et  al. (2019) showed similar 
results. Furthermore, the replant histories of the sites 
in this study align well with the severity of ARD. 
The soil ST had only faced one year of apple cultiva-
tion and also showed the lowest growth depression. 
Soils from sites M and C, which showed the high-
est growth depression, had been most extensively 
used for apple cultivation. Lastly, Tagetes, which was 
reported to somewhat alleviate ARD in some cases 
(Kanfra et al. 2021), was used in management of soils 
at the sites ST and L, possibly reducing the severity 
of ARD. This indicates that apple replant history and 
management mainly determined the development of 
ARD regardless of grain size fractions and other abi-
otic factors. However, the possibility of a joint effect 
by multiple abiotic factors, including grain size frac-
tions, cannot be discarded. To approach a conclusive 
answer in this regard, an experiment with a large 
number of soils with heterogeneous soil properties is 
needed.

Higher expression of BIS3 is reflected in higher 
phytoalexin contents

The phytoalexins detected in apple roots in this study 
can be divided into two biosynthetically related cat-
egories: biphenyls and dibenzofurans (Busnena et al. 
2023). All biphenyls found, i.e. 3-hydroxy-5-meth-
oxybiphenyl (RI = 1956), aucuparin (RI = 2090) and 
noraucuparin (RI = 2121), were only produced in 
roots grown in untreated soils. However, the amounts 
detected for these three phytoalexins were not equally 
distributed across all soils. Roots from the soils M-U, 
C-U and L-U contained considerably higher amounts 
of the biphenyls than roots from the other two 
untreated soils. These differences can be attributed to 
increased production of 3-hydroxy-5-methoxybiphe-
nyl and noraucuparin in roots from the M-U, C-U and 
L-U soils, while the aucuparin contents were low and 
more or less the same in all untreated variants. Aucu-
parin is derived from noraucuparin by a single meth-
ylation reaction, catalysed by O-methyltransferase 2 
(OMT2) (Khalil et al. 2015). This particular reaction 
step appears to be poorly efficient in the roots tested, 
resulting in a meager formation of aucuparin. For 
dibenzofurans, the formation of 2-hydroxy-4-meth-
oxydibenzofuran and hydroxyeriobofuran isomer 2 
was strongly stimulated in roots from all untreated 
soils.

Among the tested ARD indicator genes, both BIS3 
and B4H are part of the phytoalexin biosynthetic path-
way, especially biphenyl formation (Busnena et  al. 
2023). Dibenzofurans are derived from biphenyls 
(Khalil et  al. 2013), although the enzymes involved 
have not yet been published. Previous research showed 
consistent patterns of BIS3 and B4H expression and 
phytoalexin contents in apple roots (Reim et al. 2020). 
In this study, the normalised expression levels of BIS3 
and B4H were significantly increased in roots from 
untreated M, C, and L soils. Among the tested ARD 
indicator genes, BIS3 displayed the highest correla-
tions to plant growth parameters and phytoalexin con-
tents. Increased phytoalexin contents not only reflect 
increased concentrations inside the roots but also 
enhanced phytoalexin levels in the rhizosphere. Bus-
nena et al. (2021) reported the exudation of phytoalex-
ins by M26 roots into the surrounding soil. Interest-
ingly, different phytoalexins were exuded to different 
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extents, indicating controlled mechanisms rather than 
simple tissue disintegration. Due to their antimicrobial 
activities (Busnena et al. 2024), the exuded phytoalex-
ins appear to play an important role in shaping the soil 
microbiome, thereby influencing ARD severity.

The tested ARD indicator genes also included 
ERF1B. Expression of this gene was previously 
shown to be influenced by some abiotic stressors such 
as heat stress (Rohr et al. 2020). In the present study, 
its expression was not correlated to ARD severity, as 
indicated by the results for plant fresh mass reduction.

Low abundance of possible pathogenic members of 
the ARD complex

Members of the fungal phylum Ascomycota are often 
discussed as possible pathogens in the ARD complex. 
Among them, especially genera of the Nectriaceae, 
particularly Fusarium, Cylindrocarpon, Ilyonectria, 
Nectria and Dactylonectria, were often identified in 
studies on ARD-affected apple roots (Grunewaldt-
Stöcker et  al. 2021; Manici et  al. 2017, 2018; Popp 
et al. 2020; Tewoldemedhin et al. 2011b). These taxa 
contain many known plant pathogens (Lawrence et al. 
2019; Stępień 2022). Their ability to form long-last-
ing chlamydospores coincides with the persistence 
of ARD in soil (Hoestra 1968). Microscopic evi-
dence of chlamydospores in ARD-affected root seg-
ments was previously published (Grunewaldt-Stöcker 
et  al. 2020, 2021). In addition, molecular barcoding 
on diseased roots and their rhizosphere repeatedly 
revealed increased relative abundance of Nectri-
aceae in ARD-affected variants compared to control 
variants (Balbín-Suárez et al. 2021; Popp et al. 2020). 
However, some fungi that are usually described as 
pathogenic in conjunction with ARD, such as Rhizoc-
tonia (Manici et  al. 2003; van Schoor et  al. 2009), 
Fusarium (Wang et al. 2018; Xiang et al. 2021) and 
Cylindrocarpon/Ilyonectria (Mazzola 1998; Mazzola 
and Manici 2012; Popp et al. 2020), were not found 
in significantly increased abundances in ARD in other 
studies (Radl et al. 2019; Sun et al. 2017).

In this study, no fungal genus was identified to 
consistently appear in high abundance in the rhizo-
sphere across all five examined soils, even though 
apple plants in all soils showed typical above- and 
below-ground ARD symptoms. Cylindrocarpon, 
Nectria as well as Dactylonectria were not identi-
fied within the top 30 most abundant genera in the 

rhizosphere of untreated soils. While Dactylonec-
tria appeared in all soils with mean relative abun-
dances between 0.01% (ST-U) and 0.42% (M-U), 
Cylindrocarpon and Nectria were only present 
at low relative abundances in some soils (Suppl. 
Table 5). Ilyonectria was relatively low abundant in 
all soils, with the highest relative abundance in C 
(0.12%). Fusarium was detected in the rhizosphere 
of all soils but only occurred in relatively high 
abundance in C-U. Rhizoctonia was only detected in 
a single sample in Ha-R soil.

Bacterial genera, such as Streptomyces, Sphingo-
monas, Rhodanobacter, Nocardioides, Bradyrhizo-
bium and Bacillus, which had previously been 
reported in ARD soil (Radl et  al. 2019), were also 
detected among the top 30 genera in all soil sites 
(Fig.  5, Supplementary Table  3). Negative plant 
growth was correlated to Sphingomonas, Gaiella, 
Nocardioides and Piscinibacter. All four genera are 
commonly found in soil and can have diverse effects 
on plant health, depending on the species and envi-
ronmental conditions through various mechanisms, 
including nutrient cycling, disease suppression, and 
interactions with plant roots (Wang et  al. 2021). 
Only for Nocardioides, a clear link to ARD was 
described (Nicola et  al. 2018). Research suggests 
that certain species of Nocardioides may play a role 
in the disease process, as exemplified by associa-
tions between increased abundance of Nocardioides 
and the presence of ARD symptoms in replanted 
apple orchards (Nicola et  al. 2018). However, the 
specific mechanisms by which Nocardioides spe-
cies contribute to ARD are not yet fully understood. 
Other bacterial genera that are often described as 
part of the ARD disease complex were not corre-
lated with negative plant growth in our study.

Bacterial taxa, such as Variovorax (Mazzola 
1999), Rhizobium (Spath et  al. 2015) and Strepto-
myces (Lucas et  al. 2018), and fungal ARD patho-
gen including genera, such as Rhizoctonia (Mazzola 
and Manici 2012), Cylincdrocarpon/Ilyonectria 
and Dactylonectria (Manici et al. 2018; Popp et al. 
2020), which have been described to be enriched in 
ARD-affected soils were not found in high abun-
dances in our study. This indicates that ARD is 
not always caused by the same conglomerate of 
pathogens but rather by soil-dependent groups that, 
despite compositional differences, exhibit similar 
pathogenic functionality.
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Correlation of microorganisms and phytoalexin 
production

Phytoalexins are an integral part of the defence mech-
anisms in Malus spp. (Busnena et al. 2023). Increased 
production of phytoalexins in roots faced with replant 
diseased soil has been shown repeatedly (Busnena 
et al. 2021; Reim et al. 2020; Siefen et al. 2024; Weiß 
et  al. 2017a, b). Furthermore, Busnena et  al. (2021) 
reported compound-specific exudation rates for PAs, 
suggesting that these defence compounds may dif-
ferentially inhibit soil microorganisms and hence be 
involved in shaping the microbial community. Since 
the production of PAs is mainly induced through 
plant–microbe interaction, it is interesting to link the 
production of certain compounds to the abundance of 
microbial responders in the soil. Because the produc-
tion of PAs was also negatively correlated to plant 
growth, negative correlations between microorgan-
isms and PA contents do not necessarily reflect a 
causal relationship between the occurrence of micro-
organisms and the absence of phytoalexin biosynthe-
sis. Instead, either high abundance of plant growth 
promoting bacteria, leading to increased plant growth, 
or mere coincidence are the most likely explanations. 
The microorganisms, which occurred in high abun-
dance while the PA production was lower, obviously 
did not induce the production of PAs. A pathogenic 
attack on the plant is thus unlikely. Furthermore, reg-
ulation of specific genes by plant beneficial bacteria 
was reported before. However, in case of PAs, down-
regulation of genes involved in the production of 
these compounds has, to the best of our knowledge, 
only been reported for pathogens—e.g. Pseudomonas 
syringae and Pseudomonas phaseolicola (Gnana-
manickam and Patil 1977; Jakobek et  al. 1993). On 
the other hand, non-pathogenic bacteria are gener-
ally reported to upregulate these genes instead. Some 
Bacillus spp. were shown to elicit  induced systemic 
resistance (ISR) (Kloepper et  al. 2004), i.e. produc-
tion of PAs, via the mitogen-activated protein kinase 
based signalling (Xu et al. 2023) or by increasing the 
activity of phenylalanine ammonia lyase (Zhang et al. 
2022).

In our study, negative correlations between most 
PAs and microorganisms of the core microbiome were 
observed for the bacterial taxa Bacillus, U. Bacillales, 
U. Gaiellales, U. JG30-KF-AS9 and U. IMCC26256 
as well as the fungal taxa Pseudogymnoascus, 

Humicola and U. Helotiaceae. Bacillus spp. are 
widely known as plant beneficial bacteria (Kloepper 
et  al. 2004). Aside from ISR, Bacillus spp. are also 
known for their ability to produce plant beneficial sub-
stances such as hormones (Ahmed and Hasnain 2010; 
Raddadi et  al. 2008) and antibiotics (Cazorla et  al. 
2007; Leifert et al. 1995; Reyes-Ramírez et al. 2004). 
Little is known about JG30-KF-AS9 or IMCC26256 
except for their common occurrence in farmland soil 
(Hu et al. 2018; Liu et al. 2021b; Wu et al. 2022; Xing 
et al. 2023). They are not known to be pathogens. Bac-
teria of the genus JG30-KF-AS9 seem to adapt well to 
acidic and heavy metal contaminated soils (Wu et al. 
2022; Yu et  al. 2022), which aligns well with their 
highest abundance in the most acidic soil in this study 
(Ha-R, Suppl. Table 1). Pseudogymnoascus was previ-
ously associated with nematodes in ARD soil (Kanfra 
et  al. 2022). Furthermore, O’Donoghue et  al. (2015) 
demonstrated the production of cuticle-degrading sub-
tilisin peptidases by Pseudogymnoascus destructans, 
which are anti-fungal compounds utilised by some 
nematode-trapping fungi (Yang et  al. 2007). Humi-
cola are known for their extensive ability to metabo-
lise complex carbon sources and produce a variety of 
bioactive compounds, including many antifungal and 
antimicrobial substances (Ibrahim et  al. 2021). This 
might suggest some involvement in the development 
of disease suppression in the soil.

Among the most abundant bacteria, the gen-
era Sphingomonas and Nocardioides were posi-
tively correlated with all tested phytoalexins in this 
study, followed by Gaiella and Piscinibacter which 
were positively correlated with all phytoalexins but 
2-hydroxy-4-methoxydibenzofuran and, in case of 
Piscinibacter, also aucuparin. An enrichment of these 
genera is not surprising as both Sphingomonas (Jiang 
et  al. 2022a, b; Zhou et  al. 2016) and Nocardioides 
(Ma et  al. 2023; Wang et  al. 2018) were reported as 
genera that are highly capable of degrading polycy-
clic aromatic hydrocarbons, such as biphenyls  and 
dibenzofurans. Although little is known about the 
functionality of Gaiella and Piscinibacter, both were 
previously debated as potential degraders of aromatics 
(Rutere et al. 2020; Zhang et al. 2023). Interestingly, 
the genus Hyphomicrobium correlated positively 
with only two phytoalexins: 2-hydroxy-4-methoxy-
dibenzofuran and 3-hydroxy-5-methoxybiphenyl. The 
2’-hydroxylation of 3-hydroxy-5-methoxybiphenyl 
and the subsequent intramolecular cyclisation to form 
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2-hydroxy-4-methoxydibenzofuran were proposed 
to be the branching point between the biphenyl and 
dibenzofuran biosynthetic pathways in apple (Busnena 
et al. 2023). The correlation of Hyphomicrobium and 
the branching point intermediates could hence suggest 
a specific plant response to one or more organisms in 
this genus. However, Hyphomicrobium spp. are com-
monly cited as degraders rather than pathogens (Meng 
et  al. 2024; Moore 1981; Zhao et  al. 2016). Thus, a 
role of Hyphomicrobium spp. in the degradation pro-
cess of these specific compounds is more likely.

Of the most abundant fungi in the rhizosphere, 
only Gibellulopsis and Tetracladium showed a posi-
tive correlation with a single phytoalexin each, 
3-hydroxy-5-methoxybiphenyl and hydroxynoreri-
obofuran isomer 4, respectively. Gibellulopsis was 
reported as both pathogen, e.g. in chrysanthemum 
(Kawaradani et al. 2013), and plant beneficial organ-
ism which can induce systemic resistance (Feng et al. 
2023; Hao et al. 2022). The interaction with mitogen-
activated protein kinase, and thus the production of 
PAs, is known (Feng et al. 2023) but not yet proven 
for apple. Tetracladium is mostly found as a decom-
poser in aquatic environments (Grossart et  al. 2019) 
but is also present in and on terrestrial plants and soil 
(Selosse et al. 2008). The antifungal capacity of some 
of its species was previously proven (Sati and Arya 
2010). Lazar et al. (2022) showed the recruitment of 
Tetracladium spp. by Brassica napus as root endo-
phytes from the soil. While the exact role of Tetracla-
dium in our study remains unclear, pathogenicity is 
unlikely. Based on previous research, it is more likely 
involved in decomposition of dying root material but 
further research is needed.

The plethora of different functions and traits asso-
ciated with microbiomes shaped by ARD underpins 
the multicausal and multisymptomatic nature of the 
disease complex, in turn also calling for a complex 
management approach instead of targeting a single 
pathogen.

Conclusions

ARD symptoms such as black roots and severe growth 
depression were observed on all five soils exam-
ined in this study. Soil parameters, such as grain size 
fraction, play an ancillary role in the development of 
ARD, whereas our data stresses the importance of 

replant history over abiotic factors in the development 
of ARD. BIS3 expression was clearly upregulated 
in ARD soils compared to the disinfected controls. 
Higher expression levels also coincided with more 
severe ARD symptoms, confirming the suitability of 
BIS3 as ARD indicator. Consequently, the produc-
tion of phytoalexins was also higher in roots of more 
severely affected plants. Interestingly, a number of 
PAs, namely 3-hydroxy-5-methoxybiphenyl, aucupa-
rin, noraucuparin, noreriobofuran, methoxyeriobo-
furan isomer 4 and hydroxyeriobofuran isomer 5, were 
only found in ARD-affected roots. This clearly indi-
cates the specific induction of the involved enzymatic 
reactions by microorganisms enriched in ARD soils.

Although ARD severity was verified, it is very 
difficult to verify common microbial responders as 
causal agents of ARD. Furthermore, enriched bacteria 
and fungi found on the basis of amplicon sequencing 
were discussed based on previous publications, how-
ever, revealing their functionality and relevance needs 
more in-depth studies involving metagenomic finger 
printing, isolation of ARD-related strains and inocula-
tion experiments. Bacterial responders to ARD, such 
as Nocardioides and Sphingomonas, are likely to be 
involved in the degradation of phenolic compounds, for 
example PAs, as highlighted by our correlation analy-
sis. Previously suggested ARD-related pathogenic gen-
era occurred only rarely in our experiment. Either the 
occurrence of these genera may be of secondary nature 
and is not necessary for initial disease formation or 
ARD is caused by soil-dependent groups of pathogens 
that, despite compositional differences, exhibit simi-
lar pathogenic functionality. Based on this and previ-
ous studies, we suggest an experiment involving a high 
number of ARD-affected soils to be more decisive for 
understanding this complex phenomenon. Further-
more, a more in-depth approach is needed to reveal the 
functionality of the microbiome in ARD soils.

Acknowledgements We would like to thank the  ORDIA-
mur lead users, namely Hermann Cordes, Steffen Lodder, Gert 
Hauschildt as well as Klaus Hinrich Thies and Kai Wilhelm 
Thies, for their collaboration and for providing the soils used 
in this experiment. We kindly thank Ewa Schneider and Bärbel 
Ernst for the in vitro propagation of M26 plants and their assis-
tance in the lab and greenhouse. Thanks also goes to Made-
leine Jaeger, who completed all lab work to prepare the root 
samples prior to the qPCR (gene expression analysis). And last 
but not least, we thank Dr. Andreas Wrede, Prof. Dr. Jürgen 
Grunewaldt and Prof. Dr. Bernd Hardeweg for acquiring the 
lead users and collecting the soils used in this experiment.



Plant Soil 

Vol.: (0123456789)

Author contributions TW designed the experiment. TW 
and NO conducted the experiment. NO drafted the initial 
manuscript. Sample analyses and data evaluation were split 
between authors as follows: growth parameters and correlation 
analysis by NO and TW, gene expression by NO, soil param-
eters by JK, GG and JB, phytoalexins contents by BL and LB, 
and rhizosphere microbiome analyses by SB, FM and MS. TW, 
GG, LB and MS also filled advisory roles. All authors helped 
interpreting the data and contributed to the manuscript by writ-
ing, reading and revising.

Funding Open Access funding enabled and organized 
by Projekt DEAL. The German Ministry of Education and 
Research (BMBF, Germany) funded this experiment in the 
framework of the project ORDIAmur (P4-2, 031B0025A; P9, 
031B0512A; P11,  031B0512I; P17,  031B0512B) as part of 
the BonaRes funding initiative. The publication of this article 
was funded by the Open Access Fund of Leibniz Universität 
Hannover.

Data availability Raw data of growth parameters and phy-
toalexin contents and the Cq-values of from the qPCR of the 
ARD-indicator and housekeeping genes is publicly available 
online at the BonaRes Repository: https:// doi. org/https:// doi. 
org/ 10. 20387/ bonar es- jst2- ww4r

Microbiome data is available as raw reads in the Sequence 
Read Archive (SRA) of NCBI Database, under Bioproject num-
ber https:// www. ncbi. nlm. nih. gov/ sra/ PRJNA 11587 19 with 
Biosample numbers SAMN43546314 to SAMN43546377.

Declarations 

Competing interests The authors do not have any relevant 
financial or non-financial interests to disclose.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Ad-hoc-Arbeitsgruppe Boden FI for G and NR in cooperation 
with the GS of the FS (2005) Bodenkundliche Kartieran-
leitung (Soil Mapping Manual) 5th ed

Afgan E, Baker D, Batut B et al (2018) The Galaxy platform 
for accessible, reproducible and collaborative biomedical 

analyses: 2018 update. Nucleic Acids Res 46:W537–
W544. https:// doi. org/ 10. 1093/ NAR/ GKY379

Ahmed A, Hasnain S (2010) Auxin-producing Bacillus sp.: 
Auxin quantification and effect on the growth of Solanum 
tuberosum. Pure Appl Chem 82:313–319. https:// doi. org/ 
10. 1351/ PAC- CON- 09- 02- 06/ MACHI NEREA DABLE 
CITAT ION/ RIS

Andersen KS, Kirkegaard RH, Karst SM, Albertsen M (2018) 
ampvis2: An R package to analyse and visualise 16S 
rRNA amplicon data. R Package v2.7.33. bioRxiv 
299537. https:// doi. org/ 10. 1101/ 299537 

Andrews S (2010) FastQC. A quality control tool for high 
throughput sequence data. (Access build 07.04.2022) 
www. bioin forma tics. babra ham. ac. uk/ proje cts/ fastqc/

Apprill A, Mcnally S, Parsons R, Weber L (2015) Minor revi-
sion to V4 region SSU rRNA 806R gene primer greatly 
increases detection of SAR11 bacterioplankton. Aquatic 
Microbial Ecology 75:129–137. https:// doi. org/ 10. 3354/ 
ame01 753

Arbizu PM (2017) _pairwiseAdonis: Pairwise Multilevel Com-
parison using Adonis_. R package version 0.4.1. https:// 
github. com/ pmart ineza rbizu/ pairw iseAd onis

Balbín-Suárez A, Jacquiod S, Rohr AD et al (2021) Root expo-
sure to apple replant disease soil triggers local defense 
response and rhizoplane microbiome dysbiosis. FEMS 
Microbiol Ecol 97:1–14. https:// doi. org/ 10. 1093/ femsec/ 
fiab0 31

Beule L, Karlovsky P (2020) Improved normalization of spe-
cies count data in ecology by scaling with ranked subsam-
pling (SRS): Application to microbial communities. PeerJ 
8:e9593. https:// doi. org/ 10. 7717/ PEERJ. 9593/ SUPP-2

Börner H (1960) Liberation of organic substances from higher 
plants and their role in the soil sickness problem. Bot 
Rev 26:393–424. https:// doi. org/ 10. 1007/ BF028 60808/ 
METRI CS

Busnena BA, Beerhues L, Liu B (2023) Biphenyls and diben-
zofurans of the rosaceous subtribe Malinae and their role 
as phytoalexins. Planta 258(4):78

Busnena BA, Beerhues L, Liu B (2024) Biphenyl and diben-
zofuran phytoalexins differentially inhibit root associ-
ated microbiota in apple including fungal and oomycetal 
replant disease pathogens. Phytopathology®. https:// doi. 
org/ 10. 1094/ PHYTO- 03- 24- 0088-R

Busnena BA, Beuerle T, Mahnkopp-Dirks F et al (2021) For-
mation and exudation of biphenyl and dibenzofuran phy-
toalexins by roots of the apple rootstock M26 grown in 
apple replant disease soil. Phytochemistry 192:112972. 
https:// doi. org/ 10. 1016/j. phyto chem. 2021. 112972

Callahan BJ, McMurdie PJ, Rosen MJ et  al (2016) DADA2: 
High-resolution sample inference from Illumina ampli-
con data. Nature Methods 13(7):581–583. https:// doi. org/ 
10. 1038/ nmeth. 3869

Cazorla FM, Romero D, Pérez-García A et  al (2007) Isola-
tion and characterization of antagonistic Bacillus subtilis 
strains from the avocado rhizoplane displaying biocontrol 
activity. J Appl Microbiol 103:1950–1959. https:// doi. 
org/ 10. 1111/J. 1365- 2672. 2007. 03433.X

de Mendiburu F (2021) agricolae: Statistical Proceedures for 
Agricultural Research

Feng Z, Wei F, Feng H et  al (2023) Transcriptome Analy-
sis Reveals the Defense Mechanism of Cotton against 

https://doi.org/
https://doi.org/10.20387/bonares-jst2-ww4r
https://doi.org/10.20387/bonares-jst2-ww4r
https://www.ncbi.nlm.nih.gov/sra/PRJNA1158719
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/NAR/GKY379
https://doi.org/10.1351/PAC-CON-09-02-06/MACHINEREADABLECITATION/RIS
https://doi.org/10.1351/PAC-CON-09-02-06/MACHINEREADABLECITATION/RIS
https://doi.org/10.1351/PAC-CON-09-02-06/MACHINEREADABLECITATION/RIS
https://doi.org/10.1101/299537
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.3354/ame01753
https://doi.org/10.3354/ame01753
https://github.com/pmartinezarbizu/pairwiseAdonis
https://github.com/pmartinezarbizu/pairwiseAdonis
https://doi.org/10.1093/femsec/fiab031
https://doi.org/10.1093/femsec/fiab031
https://doi.org/10.7717/PEERJ.9593/SUPP-2
https://doi.org/10.1007/BF02860808/METRICS
https://doi.org/10.1007/BF02860808/METRICS
https://doi.org/10.1094/PHYTO-03-24-0088-R
https://doi.org/10.1094/PHYTO-03-24-0088-R
https://doi.org/10.1016/j.phytochem.2021.112972
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1111/J.1365-2672.2007.03433.X
https://doi.org/10.1111/J.1365-2672.2007.03433.X


 Plant Soil

Vol:. (1234567890)

Verticillium dahliae Induced by Hypovirulent Fun-
gus Gibellulopsis nigrescens CEF08111. Int J Mol Sci 
24:1480. https:// doi. org/ 10. 3390/ IJMS2 40214 80/ S1

Franke-Whittle IH, Manici LM, Insam H, Stres B (2015) Rhizo-
sphere bacteria and fungi associated with plant growth 
in soils of three replanted apple orchards. Plant Soil 
395:317–333. https:// doi. org/ 10. 1007/ s11104- 015- 2562-x

Gee GW, Bauder JW (2018) Particle-size Analysis. Meth-
ods of Soil Analysis, Part 1: Physical and Mineralogi-
cal Methods 383–411. https:// doi. org/ 10. 2136/ SSSAB 
OOKSE R5.1. 2ED. C15

Gnanamanickam SS, Patil SS (1977) Phaseotoxin suppresses 
bacterially induced hypersensitive reaction and phytoalexin 
synthesis in bean cultivars. Physiol Plant Pathol 10:169–
179. https:// doi. org/ 10. 1016/ 0048- 4059(77) 90020-0

Grossart HP, Van den Wyngaert S, Kagami M et al (2019) Fungi 
in aquatic ecosystems. Nat Rev Microbiol 17(6):339–354. 
https:// doi. org/ 10. 1038/ s41579- 019- 0175-8

Grunewaldt-Stöcker G, Mahnkopp F, Popp C et al (2019) Diag-
nosis of apple replant disease (ARD): Microscopic evi-
dence of early symptoms in fine roots of different apple 
rootstock genotypes. Sci Hortic 243:583–594. https:// doi. 
org/ 10. 1016/j. scien ta. 2018. 09. 014

Grunewaldt-Stöcker G, Popp C, Baumann A et  al (2020) 
Observations on early fungal infections with relevance 
for replant disease in fine roots of the rose rootstock Rosa 
corymbifera “Laxa.” Sci Rep 10. https:// doi. org/ 10. 1038/ 
s41598- 020- 79878-8

Grunewaldt-Stöcker G, Popp C, Wamhoff D (2021) Micro-
scopic evidence of nectriaceae and other microbes in 
infected fine root tissue of replant diseased apple plants. 
Eur J Hortic Sci 86:29–40. https:// doi. org/ 10. 17660/ 
eJHS. 2021/ 86.1.4

Hao J, Wang D, Wang Y, Zhou H (2022) Attenuated Isolate 
Gibellulopsis nigrescens Vn-1 Enhances Resistance 
against Verticillium dahliae in Potato. Agronomy 12:3082. 
https:// doi. org/ 10. 3390/ AGRON OMY12 123082/ S1

Heidrich V, Karlovsky P, Beule L (2021) ‘SRS’ R Package and 
‘q2-srs’ QIIME 2 Plugin: Normalization of Microbiome 
Data Using Scaling with Ranked Subsampling (SRS). 
Appl Sciences 11(23):11473. https:// doi. org/ 10. 3390/ 
APP11 23114 73

Hoestra H (1968) Replant diseases of apple in the Netherlands. 
Wageningen University and Research ProQuest Disserta-
tions Publishing

Hofmann A, Wittenmayer L, Arnold G et al (2009) Root exu-
dation of phloridzin by apple seedlings (Malus domestica 
Borkh.) with symptoms of apple replant disease. Journal 
of Applied Botany and Food Quality 82:193–198

Hu D, Cha G, Gao B (2018) A phylogenomic and molecular 
markers based analysis of the class Acidimicrobiia. Front 
Microbiol 9:361535. https:// doi. org/ 10. 3389/ FMICB. 2018. 
00987/ BIBTEX

Huxley JS, Teissier G (1936) Terminology of Relative Growth. 
Nature 1137(3471):780–781. https:// doi. org/ 10. 1038/ 
13778 0b0

Ibrahim SRM, Mohamed SGA, Altyar AE, Mohamed GA 
(2021) Natural Products of the Fungal Genus Humicola: 
Diversity, Biological Activity, and Industrial Importance. 
Curr Microbiol 78:2488–2509. https:// doi. org/ 10. 1007/ 
S00284- 021- 02533-6/ TABLES/3

Jakobek JL, Smith JA, Lindgren PB (1993) Suppression of 
Bean Defense Responses by Pseudomonas syringae. 
Plant Cell 5:57–63. https:// doi. org/ 10. 1105/ TPC.5. 1. 57

Jiang B, Chen Y, Xing Y et  al (2022a) Negative correlations 
between cultivable and active-yet-uncultivable pyrene 
degraders explain the postponed bioaugmentation. J Haz-
ard Mater 423:127189. https:// doi. org/ 10. 1016/J. JHAZM 
AT. 2021. 127189

Jiang W, Chen R, Zhao L et  al (2022b) Chemical fumigants 
control apple replant disease: Microbial community 
structure-mediated inhibition of Fusarium and degra-
dation of phenolic acids. J Hazard Mater 440:129786. 
https:// doi. org/ 10. 1016/J. JHAZM AT. 2022. 129786

Kanfra X, Liu B, Beerhues L et al (2018) Free-Living Nema-
todes Together With Associated Microbes Play an Essen-
tial Role in Apple Replant Disease. Front Plant Sci 9:1–
13. https:// doi. org/ 10. 3389/ fpls. 2018. 01666

Kanfra X, Obawolu T, Wrede A et  al (2021) Alleviation of 
Nematode-Mediated Apple Replant Disease by Pre-Cul-
tivation of Tagetes. Horticulturae 7:433. https:// doi. org/ 
10. 3390/ HORTI CULTU RAE71 10433

Kanfra X, Wrede A, Moll J, Heuer H (2022) Nematode-Microbe 
Complexes in Soils Replanted with Apple. Microorganisms 
10:157. https:// doi. org/ 10. 3390/ micro organ isms1 00101 57

Kassambara A (2023) rstatix: pipe-friendly framework for 
basic statistical tests. R package version 0.7.2. https:// 
CRAN.R- proje ct. org/ packa ge= rstat ix

Kawaradani M, Taguchi K, Okada K et al (2013) Seedling rot 
of garland chrysanthemum caused by Gibellulopsis chry-
santhemi and ecological characters of the causal fungus. 
J Gen Plant Pathol 79:346–349. https:// doi. org/ 10. 1007/ 
S10327- 013- 0462-6/ TABLES/1

Khalil MNA, Beuerle T, Müller A et al (2013) Biosynthesis of 
the biphenyl phytoalexin aucuparin in Sorbus aucuparia 
cell cultures treated with Venturia inaequalis. Phyto-
chemistry 96:101–109. https:// doi. org/ 10. 1016/J. PHYTO 
CHEM. 2013. 09. 003

Khalil MNA, Brandt W, Beuerle T et al (2015) O-Methyltrans-
ferases involved in biphenyl and dibenzofuran biosynthe-
sis. Plant J 83:263–276. https:// doi. org/ 10. 1111/ TPJ. 12885

Kloepper JW, Ryu CM, Zhang S (2004) Induced Systemic 
Resistance and Promotion of Plant Growth by Bacillus 
spp. Phytopathology 94:1259–1266. https:// doi. org/ 10. 
1094/ PHYTO. 2004. 94. 11. 1259

Kviklys D, Robinson TL, Fazio G (2016) Apple rootstock evalu-
ation for apple replant disease. Acta Hortic 1130:425–430. 
https:// doi. org/ 10. 17660/ ACTAH ORTIC. 2016. 1130. 63

Lathi L, Bravo HC, Huang R, et  al (2019) microbiome R 
packag. R package version 1.20.0. http:// micro biome. 
github. com/ micro biome

Lawrence DP, Nouri MT, Trouillas FP (2019) Taxonomy and 
multi-locus phylogeny of Cylindrocarpon-Like species 
associated with diseased roots of grapevine and other 
fruit and nut crops in California. Fungal Syst Evol 4:59–
75. https:// doi. org/ 10. 3114/ FUSE. 2019. 04. 06

Lazar A, Mushinski RM, Bending GD (2022) Landscape scale 
ecology of Tetracladium spp. fungal root endophytes. 
Environ Microbiomes 17:1–12. https:// doi. org/ 10. 1186/ 
S40793- 022- 00431-3/ FIGUR ES/6

Leifert C, Li H, Chidburee S et  al (1995) Antibiotic produc-
tion and biocontrol activity by Bacillus subtilis CL27 

https://doi.org/10.3390/IJMS24021480/S1
https://doi.org/10.1007/s11104-015-2562-x
https://doi.org/10.2136/SSSABOOKSER5.1.2ED.C15
https://doi.org/10.2136/SSSABOOKSER5.1.2ED.C15
https://doi.org/10.1016/0048-4059(77)90020-0
https://doi.org/10.1038/s41579-019-0175-8
https://doi.org/10.1016/j.scienta.2018.09.014
https://doi.org/10.1016/j.scienta.2018.09.014
https://doi.org/10.1038/s41598-020-79878-8
https://doi.org/10.1038/s41598-020-79878-8
https://doi.org/10.17660/eJHS.2021/86.1.4
https://doi.org/10.17660/eJHS.2021/86.1.4
https://doi.org/10.3390/AGRONOMY12123082/S1
https://doi.org/10.3390/APP112311473
https://doi.org/10.3390/APP112311473
https://doi.org/10.3389/FMICB.2018.00987/BIBTEX
https://doi.org/10.3389/FMICB.2018.00987/BIBTEX
https://doi.org/10.1038/137780b0
https://doi.org/10.1038/137780b0
https://doi.org/10.1007/S00284-021-02533-6/TABLES/3
https://doi.org/10.1007/S00284-021-02533-6/TABLES/3
https://doi.org/10.1105/TPC.5.1.57
https://doi.org/10.1016/J.JHAZMAT.2021.127189
https://doi.org/10.1016/J.JHAZMAT.2021.127189
https://doi.org/10.1016/J.JHAZMAT.2022.129786
https://doi.org/10.3389/fpls.2018.01666
https://doi.org/10.3390/HORTICULTURAE7110433
https://doi.org/10.3390/HORTICULTURAE7110433
https://doi.org/10.3390/microorganisms10010157
https://CRAN.R-project.org/package=rstatix
https://CRAN.R-project.org/package=rstatix
https://doi.org/10.1007/S10327-013-0462-6/TABLES/1
https://doi.org/10.1007/S10327-013-0462-6/TABLES/1
https://doi.org/10.1016/J.PHYTOCHEM.2013.09.003
https://doi.org/10.1016/J.PHYTOCHEM.2013.09.003
https://doi.org/10.1111/TPJ.12885
https://doi.org/10.1094/PHYTO.2004.94.11.1259
https://doi.org/10.1094/PHYTO.2004.94.11.1259
https://doi.org/10.17660/ACTAHORTIC.2016.1130.63
http://microbiome.github.com/microbiome
http://microbiome.github.com/microbiome
https://doi.org/10.3114/FUSE.2019.04.06
https://doi.org/10.1186/S40793-022-00431-3/FIGURES/6
https://doi.org/10.1186/S40793-022-00431-3/FIGURES/6


Plant Soil 

Vol.: (0123456789)

and Bacillus pumilus CL45. J Appl Bacteriol 78:97–108. 
https:// doi. org/ 10. 1111/J. 1365- 2672. 1995. TB028 29.X

Liu C, Cui Y, Li X, Yao M (2021) microeco: an R package for 
data mining in microbial community ecology. FEMS 
Microbiol Ecol 97:255. https:// doi. org/ 10. 1093/ FEMSEC/ 
FIAA2 55

Liu Y, Li Y, Pan B et al (2021) Application of low dosage of cop-
per oxide and zinc oxide nanoparticles boosts bacterial and 
fungal communities in soil. Sci Total Environ 757:143807. 
https:// doi. org/ 10. 1016/J. SCITO TENV. 2020. 143807

Lucas M, Balbín-Suárez A, Smalla K, Vetterlein D (2018) Root 
growth, function and rhizosphere microbiome analyses 
show local rather than systemic effects in apple plant 
response to replant disease soil. PLoS One 13. https:// 
doi. org/ 10. 1371/ journ al. pone. 02049 22

Lueders T, Manefield M, Friedrich MW (2004) Enhanced sen-
sitivity of DNA- and rRNA-based stable isotope probing 
by fractionation and quantitative analysis of isopycnic 
centrifugation gradients. Environ Microbiol 6:73–78. 
https:// doi. org/ 10. 1046/j. 1462- 2920. 2003. 00536.x

Ma Y, Wang J, Liu Y et al (2023) Nocardioides: “Specialists” for 
hard-to-degrade pollutants in the environment. Molecules 
28:7433. https:// doi. org/ 10. 3390/ MOLEC ULES2 82174 33

Mahnkopp F, Simon M, Lehndorff E et al (2018) Induction and 
diagnosis of apple replant disease (ARD): a matter of 
heterogeneous soil properties? Sci Hortic 241:167–177. 
https:// doi. org/ 10. 1016/j. scien ta. 2018. 06. 076

Mahnkopp-Dirks F, Radl V, Kublik S et  al (2021) Molecular 
barcoding reveals the genus Streptomyces as associ-
ated root endophytes of apple (Malus domestica) plants 
grown in soils affected by apple replant disease. Phyto-
biomes J 5:177–189. https:// doi. org/ 10. 1094/ PBIOM 
ES- 07- 20- 0053-R

Manici LM, Ciavatta C, Kelderer M, Erschbaumer G (2003) 
Replant problems in South Tyrol: Role of fungal patho-
gens and microbial population in conventional and 
organic apple orchards. Plant Soil 256:315–324. https:// 
doi. org/ 10. 1023/A: 10261 03001 592/ METRI CS

Manici LM, Kelderer M, Franke-Whittle IH et al (2013) Rela-
tionship between root-endophytic microbial communities 
and replant disease in specialized apple growing areas in 
Europe. Appl Soil Ecol 72:207–214. https:// doi. org/ 10. 
1016/j. apsoil. 2013. 07. 011

Manici LM, Caputo F, Saccà ML (2017) Secondary metabo-
lites released into the rhizosphere by Fusarium oxyspo-
rum and Fusarium spp. as underestimated component of 
nonspecific replant disease. Plant Soil 415:85–98. https:// 
doi. org/ 10. 1007/ s11104- 016- 3152-2

Manici LM, Kelderer M, Caputo F et al (2018) Involvement of 
Dactylonectria and Ilyonectria spp. in tree decline affect-
ing multi-generation apple orchards. Plant Soil 425:217–
230. https:// doi. org/ 10. 1007/ s11104- 018- 3571-3

Martin M (2011) Cutadapt removes adapter sequences from 
high-throughput sequencing reads. EMBnet J 17:10–12. 
https:// doi. org/ 10. 14806/ EJ. 17.1. 200

Mazzola M (1998) Elucidation of the microbial complex hav-
ing a causal role in the development of apple replant dis-
ease in Washington. Phytopathology 88:930–938. https:// 
doi. org/ 10. 1094/ PHYTO. 1998. 88.9. 930

Mazzola M (1999) Transformation of soil microbial commu-
nity structure and Rhizoctonia-suppressive potential in 

response to apple roots. Phytopathology 89:920–927. 
https:// doi. org/ 10. 1094/ PHYTO. 1999. 89. 10. 920

Mazzola M, Manici LM (2012) Apple replant disease: role 
of microbial ecology in cause and control. Annu Rev 
Phytopathol 50:45–65. https:// doi. org/ 10. 1146/ annur 
ev- phyto- 081211- 173005

Mehlich A (1984) Mehlich 3 soil test extractant: a modifica-
tion of Mehlich 2 extractant. Commun Soil Sci Plant 
Anal 15:1409–1416. https:// doi. org/ 10. 1080/ 00103 62840 
93675 68

Meng S, Peng T, Liu Y et al (2024) Novel insights into the syn-
ergetic degradation of pyrene by microbial communities 
from mangroves in China. J Hazard Mater 469:133907. 
https:// doi. org/ 10. 1016/J. JHAZM AT. 2024. 133907

Moein S, Mazzola M, Spies CFJ, Mcleod A (2019) Evaluat-
ing different approaches for the quantification of oomy-
cete apple replant pathogens, and their relationship with 
seedling growth reductions. Eur J Plant Pathol 154:243–
257. https:// doi. org/ 10. 1007/ s10658- 018- 01652-4

Mokany K, Raison RJ, Prokushkin AS (2006) Critical anal-
ysis of root : shoot ratios in terrestrial biomes. Glob 
Chang Biol 12:84–96. https:// doi. org/ 10. 1111/J. 1365- 
2486. 2005. 001043.X

Moore RL (1981) The biology of Hyphomicrobium and 
other prosthecate, budding bacteria. Annu Rev Micro-
biol 35:567–594. https:// doi. org/ 10. 1146/ annur ev. mi. 
35. 100181. 003031.

Nicola L, Insam H, Pertot I, Stres B (2018) Reanalysis of micro-
biomes in soils affected by apple replant disease (ARD): 
Old foes and novel suspects lead to the proposal of 
extended model of disease development. Appl Soil Ecol 
129:24–33. https:// doi. org/ 10. 1016/j. apsoil. 2018. 04. 010

Nilsson RH, Larsson KH, Taylor AFS et al (2019) The UNITE 
database for molecular identification of fungi: handling 
dark taxa and parallel taxonomic classifications. Nucleic 
Acids Res 47:D259–D264. https:// doi. org/ 10. 1093/ NAR/ 
GKY10 22

O’Donoghue AJ, Knudsen GM, Beekman C et  al (2015) 
Destructin-1 is a collagen-degrading endopeptidase 
secreted by Pseudogymnoascus destructans, the causa-
tive agent of white-nose syndrome. Proc Natl Acad Sci 
U S A 112:7478–7483. https:// doi. org/ 10. 1073/ PNAS. 
15070 82112/-/ DCSUP PLEME NTAL/ PNAS. 15070 
82112. SD06. XLSX

Oksanen J, Simpson GL, Blanchet FG et  al (2022) vegan: 
Community Ecology Packag. R package version 2.6-4. 
https:// cran.r- proje ct. org/ web/ packa ges/ vegan/ vegan. pdf

Otto G, Winkler H (1977) Untersuchungen über die Ursache 
der Bodenmüdigkeit bei Obstgehölzen: VI. Nachweis 
von Aktinomyzeten in Faserwurzeln von Apfelsämlingen 
in Böden mit verschiedenen Müdigkeitsgraden. Zentral-
blatt Für Bakteriologie, Parasitenkunde, Infektionsk-
rankheiten und Hygiene Zweite Naturwissenschaftliche 
Abteilung: Allgemeine, Landwirtschaftliche und Tech-
nische Mikrobiologie 132:593–606. https:// doi. org/ 10. 
1016/ S0044- 4057(77) 80098-1

Parada AE, Needham DM, Fuhrman JA (2016) Every base 
matters: Assessing small subunit rRNA primers for 
marine microbiomes with mock communities, time series 
and global field samples. Environ Microbiol 18:1403–
1414. https:// doi. org/ 10. 1111/ 1462- 2920. 13023

https://doi.org/10.1111/J.1365-2672.1995.TB02829.X
https://doi.org/10.1093/FEMSEC/FIAA255
https://doi.org/10.1093/FEMSEC/FIAA255
https://doi.org/10.1016/J.SCITOTENV.2020.143807
https://doi.org/10.1371/journal.pone.0204922
https://doi.org/10.1371/journal.pone.0204922
https://doi.org/10.1046/j.1462-2920.2003.00536.x
https://doi.org/10.3390/MOLECULES28217433
https://doi.org/10.1016/j.scienta.2018.06.076
https://doi.org/10.1094/PBIOMES-07-20-0053-R
https://doi.org/10.1094/PBIOMES-07-20-0053-R
https://doi.org/10.1023/A:1026103001592/METRICS
https://doi.org/10.1023/A:1026103001592/METRICS
https://doi.org/10.1016/j.apsoil.2013.07.011
https://doi.org/10.1016/j.apsoil.2013.07.011
https://doi.org/10.1007/s11104-016-3152-2
https://doi.org/10.1007/s11104-016-3152-2
https://doi.org/10.1007/s11104-018-3571-3
https://doi.org/10.14806/EJ.17.1.200
https://doi.org/10.1094/PHYTO.1998.88.9.930
https://doi.org/10.1094/PHYTO.1998.88.9.930
https://doi.org/10.1094/PHYTO.1999.89.10.920
https://doi.org/10.1146/annurev-phyto-081211-173005
https://doi.org/10.1146/annurev-phyto-081211-173005
https://doi.org/10.1080/00103628409367568
https://doi.org/10.1080/00103628409367568
https://doi.org/10.1016/J.JHAZMAT.2024.133907
https://doi.org/10.1007/s10658-018-01652-4
https://doi.org/10.1111/J.1365-2486.2005.001043.X
https://doi.org/10.1111/J.1365-2486.2005.001043.X
https://doi.org/10.1146/annurev.mi.35.100181.003031
https://doi.org/10.1146/annurev.mi.35.100181.003031
https://doi.org/10.1016/j.apsoil.2018.04.010
https://doi.org/10.1093/NAR/GKY1022
https://doi.org/10.1093/NAR/GKY1022
https://doi.org/10.1073/PNAS.1507082112/-/DCSUPPLEMENTAL/PNAS.1507082112.SD06.XLSX
https://doi.org/10.1073/PNAS.1507082112/-/DCSUPPLEMENTAL/PNAS.1507082112.SD06.XLSX
https://doi.org/10.1073/PNAS.1507082112/-/DCSUPPLEMENTAL/PNAS.1507082112.SD06.XLSX
https://cran.r-project.org/web/packages/vegan/vegan.pdf
https://doi.org/10.1016/S0044-4057(77)80098-1
https://doi.org/10.1016/S0044-4057(77)80098-1
https://doi.org/10.1111/1462-2920.13023


 Plant Soil

Vol:. (1234567890)

Pfaffl MW (2001) A new mathematical model for relative 
quantification in real-time RT-PCR. Nucleic Acids Res 
29(9):e45–e45. https:// doi. org/ 10. 1093/ nar/ 29.9. e45

Poeplau C, Kätterer T (2017) Is soil texture a major control-
ling factor of root:shoot ratio in cereals? Eur J Soil Sci 
68:964–970. https:// doi. org/ 10. 1111/ EJSS. 12466

Popp C, Wamhoff D, Winkelmann T et  al (2020) Molecular 
identification of Nectriaceae in infections of apple replant 
disease affected roots collected by Harris Uni-Core punch-
ing or laser microdissection. J Plant Dis Prot 127:571–
582. https:// doi. org/ 10. 1007/ s41348- 020- 00333-x

Quast C, Pruesse E, Yilmaz P et al (2013) The SILVA riboso-
mal RNA gene database project: improved data process-
ing and web-based tools. Nucleic Acids Res 41:D590–
D596. https:// doi. org/ 10. 1093/ NAR/ GKS12 19

R Core Team (2022) R: A language and environment for statis-
tical computing. R Foundation for Statistical Computing, 
Vienna, Austria. https:// www.R- proje ct. org/

Raa J (1968) Polyphenols and natural resistance of apple leaves 
against Venturia inaequalis. Neth J Plant Pathol 74:37–
45. https:// doi. org/ 10. 1007/ BF019 77511/ METRI CS

Raddadi N, Cherif A, Boudabous A, Daffonchio D (2008) 
Screening of plant growth promoting traits of Bacillus 
thuringiensis. Ann Microbiol 58:47–52. https:// doi. org/ 
10. 1007/ BF031 79444/ METRI CS

Radl V, Winkler JB, Kublik S et al (2019) Reduced microbial 
potential for the degradation of phenolic compounds 
in the rhizosphere of apples seedlings grown in soils 
affected by replant disease. Environmental Microbiomes 
14:1–12. https:// doi. org/ 10. 1186/ s40793- 019- 0346-2

Reim S, Rohr AD, Winkelmann T, et al (2020) Genes involved 
in stress response and especially in phytoalexin biosynthe-
sis are upregulated in four Malus genotypes in response to 
apple replant disease. Front Plant Sci 10. https:// doi. org/ 
10. 3389/ FPLS. 2019. 01724/ DATAS HEET_1_ PDF. PDF

Reyes-Ramírez A, Escudero-Abarca BI, Aguilar-Uscanga G et al 
(2004) Antifungal Activity of Bacillus thuringiensis Chi-
tinase and Its Potential for the Biocontrol of Phytopatho-
genic Fungi in Soybean Seeds. J Food Sci 69:M131–M134. 
https:// doi. org/ 10. 1111/J. 1365- 2621. 2004. TB107 21.X

Rohr A-D, Schimmel J, Liu B et  al (2020) Identification and 
validation of early genetic biomarkers for apple replant 
disease. PLoS ONE 15:e0238876. https:// doi. org/ 10. 
1371/ journ al. pone. 02388 76

Rohr AD, Staudt J, Cziborra K et  al (2021) Split-root approach 
reveals localized root responses towards apple replant dis-
ease (ARD) in terms of ARD biomarker gene expression 
and content of phenolic compounds. Sci Hortic 286:110117. 
https:// doi. org/ 10. 1016/J. SCIEN TA. 2021. 110117

Rutere C, Knoop K, Posselt M (2020) Ibuprofen degradation 
and associated bacterial communities in hyporheic zone 
sediments. Microorganisms 8:1245. https:// doi. org/ 10. 
3390/ MICRO ORGAN ISMS8 081245

Sati SC, Arya P (2010) Antagonism of some aquatic hyphomy-
cetes against plant pathogenic fungi. Sci World J 10:760–
765. https:// doi. org/ 10. 1100/ TSW. 2010. 80

Scandellari F, Ventura M, Gioacchini P et al (2010) Seasonal 
pattern of net nitrogen rhizodeposition from peach (Pru-
nus persica (L.) Batsch) trees in soils with different tex-
tures. Agric Ecosyst Environ 136:162–168. https:// doi. 
org/ 10. 1016/J. AGEE. 2009. 12. 017

Schimmel J, Gentsch N, Boy J et  al (2024) Alleviation of 
Apple Replant Disease in Sandy Soils by Clay Amend-
ments. Silicon 1–18. https:// doi. org/ 10. 1007/ S12633- 
024- 03002-Y/ METRI CS

Schöler A, Jacquiod S, Vestergaard G et al (2017) Analysis of 
soil microbial communities based on amplicon sequenc-
ing of marker genes. Biol Fertil Soils 53:485–489. 
https:// doi. org/ 10. 1007/ S00374- 017- 1205-1/ FIGUR ES/1

Selosse MA, Vohník M, Chauvet E (2008) Out of the rivers: 
are some aquatic hyphomycetes plant endophytes? New 
Phytol 178:3–7. https:// doi. org/ 10. 1111/J. 1469- 8137. 
2008. 02390.X

Sewell GWF (1981) Effects of Pythium species on the growth 
of apple and their possible causal role in apple replant 
disease. Annals of Applied Biology 97:31–42. https:// 
doi. org/ 10. 1111/J. 1744- 7348. 1981. TB029 92.X

Sheng YF, Wang HY, Qiao HY et al (2019) Effects of different 
soil textures on the degree of replanted disease of Malus 
hupehensis Rehd. Scientia Agricultura Sinica 52:715–724. 
https:// doi. org/ 10. 3864/J. ISSN. 0578- 1752. 2019. 04. 012

Sheng Y, Wang H, Wang M et al (2020) Effects of soil texture on 
the growth of young apple trees and soil microbial com-
munity structure under replanted conditions. Hortic Plant J 
6:123–131. https:// doi. org/ 10. 1016/J. HPJ. 2020. 04. 003

Siefen N, Staudt J, Busnena BA et al (2024) Differential accu-
mulation of phenolics and phytoalexins in seven Malus 
genotypes cultivated in apple replant disease-affected 
soil. Sci Hortic 328:112902. https:// doi. org/ 10. 1016/J. 
SCIEN TA. 2024. 112902

Somera TS, Mazzola M (2022) Toward a holistic view of 
orchard ecosystem dynamics: A comprehensive review of 
the multiple factors governing development or suppres-
sion of apple replant disease. Front Microbiol 13:949404

Spath M, Insam H, Peintner U et al (2015) Linking soil biotic 
and abiotic factors to apple replant disease: a greenhouse 
approach. J Phytopathol 163:287–299. https:// doi. org/ 10. 
1111/ jph. 12318

Stempfhuber B, Richter-Heitmann T, Bienek L et  al (2017) 
Soil pH and plant diversity drive co-occurrence patterns 
of ammonia and nitrite oxidizer in soils from forest eco-
systems. Biol Fertil Soils 53:691–700. https:// doi. org/ 10. 
1007/ S00374- 017- 1215-Z

Stępień Ł (2022) Plant-Pathogenic Fusarium Species. Journal 
of Fungi 9:13. https:// doi. org/ 10. 3390/ JOF90 10013

Sun J, Zhang Q, Li X et  al (2017) Apple replant disorder of 
Pingyitiancha rootstock is closely associated with rhizo-
sphere fungal community development. J Phytopathol 
165:162–173. https:// doi. org/ 10. 1111/ jph. 12547

Tedersoo L, Anslan S, Bahram M et al (2015) Shotgun metage-
nomes and multiple primer pair-barcode combinations 
of amplicons reveal biases in metabarcoding analyses 
of fungi. MycoKeys 10:1–43. https:// doi. org/ 10. 3897/ 
mycok eys. 10. 4852

Tewoldemedhin YT, Mazzola M, Botha WJ et  al (2011a) 
Characterization of fungi (Fusarium and Rhizoctonia) 
and oomycetes (Phytophthora and Pythium) associated 
with apple orchards in South Africa. Eur J Plant Pathol 
130:215–229. https:// doi. org/ 10. 1007/ S10658- 011- 9747-
9/ TABLES/5

Tewoldemedhin YT, Mazzola M, Labuschagne I, McLeod A 
(2011b) A multi-phasic approach reveals that apple replant 

https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1111/EJSS.12466
https://doi.org/10.1007/s41348-020-00333-x
https://doi.org/10.1093/NAR/GKS1219
https://www.R-project.org/
https://doi.org/10.1007/BF01977511/METRICS
https://doi.org/10.1007/BF03179444/METRICS
https://doi.org/10.1007/BF03179444/METRICS
https://doi.org/10.1186/s40793-019-0346-2
https://doi.org/10.3389/FPLS.2019.01724/DATASHEET_1_PDF.PDF
https://doi.org/10.3389/FPLS.2019.01724/DATASHEET_1_PDF.PDF
https://doi.org/10.1111/J.1365-2621.2004.TB10721.X
https://doi.org/10.1371/journal.pone.0238876
https://doi.org/10.1371/journal.pone.0238876
https://doi.org/10.1016/J.SCIENTA.2021.110117
https://doi.org/10.3390/MICROORGANISMS8081245
https://doi.org/10.3390/MICROORGANISMS8081245
https://doi.org/10.1100/TSW.2010.80
https://doi.org/10.1016/J.AGEE.2009.12.017
https://doi.org/10.1016/J.AGEE.2009.12.017
https://doi.org/10.1007/S12633-024-03002-Y/METRICS
https://doi.org/10.1007/S12633-024-03002-Y/METRICS
https://doi.org/10.1007/S00374-017-1205-1/FIGURES/1
https://doi.org/10.1111/J.1469-8137.2008.02390.X
https://doi.org/10.1111/J.1469-8137.2008.02390.X
https://doi.org/10.1111/J.1744-7348.1981.TB02992.X
https://doi.org/10.1111/J.1744-7348.1981.TB02992.X
https://doi.org/10.3864/J.ISSN.0578-1752.2019.04.012
https://doi.org/10.1016/J.HPJ.2020.04.003
https://doi.org/10.1016/J.SCIENTA.2024.112902
https://doi.org/10.1016/J.SCIENTA.2024.112902
https://doi.org/10.1111/jph.12318
https://doi.org/10.1111/jph.12318
https://doi.org/10.1007/S00374-017-1215-Z
https://doi.org/10.1007/S00374-017-1215-Z
https://doi.org/10.3390/JOF9010013
https://doi.org/10.1111/jph.12547
https://doi.org/10.3897/mycokeys.10.4852
https://doi.org/10.3897/mycokeys.10.4852
https://doi.org/10.1007/S10658-011-9747-9/TABLES/5
https://doi.org/10.1007/S10658-011-9747-9/TABLES/5


Plant Soil 

Vol.: (0123456789)

disease is caused by multiple biological agents, with some 
agents acting synergistically. Soil Biol Biochem 43:1917–
1927. https:// doi. org/ 10. 1016/j. soilb io. 2011. 05. 014

Tilston EL, Deakin G, Bennett J et al (2018) Candidate causal 
organisms for apple replant disease in the United King-
dom. Phytobiomes J 2:261–274. https:// doi. org/ 10. 1094/ 
PBIOM ES- 11- 18- 0050-R

Utkhede RS, Li TSC (1988) Determining the occurence of 
replant disease in British Columbia orchard and vineyard 
soil by pasteurization. Canadian Plant Disease Survey 
68:149–151

van Schoor L, Denman S, Cook NC (2009) Characterisation 
of apple replant disease under South African conditions 
and potential biological management strategies. Sci 
Hortic 119:153–162. https:// doi. org/ 10. 1016/J. SCIEN 
TA. 2008. 07. 032

Wang G, Yin C, Pan F et al (2018) Analysis of the fungal commu-
nity in apple replanted soil around Bohai Gulf. Hortic Plant 
J 4:175–181. https:// doi. org/ 10. 1016/j. hpj. 2018. 05. 003

Wang L, Mazzola M (2019) Field evaluation of reduced rate 
Brassicaceae seed meal amendment and rootstock geno-
type on the microbiome and control of apple replant 
disease. Phytopathology 1–50. https:// doi. org/ 10. 1094/ 
phyto- 02- 19- 0045-r

Wang P, Kong X, Chen H et  al (2021) Exploration of Intrin-
sic Microbial Community Modulators in the Rice Endo-
sphere Indicates a Key Role of Distinct Bacterial Taxa 
Across Different Cultivars. Front Microbiol 12:629852. 
https:// doi. org/ 10. 3389/ FMICB. 2021. 629852/ BIBTEX

Wei T, Simko V (2021) R package „corrplot“: visualization 
of a correlation matrix. R package version 0.94. https:// 
github. com/ taiyun/ corrp lot

Weiß S, Bartsch M, Winkelmann T (2017a) Transcriptomic 
analysis of molecular responses in Malus domes-
tica ‘M26’ roots affected by apple replant disease. 
Plant Mol Biol 94:303–318. https:// doi. org/ 10. 1007/ 
s11103- 017- 0608-6

Weiß S, Liu B, Reckwell D et  al (2017b) Impaired defense 
reactions in apple replant disease-Affected roots of Malus 
domestica “M26.” Tree Physiol 37:1672–1685. https:// 
doi. org/ 10. 1093/ treep hys/ tpx108

Wilson JB (1988) A Review of Evidence on the Control of Shoot: 
Root Ratio, in Relation to Models. Ann Bot 61:433–449. 
https:// doi. org/ 10. 1093/ OXFOR DJOUR NALS. AOB. 
A0875 75

Winkelmann T, Smalla K, Amelung W et  al (2019) Apple 
replant disease: causes and mitigation strategies. Curr 
Issues Mol Biol:89–106. https:// doi. org/ 10. 21775/ cimb. 
030. 089

Wu B, Luo H, Wang X et al (2022) Effects of environmental 
factors on soil bacterial community structure and diver-
sity in different contaminated districts of Southwest 
China mine tailings. Sci Total Environ 802:149899. 
https:// doi. org/ 10. 1016/J. SCITO TENV. 2021. 149899

Xiang L, Zhao L, Wang M et  al (2021) Physiological 
Responses of Apple Rootstock M.9 to Infection by Fusar-
ium solani. HortScience 56:1104–1111. https:// doi. org/ 
10. 21273/ HORTS CI159 45- 21

Xing Y, Bian C, Xue H et al (2023) The effect of plant com-
partment and geographical location on shaping microbi-
ome of Pulsatilla chinensis. Appl Microbiol Biotechnol 
107:5555–5567. https:// doi. org/ 10. 1007/ S00253- 023- 
12641-X/ FIGUR ES/7

Xu L, Meng Y, Liu R et al (2023) Inhibitory effects of Bacil-
lus vallismortis T27 against apple Valsa canker caused by 
Valsa mali. Pestic Biochem Physiol 195:105564. https:// 
doi. org/ 10. 1016/J. PESTBP. 2023. 105564

Yang J, Liang L, Zhang Y et al (2007) Purification and cloning 
of a novel serine protease from the nematode-trapping 
fungus Dactylellina varietas and its potential roles in 
infection against nematodes. Appl Microbiol Biotechnol 
75:557–565. https:// doi. org/ 10. 1007/ S00253- 007- 0839-
6/ FIGUR ES/6

Yim B, Smalla K, Winkelmann T (2013) Evaluation of apple 
replant problems based on different soil disinfection 
treatments-links to soil microbial community structure? 
Plant Soil 366:617–631. https:// doi. org/ 10. 1007/ S11104- 
012- 1454-6/ TABLES/4

Yim B, Winkelmann T, Ding GC, Smalla K (2015) Different 
bacterial communities in heat and gamma irradiation 
treated replant disease soils revealed by 16S rRNA gene 
analysis - Contribution to improved aboveground apple 
plant growth? Front Microbiol 6. https:// doi. org/ 10. 3389/ 
fmicb. 2015. 01224

Yu C, Wang H, Blaustein RA et al (2022) Pangenomic and func-
tional investigations for dormancy and biodegradation fea-
tures of an organic pollutant-degrading bacterium Rhodoc-
occus biphenylivorans TG9. Sci Total Environ 809:151141. 
https:// doi. org/ 10. 1016/j. scito tenv. 2021. 151141

Zhang X, Kong W, Wu X, Ye J (2022) Bacillus velezensis 
JK-XZ8 prevents and controls crown gall disease on Pru-
nus subhirtella by colonizing and inducing resistance. J 
For Res (Harbin) 33:1019–1031. https:// doi. org/ 10. 1007/ 
S11676- 021- 01393-X/ FIGUR ES/6

Zhang Q, Gao M, Sun X et al (2023) Nationwide distribution 
of polycyclic aromatic hydrocarbons in soil of China and 
the association with bacterial community. J Environ Sci 
128:1–11. https:// doi. org/ 10. 1016/J. JES. 2022. 07. 026

Zhao JK, Li XM, Ai GM et al (2016) Reconstruction of meta-
bolic networks in a fluoranthene-degrading enrichments 
from polycyclic aromatic hydrocarbon polluted soil. 
J Hazard Mater 318:90–98. https:// doi. org/ 10. 1016/J. 
JHAZM AT. 2016. 06. 055

Zhou L, Li H, Zhang Y et  al (2016) Sphingomonas from 
petroleum-contaminated soils in Shenfu, China and their 
PAHs degradation abilities. Braz J Microbiol 47:271–
278. https:// doi. org/ 10. 1016/J. BJM. 2016. 01. 001

Publisher’s Note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1016/j.soilbio.2011.05.014
https://doi.org/10.1094/PBIOMES-11-18-0050-R
https://doi.org/10.1094/PBIOMES-11-18-0050-R
https://doi.org/10.1016/J.SCIENTA.2008.07.032
https://doi.org/10.1016/J.SCIENTA.2008.07.032
https://doi.org/10.1016/j.hpj.2018.05.003
https://doi.org/10.1094/phyto-02-19-0045-r
https://doi.org/10.1094/phyto-02-19-0045-r
https://doi.org/10.3389/FMICB.2021.629852/BIBTEX
https://github.com/taiyun/corrplot
https://github.com/taiyun/corrplot
https://doi.org/10.1007/s11103-017-0608-6
https://doi.org/10.1007/s11103-017-0608-6
https://doi.org/10.1093/treephys/tpx108
https://doi.org/10.1093/treephys/tpx108
https://doi.org/10.1093/OXFORDJOURNALS.AOB.A087575
https://doi.org/10.1093/OXFORDJOURNALS.AOB.A087575
https://doi.org/10.21775/cimb.030.089
https://doi.org/10.21775/cimb.030.089
https://doi.org/10.1016/J.SCITOTENV.2021.149899
https://doi.org/10.21273/HORTSCI15945-21
https://doi.org/10.21273/HORTSCI15945-21
https://doi.org/10.1007/S00253-023-12641-X/FIGURES/7
https://doi.org/10.1007/S00253-023-12641-X/FIGURES/7
https://doi.org/10.1016/J.PESTBP.2023.105564
https://doi.org/10.1016/J.PESTBP.2023.105564
https://doi.org/10.1007/S00253-007-0839-6/FIGURES/6
https://doi.org/10.1007/S00253-007-0839-6/FIGURES/6
https://doi.org/10.1007/S11104-012-1454-6/TABLES/4
https://doi.org/10.1007/S11104-012-1454-6/TABLES/4
https://doi.org/10.3389/fmicb.2015.01224
https://doi.org/10.3389/fmicb.2015.01224
https://doi.org/10.1016/j.scitotenv.2021.151141
https://doi.org/10.1007/S11676-021-01393-X/FIGURES/6
https://doi.org/10.1007/S11676-021-01393-X/FIGURES/6
https://doi.org/10.1016/J.JES.2022.07.026
https://doi.org/10.1016/J.JHAZMAT.2016.06.055
https://doi.org/10.1016/J.JHAZMAT.2016.06.055
https://doi.org/10.1016/J.BJM.2016.01.001

	Linking soil characteristics, rhizosphere microbiome composition, and plant defence reaction to apple replant disease severity
	Abstract 
	Introduction 
	Aims 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials & methods
	Soil sites
	Analyses of chemical soil properties
	Greenhouse biotest
	Plant growth measurements and samplings
	RNA extraction and RT-qPCR for expression analysis of ARD indicator genes in roots
	Phytoalexin (PA) extraction and quantification by gas chromatography-mass spectrometry (GC–MS)
	DNA extraction and amplicon sequencing for microbial analyses of rhizosphere samples
	Statistical analyses

	Results
	Expression of ARD indicator genes
	Phytoalexin contents
	Rhizosphere microbiomes
	Correlation analysis

	Discussion
	Soil abiotic factors play an ancillary role
	Higher expression of BIS3 is reflected in higher phytoalexin contents
	Low abundance of possible pathogenic members of the ARD complex
	Correlation of microorganisms and phytoalexin production

	Conclusions
	Acknowledgements 
	References


