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Abstract

Background and aims High-throughput 454 pyrose-
quencing was applied to investigate differences in bac-
terial and fungal communities between replant and
closely situated control non-replant (fallow) soils.
Methods The V1-V3 region of the bacterial 16S rRNA
gene and the ITS1 region of fungi from the different
soils were sequenced using 454 pyrosequencing (Tita-
nium chemistry), and data were analysed using the
MOTHUR pipeline.

Results The bacterial phyla Proteobacteria,
Actinobacteria and Acidobacteria dominated in both
fallow and replant apple orchard soils, and community
composition at both phylum and genus level did not
significantly differ according to NP-MANOVA. The
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fungal phyla Ascomycota, Zygomycota and Basidiomy-
cota were dominant, and communities also did not differ
in composition at either phylum or genus level. High
positive Pearson correlations with plant growth in a
plant growth assay performed with apple rootstocks
plantlets were detected for the bacterial genera Gpl6
and Solirubrobacter (r: >0.82) and fungal genera
Scutellinia, Penicillium, Lecythophora and
Paecilomyces (r: >0.65). Strong negative correlations
with plant growth were detected for the bacterial genera
Chitinophaga and Hyphomicrobium (r: <—0.78) and the
fungal genera Acremonium, Fusarium and
Cylindrocarpon (r: <=0.81).

Conclusions Study findings are in part consistent with
those of previous research, but also highlight associa-
tions between apple plants and certain microbial genera.
The functional role of these genera in affecting soil
health and fertility should be further investigated.

Keywords Apple replant disease (ARD) - High-
throughput pyrosequencing - 16S rRNA gene - ITS

Introduction

Apple replant disease (ARD) is common in all major
apple growing areas in the world. Most disease symp-
toms are evident shortly (1-3 months) after the
replanting of apple trees on a site where apple trees were
growing previously (Mazzola and Manici 2012), al-
though the disease can affect apple yield and quality
during the whole orchard life. The etiology of ARD is
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still not well understood, despite innumerous studies
that have been conducted on the topic over the past
few decades. In fact, problems in re-establishing old
orchard sites have been documented for more than
200 years (Mai and Abawi 1981). The disease has been
attributed to various abiotic factors, including pH highs
and lows, phytotoxins, poor soil nutrition/structure,
heavy metal contamination and cold or drought stress,
however, the majority of evidence indicates that the
disease is primarily a result of biotic factors (Mazzola
1998). Studies using soil fumigation (Browne et al.
2006; Mai and Abawi 1981; Spath et al. 2015; Yim
et al. 2013), soil pasteurisation and soil sterilisation
(Jaffee 1982; Manici et al. 2013; Yim et al. 2013)
showed significantly increased growth of apple trees in
fumigated and pasteurised soils when compared to un-
treated soils. Most likely, abiotic factors influence the
symptoms of ARD, but are not the main cause of the
disease.

Soil-borne microorganisms are considered to be an
important component of soil function, being involved
in the release of soil mineral nutrients, plant disease
resistance, and plant diseases (Zhang et al. 2013).
Fungi of the genera Cylindrocarpon and Rhizoctonia,
as well as the oomycetes Phytophthora and Pythium
are considered to be essential in the etiology of ARD,
and these pathogens have been found frequently at
different replant disease sites (Kelderer et al. 2012;
Tewoldemedhin et al. 2011). Several Fusarium spe-
cies have also been reported to be associated with
ARD, although the role of the genus as a pathogen is
controversial (Tewoldemedhin et al. 2011). The se-
verity of ARD is also considered to be related to the
presence of nematodes, such as Pratylenchus
penetrans (Mazzola 1998).

The role of bacteria in ARD has been considerably
less investigated than the role of fungi. Nonetheless,
bacteria belonging to the Actinomycetes, as well as to
the genera Bacillus and Pseudomonas have been impli-
cated in ARD (Mazzola et al. 2002; Mazzola and Manici
2012; Utkhede et al. 1992). Certain species of Strepto-
myces, members of the Actinobacteria, have been re-
ported to alleviate Rhizoctonia root infections in apple
(Zhao et al. 2009). Similarly, different Pseudomonas
species have been shown to be important in both causing
and suppressing ARD (Mazzola et al. 2002). According
to numerous authors however, the role of bacteria in
ARD is debatable (Dullahide et al. 1994; Mazzola 1998,
Tewoldemedhin et al. 2011).
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The plant microbiome can be considered an exten-
sion of the host genome, as almost all tissues in plants
host diverse microbial communities (Turner et al. 2013).
As such, the plant microbiome serves as a key determi-
nant of plant health and productivity, and manipulation
of the microbiome has the potential to reduce the inci-
dence of plant disease, thus resulting in higher yields.
Recent studies have highlighted the ability of plant-
associated microbiomes to influence plant traits includ-
ing disease resistance, growth and abiotic stress toler-
ance (Mendes et al. 2011; Panke-Buisse et al. 2015).
Despite its complexity and dynamism, the plant
microbiome should be considered increasingly more in
the future, when interpreting experimental data (Turner
et al. 2013).

The recent development of ‘next-generation sequenc-
ing methods’ such as 454 pyrosequencing, has allowed
the microbial communities in different environments to
be efficiently sequenced and identified. Pyrosequencing
techniques are capable of providing a more comprehen-
sive picture of all microbes present in a sample, includ-
ing low-abundance species (La Duc et al. 2012). The
technique has been used in numerous studies to investi-
gate bacterial communities in soils (Uhlik et al. 2013;
Xiong et al. 2014; Yang et al. 2012; Zhang et al. 2013),
and recently, a study focusing on bacterial communities
using high-throughput sequencing to investigating ARD
soils in China was published (Sun et al. 2014a). How-
ever, to our knowledge, no studies exist in which both
the bacterial and fungal communities of soils affected by
ARD have been investigated by high-throughput
sequencing.

The aim of this study was to elucidate both bacterial
and fungal populations in the rhizosphere most highly
correlated with plant growth reduction, the main indica-
tor of the multifactorial phenomena of ARD (Mazzola
and Manici 2012; Scotto La Massese et al. 1988). Find-
ings of a previous transnational survey on nine multi-
generation apple orchards selected from specialised ap-
ple growing areas in Central Europe (Italy, Germany and
Austria) showed significantly higher plant growth
in soils from driving lanes or fallow plots close to the
orchard (fallow) than in replanted rows (replant) in a
plant growth assay (Manici et al. 2013). The highest
growth in almost all orchards was observed in soils after
disinfection by irradiation. A subset of soils from that
study encompassing three sets of soils with a trend of
higher plant growth in the fallow soils than in the replant
soils was selected for the present study (significantly
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higher growth in soils from Germany and Austria, but
not in soil from Italy). A deep-sequencing approach was
employed targeting the V1-V3 region of the bacterial
16S rRNA gene and the ITS1 region of the fungi
contained in fallow and replant rhizospheric soil sam-
ples from each of three orchards after a plant growth
bioassay performed in a previous survey. The hypothe-
sis was, that given the primary role of biotic components
on ARD (highlighted in the previous survey by the
comparison of plant growth in original soil samples with
sterilised soils), the differences in plant growth between
replant and fallow soils could be attributed to differences
in the microbial communities in the soils.

Material and methods
Sample selection

The study was performed on rhizosphere soil samples
collected at the end of a bioassay test which was per-
formed in a previous study for evaluating soil health in
nine orchards of Central Europe (Manici et al. 2013).
The rhizospheric soil samples for the current study were
taken from the bioassay, in which rooted cuttings of
clonal M9 rootstocks were grown in plastic pots for
85 days on soil samples taken from replant and fallow
sites from three of the nine multi-generation apple or-
chards under investigation (Nachtweih- Rhineland Pa-
latinate, Germany; 50.625204 N 6.96336 E; Haidegg -
Styria, Austria, 47.578064 N 13.45415 E; and Egma/
Neustift- South Tyrol, Italy, 46.311590 N,
11.272514 E). The three sampling sites were chosen
based on their similar plant growth responses, whereby,
higher plant growth was observed in fallow soils com-
pared with the paired replant soils. Rhizosphere soil
samples were obtained from soil adhering to plantlet
roots after the plastic pot was removed from the clod
of'soil and plants were gently shaken. Then, rhizosphere
soils from each replicate were gently taken by hand and
mixed to obtain a total of three samples representative of
each fallow or replant soil from the three orchards.

DNA extraction

DNA extraction was conducted from 0.25 g amounts of
—20 °C stored soils, using the NucleoSpin®Soil extrac-
tion kit for DNA, RNA and protein purification
(Macherey-Nagel, Diiren, Germany) according to the

instructions provided by the manufacturer. The SL1
buffer provided was used during the extraction process.

Analyses of bacterial and fungal rRNA-ITS regions
by fingerprinting (ARISA)

Bacterial community structure was determined by
amplification of the 16S-23S rRNA gene ITS region
from extracted DNA using the bacteria-specific Joe-
labelled forward primer bRISAfor (5'-TGCGGCTG
GATCCCCTCCTT-3") and bRISArev reverse primer
(5'-CCGGGTTTCCCCATTCGG-3") (Hartmann
et al. 2005; Kovacs et al. 2010). Fungal communities
were characterized by amplification of ITS genes
using the fungal-specific Joe-labelled forward primer
F-ITS1 (5-CTTGGTCATTTAGAGGAAGTAA-3")
and F-ITS2 reverse primer (5-TCCTCCGCTTAT
TGATATGC-3’) according to the conditions de-
scribed elsewhere (Ranjard et al. 2000). Amplifica-
tion was performed in volumes of 25 pL under pre-
viously described conditions (Chemidlin Prévost-
Bouré et al. 2014; Hartmann et al. 2005). Thermal
cycling comprised 30 cycles of denaturation at 94 °C
for 1 min, annealing at 53 °C for 1 min and extension
at 72 °C for 1 min, followed by a final extension at
72 °C for 10 min. PCR products (3 pl) were mixed
with 0.5 pL internal-lane DNA standard (Genescan
500 ROX, Applied Biosystems Inc.) and 10 uL de-
ionized formamide, before denaturation for 2 min at
95 °C and being placed on ice. Separation, detection
and basic GeneScan analysis of fluorescently labelled
16S rRNA gene and ITS products were performed on
an automated ABI PRISM 3100 DNA sequence ana-
lyzer (Applied Biosystems Inc., Foster City, CA). For
each treatment, three replicates were analyzed. In
addition, a mixture of DNA was prepared from 3 ul
aliquots of each DNA extract from replicate soils to
identify the potential mismatch between representa-
tive DNA mixtures used in subsequent deep
sequencing.

Resulting fingerprints were analyzed in R according
to procedures described recently (Abdo et al. 2006;
Schutte et al. 2008). Fragments were expressed as a
relative proportion of the total signal in each fingerprint.
The significance of groupings by soil type and treatment
was tested using NP-MANOVA (P<0.05), whereas dis-
tances between pairs of replant-fallow soils for bacterial
and fungal datasets were tested with ANOSIM in the
PAST program software (Hammer et al. 2001).
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PCR amplification and 454 pyrosequencing

PCR amplification, and high-throughput sequencing
was performed at GATC Biotech (Konstanz, Germany).
Because of the high degree of similarity among replicate
soil samples observed using ARISA analysis, total com-
munity DNA for 454 pyrosequencing was extracted
from pooled triplicate soil samples. The V1-V3 region
of the 16S rRNA gene of bacteria was amplified using
the primers 27F (5'-AGAGTTTGATCCTGGCTCAG-
3" and 534R (5-ATTACCGCGGCTGCTGG-3"), gen-
erating a 507 bp product (Methe et al. 2012). The ITS1
region of fungi was amplified using the primers ITS1F
(5-CTTGGTCATTTAGAGGAAGTAA-3") and ITS2
(5'-GCTGCGTTCTTCATCGATGC-3"), generating a
product varying from 300 to 500 bp in length (Buee
etal. 2009). Each of the primers was synthesised togeth-
er with a sequencing adaptor (A adapter 5'- CCATCT
CATCCCTGCGTGTCTCCGACTCAG-3', B adapter
5'- CCTATCCCCTGTGTGCCTTGGCAGTCTCAG-
3") and the forward primer was in addition modified
with a MID tag, so that multiple samples could be
pooled together and sequenced on the same half plate.
For the V1-V3 sequencing, the FLX A adapter was
fused with the 534R primer, and the FLX B adapter
was fused with the 27F primer. For ITS sequencing, the
FLX A adapter was fused with the ITS1F primer, and
the FLX B adapter was fused with the ITS2 primer.
Amplicons were uni-directionally sequenced from the
FLX A adapter site with a 454 Life Sciences Genome
Sequencer GS FLX instrument (454 Life Sciences,
Brandford, CT, USA) using Titanium chemistry.
Bacterial 16S rRNA gene and fungal ITS sequences
were analysed using the MOTHUR v.1.33.3 software
pipeline (64 bit executionable) according to Standard
Operating Procedures for 454 (Schloss et al. 2009).
Quality data files were initially denoised in order to
remove sequences that contained sequencing errors.
Sequences were removed that had > 2 differences with
the primer region, > 1 difference with the barcode, had a
length of < 200 bp (bacteria) or 150 bp (fungi), or had
homopolymers > 8 nt in length. Unique bacterial se-
quences were aligned against the SILVA rRNA gene
database (Quast et al. 2013) and trimmed such that only
overlapping sequence was considered. Fungal se-
quences were pairwise compared to the recently
established unified fungal UNITE ITS database (Koljalg
et al. 2013). Chimeras were removed using the
chimera.uchime command. Pre-clustering was
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conducted at 2 %, and rarefaction curves were generated
using a 97 % identity cut-off. Operational taxonomic
units (OTUs) were binned at 97 % identity. The number
of sequences included in analyses for fungal and bacte-
rial datasets (29,748 and 11,678, respectively) was
based on the lowest number of sequences found in all
samples. Three diversity estimates (InvSimpson diver-
sity, Shannon diversity and Chao richness estimate) and
Good’s coverage were calculated for bacteria and fungi,
using MOTHUR.

Data analysis

Plant growth assay data obtained in a previous study
(Manici et al. 2013) from three replicates per soil sample
(three orchards, two positions within the orchard) were
re-subjected to a two-way ANOVA for position within
the orchard (replant and fallow) and orchard location
(Germany, Austria and Italy) using Statgraphics centu-
rion software (2005 STATPOINT Inc. Virginia, USA).
Multivariate analyses and comparison of diversity were
performed using the PAST program software for data
analysis in paleoecology (Hammer et al. 2001).

Data matrices of rhizospheric bacterial and fungal
phylum and genus abundance were In (x+1) trans-
formed and subjected to one-way NP-MANOVA for
position within orchards (fallow and replant). Principal
component analysis (PCA) was inferred from physical
and chemical parameters of fallow and replant soils of
the three orchards selected for this study. To estimate
diversity, data were In (x+1) transformed, pooled and
compared with the Shannon diversity T test and diver-
sity profiling using PAST Software ver. 3.0 was con-
ducted (Hammer et al. 2001).

As plant growth is the main indicator of soil health
and soil suppressiveness (Nielsen and Winding 2002),
Pearson’s correlation was calculated (using Microsoft
Excel) between the abundance of fungal and bacterial
genera and plant growth obtained in the same soil sam-
ples (number of paired counts: 6). Genera present in all
samples, with an abundance of > 10 in at least one
sample, and with correlations r < —0.4 or r > 0.4 were
included in results tables.

Accession numbers
The sequences obtained in this study have been submit-

ted to the NCBI Sequence Read Archive (SRA) under
the Bioproject SUB801699.
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Results

Soil physical-chemical parameters and plant growth
data analysis

Sandy clay soils from Nachtweih (Austria), loam sandy
soils from Egma (Italy) and clay loam soils from
Nachtweih (Germany) were included in the study. Soil
parameters were found to differ at the three orchards and
no significant correlations could be made between fal-
low and replant soils with the various physical-chemical
parameters and soil biological variables (Manici et al.
2013). PCA of the soils is shown in Fig. ESM1. Fallow
and replant soils differed significantly (P<0.001) in
terms of plant growth (Table 1). In contrast, orchard
location did not lead to significantly different plant
growth. There was no significant interaction between
the two analyzed variables. Based on these findings,
studies focused on differences between microbial com-
munities in fallow and replant soils.

ITS fingerprinting

NM-MDS Bray-Curtis similarity index 3D ordinations
were most successful in representing sample data with
lowest stress values (stresspacieria=0.15; StresSgungi=
0.14). Analysis of bacterial and fungal fingerprints in
the span of 50 to 650 bp showed that samples grouped
according to soil sample origin (Egma, Haidegg or
Nachtweih) and treatment (fallow or replant) in an
NM-MDS analysis (Fig. 1). The replicates of each soil
type were found to group together. NP-MANOVA
showed that all six groups for bacteria and fungi differed

Table 1 Two-way ANOVA and mean separation test of plant
growth (expressed as shoot length) obtained in a bioassay with
apple rootstock plantlets

Two-way ANOVA P- value
A. Position within orchards (F- R) <0.001
B. Orchard location (3) ns
Interaction A x B ns

Mean separation test Mean shoot length (cm)
220.5a

131.7b

Fallow

Replant

Mean shoot length used as indicator of plant health; Numbers with
different letters indicate significantly different shoot length accord-
ing to LSD test (P<0.05); ns- not significant

significantly (P<0.001; total sum of squares=7.961 and
7.518; within group sum of squares=1.656 and 1.549,
respectively).

Closer examination of distribution of groups and
calculation of distance between pairs of replant-fallow
soils for bacterial and fungal datasets, respectively, also
showed that the NM-MDS Bray-Curtis similarities be-
tween Egma replant-fallow soils were significantly
higher (P<0.001; 0.18+0.10 and 0.24+0.05, respec-
tively) than for the Haidegg replant-fallow soils (0.06
+0.03 and 0.13+0.08, respectively) and Nachtweih
replant-fallow soils (0.02+0.04 and 0.11+0.08, respec-
tively), as calculated by ANOSIM. Replant soils were
also found to cluster together.

Pyrosequencing-derived bacterial diversity

A total of 256,749 sequence reads for bacteria were
obtained from the 1/8th region of the Picotitre plate
using a GX FLX sequencer. After denoising and quality
control processing, 85,812 bacterial sequences were
included in analyses. OTU assignment conducted at
the 97 % sequence similarity level resulted in 28,337
OTUs. The total number of reads and OTUs did not
differ greatly between the different soil treatments
(Table 2). After quality processing, the lowest number
of sequences found in a sample was 11,678, and to
compare all soil samples without bias, downstream
analyses were conducted on the first 11,678 sequences
in all soils. Average read length was 213 bp. In total, 437
bacterial genera were detected in all soils.

High parametric and non-parametric diversity indices
were recorded for all soils in the study (Table 2). Shannon,
Invsimpson (both parametric) and Chao (non-parametric
estimator) diversity indices showed that the Egma fallow
soil had the highest community diversity. The higher
variability seen among the Egma fallow replicates in
ITS fingerprinting likely contributed to this higher diver-
sity. Coverage values between 0.63 and 0.68 were obtain-
ed for all soils, indicating between 63 and 68 % species
detection rates. Results of rarefaction analysis indicate that
sequence coverage was not complete in any of the 6
libraries generated, and that deeper sequencing would
likely identify additional OTUs (Fig. 2a).

All of the sequences obtained from the six soils were
classified to 25 different bacterial phyla, using the
MOTHUR pipeline analysis, although of the 85,812
sequences, 13,361 sequences were not able to be clas-
sified. The communities in all soils were dominated by
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Proteobacteria, Actinobacteria and Acidobacteria,
which comprised between 69 and 74 % of all sequences.
There were only minor differences between the bacterial
communities of the soils at the phylum level (Fig. 3a),
and fallow and replant soils were not found to differ
significantly according to NP-MANOVA analyses.
The remaining phyla represented were present at an
abundance of <4 % of all sequences in soils. Principal
components analysis (PCA) of phylum level diversity
indicated a separate clustering of fallow and replant soils
(Fig. 4a). The replant soils all clustered within the X+ Y-
quadrant, while the fallow soils grouped in the X- Y+
quadrant. The first two axes explained 95 % of the
variance.
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NM-MDS Axis 1

The three dominant phyla were further investi-
gated at the order level (Fig. ESM2), and no
significant differences were observed between fal-
low and replant soils. According to PCA, unclas-
sified orders and the order Actinomycetales con-
tributed the most to the differentiation of replant
and fallow soils within the phylum Actinobacteria
(data not shown). For the phylum Proteobacteria,
unclassified orders and the order Pseudomonadales
had the highest contribution on differentiation
(data not shown), while for the Acidobacteria,
the orders Gp6 and Gp4 contributed the most to
the differentiation of replant and fallow soils (data
not shown).
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Table 2 Number of sequences analysed, observed diversity richness (OTUs) and diversity/ richness indexes of the 16S rRNA bacterial and

ITS fungal libraries obtained for clustering at 97 % identity

Soil Reads OTU Shannon Invsimpson Chao (x10%) Coverage

Bacteria
HR 14,398 6514 7.63 (7.59, 7.66) 369 (339, 405) 201 (186, 218) 0.657
HF 12,314 5442 7.37(7.33, 7.40) 226 (209, 247) 187 (173, 203) 0.679
ER 11,678 5266 7.48 (7.44,7.52) 220 (201, 243) 193 (178, 210) 0.676
EF 16,280 7478 7.79 (7.76, 7.82) 646 (601, 699) 222 (205, 240) 0.635
NR 16,804 7773 7.78 (7.74,7.81) 410 (369, 460) 213 (198, 230) 0.633
NF 14,338 6716 7.68 (7.64,7.71) 428 (397, 464) 207 (192, 223) 0.643

Fungi
HR 34,442 383 3.48 (3.46,3.51) 14.1 (13.8, 14.4) 4.01 (3.84,4.32) 0.997
HF 41,412 484 3.33(3.31,3.36) 10.0 (9.79, 10.2) 5.07 (4.81, 5.50) 0.996
ER 29,748 440 4.19 (4.17,4.21) 34.7 (34.1,35.4) 4.48 (4.40, 4.65) 0.999
EF 33,913 506 3.80(3.77, 3.82) 16.7 (16.3 17.2) 5.29 (5.10, 5.61) 0.996
NR 42,987 518 419 (4.17,4.21) 30.9 (30.3, 31.6) 5.38 (5.13,5.78) 0.996
NF 31,203 366 3.44 (3.42, 3.46) 12.6 (12.3,12.9) 3.93 (3.74, 4.26) 0.997

The numbers in brackets are the bounds on the lower and upper 95 % confidence intervals for that average. Abbreviations: EF Egma fallow,
ER Egma replant, HF Haidegg fallow, HR Haidegg replant, NF' Nachtweih fallow and NR Nachtweih replant. Diversity and richness
estimates were based on the reduced sized sequenced libraries (11,678 and 29,748 sequences for bacteria and fungi, respectively)

According to the bacterial genus composition, the
diversity in the replant (375 genera) and fallow (357
genera) soils differed significantly (Shannon T test,
P<0.001). There was higher genus diversity in replant
soils than in fallow soils (Shannon H: 5.55 and 5.47,
respectively). The diversity profile (not shown) showed
that the two communities differed both in richness and
in evenness. The finding that orchard location did not
exert a significant influence on plant growth initiated an
investigation of correlation determination between the
abundance of genera and plant growth in the three
fallow soils and in the three replant soils (Table 3). High
correlations between plant growth and the genera Gp16
and Solirubrobacter (r: 0.87 and 0.82, respectively)
were detected, indicating these genera to positively in-
fluence plant growth. The most negative correlations
between plant growth and genus abundance were re-
corded for Chitinophaga (r: —0.82), Hypomicrobium (t:
—0.78), Nitrospira (r: —0.77), Devosia (r: —0.72) and
Sphingomonas (r: —0.71).

Pyrosequencing-derived fungal diversity
A total of 239,409 sequence reads for fungi were ob-

tained from the 1/8th region of the Picotitre plate using a
454 genome sequencer. After quality control processing

and denoising, 202,041 fungal sequences were included
in analyses. Table 2 shows the number of OTUs (97 %
sequence similarity level) in each soil. Downstream
analyses were conducted on 29,748 sequences in each
soil, which was the smallest number of sequences in any
of the six soils. Average read length was the same as for
bacteria, but for fungal ITS datasets, sequences > 150 bp
in length were also included in the analysis. In total, 331
fungal genera were detected in all soils. Figure 2b shows
the fungal rarefaction curves in each of the six soils. In
contrast to the results of the bacterial sequencing, results
indicate that sequence coverage was closer to comple-
tion in all libraries generated.

At all three sites investigated, > 99 % of sequences
from both fallow and replant soils were comprised of
fungi belonging to the phyla Ascomycota, Zygomycota
and Basidiomycota (Fig. 3b). In total, fungi from seven
phyla were detected, and there were no significant dif-
ferences between fallow and replant soils at the phylum
level. In all soils with the exception of the Haidegg and
Nachtweih fallow soils, Ascomycota were present in the
highest numbers. A higher proportion of Zygomycota
were however detected in both the Haidegg and
Nachtweih fallow soils, compared with the replant soils
collected at the same sites. No differences were ob-
served between the Egma fallow and replant soils. The
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Fig. 2 Bacterial (a) and fungal (b) rarefaction curves for normalized number of reads at a 97 % clustering threshold. Abbreviations: EF
Egma fallow, ER Egma replant, HF Haidegg fallow, HR Haidegg replant, NF' Nachtweih fallow and NR Nachtweih replant

PCA of fungal communities in soil samples at the phy-
lum level indicated less distinct clustering of the replant
and fallow soils (Fig. 4b), with the Egma fallow and
replant soils grouping closely together. Almost all the
variance was explained by the two axes (98.3 %).

A comparison of fungal communities in fallow and
replant soils at the family level (abundance >5 %) was
conducted (Fig. ESM3), and analysis indicated no sig-
nificant differences in the soils. The families
Mortierellaceae and Nectriaceae were found to exert
the most impact in PCA (data not shown).

Fungal diversity of fallow and replant soils (266 and
262 genera, respectively) did not differ according to the
Shannon 7 test. This finding was supported by the
graphic diversity profile (not shown).
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Fungal community composition of apple orchard
fallow and replant soils did not significantly differ at
the genus level. Higher numbers of the pathogenic
genera Acremonium, Cylindrocarpon and Fusarium
were detected in replant soils, and plant growth was
highly and negatively correlated with these genera
(r: —0.84, —0.83, —0.81; Table 4). Negative correla-
tions with plant growth were, in addition, recorded for
Lophiostoma (r: —0.75), Exophiala (r: —0.71) and
Schizothecium (r: —0.64). Fungal genera detected at
relative high abundance and negatively correlated
with plant growth included Cryptococcus (RA:
3.94 %, r: —0.58), Humicola (RA: 3.15 %, r: —0.46),
Gibberella (RA: 2.13 %, r: —0.43 %) and
Gibellulopsis (RA: 1.7 %, 1: —0.33). Low numbers
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Fig. 3 Comparison of bacterial (a) and fungal (b) communities in fallow and replant soils at the phylum level. Abbreviations: EF Egma
fallow, £ER Egma replant, HF Haidegg fallow, HR Haidegg replant, NF Nachtweih fallow and NR Nachtweih replant

of the genera Armillaria (r: —0.28) were detected in
all soils in this study (RA: <0.01 %).

High positive correlations of plant growth with the
genera Scutellinia (r: 0.72), Penicillium (r: 0.68),
Lecythophora (1: 0.67) and Paecilomyces (r: 0.65) were
recorded. The most abundant fungal genus detected in
all soils was Mortierella, and higher numbers of this
genus were found in all fallow soils than their respective
paired replant soil (r: 0.63).

Discussion
Fallow and replant soils from 3 apple orchards

Physical-chemical data from fallow and replant soils at
the three orchards investigated showed that soils clus-
tered together depending on site, rather than soil posi-
tion within the orchard (Fig. ESM1). Also, Egma fallow
and replant soils grouped more closely together than the
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Table 3 Correlation coefficients
(r) between the abundance of Genus

Correlation with plant Relative abundance

bacterial genera and plant growth growth (r) (RA)
in apple rootstocks
Gpl6 0.87 1.57
Solirubrobacter 0.82 0.31
Spartobacteria genera incertae sedis 0.56 0.65
Thermoleophilum 0.52 0.16
Gpll 0.48 0.14
Pedomicrobium 0.40 0.17
Armatimonadetes gp4 -0.40 0.23
Azospirillum —-0.40 0.12
Novosphingobium -0.42 0.17
Sphingobium -043 0.12
Armatimonadetes gp5 —0.43 0.12
Filomicrobium —0.46 0.11
Phenylobacterium -0.48 0.38
Dongia —-0.49 0.16
Ohtaekwangia —-0.50 0.26
Gemmatimonas —-0.54 1.10
ODI1 genus incertae sedis —0.54 0.18
Opitutus —0.55 0.11
Flavisolibacter —-0.57 0.05
Rhizobium —0.61 0.16
Lysobacter -0.67 0.77
Planctomyces —-0.70 0.14
Sphingomonas -0.71 1.38
Genera only included in Devosia 072 0.10
table when present in all Nitrosospira —0.77 0.12
soils, abundance >10 in at least Hyphomicrobium -0.78 0.18
one soil, and when correlation (r) Chitinophaga ~0.82 0.04

with plant growth > 0.4 or <—0.4

fallow and replant soils from Haidegg and Nachtweih.
These results were consistent with the findings of the
plant growth tests, where the difference in shoot length
between fallow and replant soils was not significant in
the Egma soils, but was in the Haidegg and Nachtweih
soils (Manici et al. 2013).

ARISA analysis of ITS regions showed all six soils to
differ significantly for both bacterial and fungal com-
munities, supporting the findings of the PCA of
physical-chemical data. The Egma soils were more sim-
ilar to each other than the Haidegg and Nachtweih soils,
again providing supporting evidence for the findings of
physical-chemical data and plant growth tests (Manici
et al. 2013) and indicating that the more similar micro-
bial communities in the Egma fallow and replant soils
attributed to the reduced effect of decline between the

two soils. The DNA replicates from most soil types
grouped closely together (Fig. 1), although there was
some heterogeneity within the Egma and Haidegg fal-
low soil samples in the bacterial analysis and in the
Haidegg replant soil in the fungal analysis, resulting in
the replicates grouping less tightly. As the fourth ITS
sample representing a pooled DNA extract was correctly
placed in close proximity of the three ITS soil replicates
for all soils, the pooled DNA extracts were used for
pyrosequencing targeting the 16S rRNA and ITS genes.

Bacterial analyses
The calculated sequence coverage values for bacteria

(63—68 %) were lower than those found by others (Sun
et al. 2014b; Uhlik et al. 2013; Zhang et al. 2013). The
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Table 4 Correlation coefficients

(r) between the abundance of Genus

Correlation with plant growth (r)  Relative abundance (RA)

fungal genera and plant growth in

apple rootstocks Scutellinia

Penicillium
Lecythophora
Paecilomyces
Parascedosporium
Mortierella
Pyrenochaetopsis
Polyscytalum
Tetracladium
Podospora

Trichosporon

Unclassified Amphisphaeriaceae

Chaetomium
Gibberella
Nectria
Humicola
Cladosporium
Hirsutella
Haematonectria
Lasiosphaeria
Cryptococcus
Unclassified Microascaceae
Schizothecium
Exophiala

. . Lophiostoma
Genera only included in table
when present in all soils, abun-
dance >10 in at least one soil,
and when correlation (r) with
plant growth > 0.4 or <—0.4

Fusarium
Cylindrocarpon

Acremonium

0.72 0.11
0.68 0.67
0.67 0.27
0.65 0.24
0.63 0.10
0.63 34.4
0.62 0.07
0.59 0.19
0.57 12.12
0.46 0.15
0.44 0.49
0.41 1.45
—0.41 0.63
—0.43 2.13
—0.43 1.55
—0.46 3.15
—0.47 0.43
—0.49 0.18
—0.51 0.25
—0.57 1.12
—0.58 3.94
—0.59 0.27
—0.64 0.89
—0.71 0.98
—0.75 0.06
—0.81 2.79
—0.83 1.41
—0.84 0.67

lower coverage values are reiterated in the rarefaction
curves, which indicate that deeper sequencing would
most likely have identified greater diversity. Nonethe-
less, the high Shannon indexes obtained for all soils
indicate that significant diversity was captured using
this approach.

Fallow and replant soils were not found to differ
significantly from each other at the phylum and genus
levels, indicating that the microbial composition did not
largely vary between the replanted rows and row strips
in apple orchards. These findings are consistent with
those observed for root endophytic fungal communities
in fallow and replant soils whereby most species were
detected in both soil types, although differences in spe-
cies abundance existed (Manici et al. 2013). The most
frequently occurring phyla detected in this study were
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Acidobacteria, Actinobacteria and Proteobacteria,
supporting the findings of others (St. Laurent et al.
2008; Sun et al. 2014b). Correlations of bacterial genus
abundance in soils with plant growth were conducted in
order to identify the bacterial genera positively and
negatively associated to plant growth, the main indicator
of soil health and of replant disease (Mazzola and
Manici 2012). Negative correlations between the abun-
dance of the dominant genera Pseudomonas,
Sphingomonas and Lysobacter and plant growth were
found (Table 3) although the correlation for Pseudomo-
nas was weak (r: —0.03, not shown). In a separate study
investigating replant disease, it was reported that
Lysobacter and Pseudomonas both increased in abun-
dance at the replant site (Sun et al. 2014a). These authors
speculated that the abundance of Lysobacter in
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replanted soils was linked with its ability to prolifically
produce novel antibiotics in response to high levels of
pathogenic fungi in the soils. Pseudomonas species
have been reported to both cause and suppress ARD in
the northwest USA (Mazzola et al. 2002). The poor
correlation obtained in this study indicates that most
likely, Pseudomonas did not play a significant role in
the decreased soil fertility of replant soils investigated.
Despite a null correlation with plant growth in this study,
Sphingomonas has been largely reported in the literature
as a plant growth promoter (Maheshwari 2011) and
active in the biocontrol of pathogenic bacteria
(Innerebner et al. 2011). This may suggest that various
species play different roles in different environments.

No literature concerning a negative impact on plant
growth of other genera negatively correlated with plant
growth in this study and listed in Table 3 could be found.
In contrast, Hyphomicrobium, Nitrosospira, Rhizobium
and Gemmatimonas are genera known to be involved in
resource acquisition in different plant processes. The
higher occurrence in replant soils of these bacteria with
known positive impacts on soil fertility may possibly
have been due to cropping practices applied to replanted
soils, which aim to maintain high fertility in planted
areas within the orchards.

The phylum Acidobacteria has commonly been re-
ported as dominant in soils (Gottel et al. 2011; St.
Laurent et al. 2008; Zhang et al. 2013), supporting the
findings of this study. The genus Gp16 was found to be
highly positively correlated with plant growth. No evi-
dence relating Gp16 to plant disease or disease suppres-
sion exists in the literature, however, bacteria in the
phylum Acidobacteria were reported present at higher
frequencies in the rhizosphere of healthy plants than in
diseased plants (Yin et al. 2013). The beneficial effect
on plant growth in fallow soils from Gp16 most likely
resulted from plant growth promotion by the bacteria,
and contributed to increased soil fertility.

In all soils, with the exception of the Haidegg fallow
soil, Actinobacteria were found to be the second most
dominant phylum of bacteria. At the order level,
Actinomycetales, Solirubrobacterales and
Thermoleophilales were found in fallow soils in higher
numbers than in their respective replant soil
(Fig. ESM2). At the genus level, unclassified sequences
were again found to dominate (78.2 % in all soil sam-
ples). A high positive correlation between the genus
Solirubrobacter and plant growth was found. This find-
ing is in contrast to research with peach replant disease,

where a high negative correlation (r: —0.774) was re-
ported for Solirubrobacter sp. and fresh peach shoot
weights (Yang et al. 2012). It would appear that bacteria
of the genus Solirubrobacter interacted differently in
apple soils, and have a beneficial effect on apple plants.

Bacteria of the phyla Chloroflexi, Bacterioides
Planctomycetes, Verrucomicrobia, Firmicutes and
Gemmatimonadetes were present at levels below 4 %
in all soils. Nonetheless, a high negative correlation
between the genus Chitinophaga (member of the
Bacteroides phylum) and plant growth was detected. A
similar finding was reported in a study investigating the
role of bacterial communities in suppression of Rhizoc-
tonia solani bare patch disease of wheat, whereby high
numbers of Chitinophaga were detected in the rhizo-
sphere of diseased wheat plants (Yin et al. 2013). Inter-
estingly, the genera listed in Table 3 with high correla-
tions to plant growth (r > 0.4 or < —0.4) account for a
total of 9.0 % of the total number of sequences obtained
by pyrosequencing targeting bacteria. This low propor-
tion is mainly due to a large component of unidentified
bacteria at the genus level, which accounted for 64 % of
the total sequences. The paucity of literature linking the
bacterial genera observed with higher positive and neg-
ative correlations to plant growth may be explained by
their minor incidence in the soil samples. Indeed, these
low proportions make an inference of the specific func-
tional roles of these genera difficult.

Fungal and oomycete analyses

Fungal coverage values of 0.99 were obtained for all
soils by pyrosequencing, confirming that the diversity in
the soils was adequately investigated. The Egma soils
were very similar. These findings support those of the
plant growth assay, where only minimal differences
between the Egma fallow and replant soils were record-
ed, and lead to the conclusion that plant health in
replanted apple orchards is closely linked to soil fungal
communities.

The finding that the fungal community composition
was not significantly different at the phylum and genus
levels initiated a deeper investigation into correlations of
fungal genera in soils with plant growth. The genera
listed in Table 4 accounted for 70.7 % of all fungal
sequences detected, indicating a high representation of
the genera most significantly correlated with plant
growth. As was the case for bacteria, almost all fungal
genera were found in both replant and fallow soils, and
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few genera were only found in one soil type. The
strongest negative correlation with plant growth (r:
—0.84) was found for the genus Acremonium, a genus
reported to cause root rot or replant disease in asparagus
(Blok and Bollen 1995) and in muskmelon (Garcia-
Jimenez et al. 1994). The genus has also been detected
in soils suffering from peach replant disease (Yang et al.
2012). The role of the pathogen in decreased soil fertility
in the soils under investigation is unknown, but the low
relative abundance of the genus (0.67 %) would indicate
it not to be a major player.

Cylindrocarpon is the only root inhabiting fungus for
which evidence of a direct role in ARD in previous
studies has been shown (Manici et al. 2013;
Tewoldemedhin et al. 2011), and a strong negative
correlation between Cylindrocarpon and plant growth
was found in this study (r: —0.83). These findings sug-
gest a link between Cylindrocarpon (RA: 1.41 %) and
reduced soil fertility, and support recent research where-
by endophyte populations of Cylindrocarpon were,
along with Pythium species, the main pathogens found
in ARD soils at nine sites in Germany, Austria and Italy
(Manici et al. 2013). Several other genera detected in
this study including Ilyonectria, Thelonectria,
Neonectria and Haematonectria, genera which fall into
the group conventionally called Cylindrocarpon-like
fungi (Chaverri et al. 2011), were also found to be
negatively correlated to plant growth and confirm the
overall negative impact of this group of fungi on plant
growth in apple orchards.

Fusarium is typically considered a member of the
root rot complex of apple because it is the most fre-
quently occurring genus among root-colonising fungi.
However, Fusarium was shown to exhibit only weak
pathogenicity as a root endophyte in several previous
studies (Manici et al. 2003; Tewoldemedhin et al. 2011).
Negative correlations of Fusarium with plant growth
were observed in this study (r: —0.81), suggesting that
Fusarium species inhabiting the rhizophere can have a
relevant negative role on plant growth. It is possible that
the contrasting results are due to different Fusarium
populations in the plant roots and in the rhizosphere
soils.

Genera with negative correlations with plant growth,
but relevant due to high abundances in the soils include
Exophiala, Giberella and Cryptococcus. The genus
Exophiala includes black yeasts, species of which have
not been reported previously as plant pathogens. Simi-
larly, no reports on plant pathogenicity of Cryptococcus,
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an encapsulated yeast, could be found, despite evidence
that members of the genus are found predominantly in
soils and rotting vegetation (Di Menna 1954). In con-
trast, evidence exists that Giberella is involved with
plant disease (Maxin et al. 2012; Sanzani et al. 2013),
and the finding of this genus in higher numbers in the
replant soils could indicate a role of this fungus in ARD.
The genus Gibberella includes the perfect stage of sev-
eral Fusarium species, and the negative correlation of
this genus with plant growth further supports the overall
pathogenic role of Fusarium sp. in replanted orchards.
The genera Mortierella, Tetracladium and Penicilli-
um were the most abundant fungal genera found to be
highly positively correlated with plant growth (RA of
34.4 %, 12.1 % and 0.67 %, respectively; Table 3). This
may be due to the impact of natural vegetation in fallow
soils. Species of these genera have been suspected to be
causal agents of replant disease (Catska et al. 1988;
Mazzola and Manici 2012; Utkhede et al. 1992), al-
though evidence also indicates that certain species can
have a commensal or mutualistic relationship with apple
plants (Vega et al. 2010). Penicillium is known to be
capable of the production of numerous biologically
active compounds, and to act as a bacterial antagonist
and plant growth promoter (Khan et al. 2008; Nicoletti
and de Stefano 2012). The positive correlations between
Penicillium and Tetracladium and plant growth suggests
that the species present in the soils most likely were not
pathogenic, but rather acted in a beneficial way and
increased soil fertility. High positive correlations with
plant growth were demonstrated for the fungal genera
Lecythophora and Paecilomyces. Both genera have
been reported to live as saprophytes in soil (Domsch
et al. 2007; Mazzola 1999). Species of Lecythophora
were reported to produce antifungal metabolites which
are able to inhibit the growth of pathogenic fungi
(Chakravarty and Hiratsuka 1994), supporting a benefi-
cial role of this genus in soils. Paecilomyces was also
isolated from apple tree roots in a previous study
(Manici et al. 2013) but has never been linked to
ARD. In this study, Paecilomyces was found in higher
numbers in fallow soils than replant soils. Paecilomyces
has been reported to actively produce the phytohor-
mones gibberellins and indole acetic acid, both plant
growth promoters (Khan et al. 2012). This production
would help to explain the high association between the
presence of the genus and apple seedling plant growth.
Scutellinia is a genus of cup-fungi belonging to the
family Pyronemataceae. The high association between
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this genus and plant growth indicates a possible benefi-
cial role of this genus in reducing replant disease in
soils. No evidence of any involvement of this genus in
replant diseases could however be found in the
literature.

Species of the genera Pythium, Phytophthora and
Rhizoctonia, despite varying in frequency, have been
routinely isolated from ARD plant roots and soils
(Mazzola 1998, 1999; Mazzola and Manici 2012). In
the transnational study of soils from Austria, Germany
and Italy, Pythium species were identified as one of the
main pathogenic components of ARD (Manici et al.
2013). Neither Pythium nor Phytophthora were howev-
er detected in this study, because the ITS primers used
do not target oomycetes. The primer pair used has been
reported to have a narrower target spectrum and/or
lower PCR efficiencies than other primer pairs, and is
known to be unable to multiply the ITS1 region of a
large number of fungi (Op De Beeck et al. 2014). In
addition, the amplification of DNA from basidiomy-
cetes has been reported to not occur as efficiently as
for other fungi, and such biases may also have contrib-
uted to the lack of Rhizoctonia sequences detected.

Conclusions

The results of this study support the findings of previous
research, indicating that ARD is a complicated disease,
for which most likely, various biotic factors are respon-
sible (Mazzola 1998; Tewoldemedhin et al. 2011).
Deep-throughput sequencing of fallow and replant soils
revealed that the bacterial and fungal community com-
position did not differ significantly at either the phylum
or genus level. However, correlations of bacterial and
fungal genus abundance with plant growth revealed co-
existence in the rhizosphere of organisms with both high
negative and positive correlations. The strong associa-
tions of the genera Acremonium, Cylindrocarpon and
Fusarium with replant soils support previous findings
whereby these genera have already been associated with
replant diseases. In contrast, the associations with re-
plant disease found for Chitinophaga, Hyphomicrobium
and Nitrosospira, bacterial genera not known to be
associated with ARD, open several new options related
to these newly discovered involvements in ARD. At the
same time, the bacterial (Gp16 and Solirubrobacter) and
fungal genera (Penicillium, Paecilomyces) which were
positively associated with plant growth, deserve further

investigation into their potential beneficial functional
role. In conclusion, the findings of this study investigat-
ing both bacterial and fungal communities in parallel,
demonstrate the advantages of deep-throughput se-
quencing in helping to elucidate the biotic components
of disease complexes which affect replanted apple or-
chards. Future analyses should however aim for species
level identification, because numerous genera contain
species characterised by beneficial, neutral and patho-
genic relationships with plant hosts. Indeed, this new
research approach indicates a need for further study of
certain bacteria and fungi which may potentially be
exploited for the biological control of ARD as well as
for maintaining biological fertility of soils in permanent
crops, which are often affected by fertility decline.
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