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Abstract 

Background:  Apple replant disease (ARD) is a phenomenon associated with poor tree establishment at sites where 
the same, or a closely-related species, has grown for at least 1–2 years. No single organism has been identified as the 
universal causal agent, but there is increasing evidence that multiple soil-borne plant pathogenic fungi and oomy-
cetes form an ARD disease complex. Root damage caused by root lesion nematodes has also been implicated in 
facilitating the entry of pathogens into root tissues resulting in the development of severe ARD.

Methods:  We used a reductionist approach to determine effects of one or more members of the ARD complex on 
ARD in a number of selected rootstock genotypes with contrasting characteristics. Through a 15-month pot-based 
experiment in which semi-selective biocides were applied to soil from a replant orchard, we investigated (1) the 
nature of the interactions (i.e. antagonistic, additive or synergistic) between different groups of soil biota and ARD 
severity, and (2) whether rootstock characteristics modify ARD severity.

Results:  There might be competitive interactions between oomycetes and fungal pathogens in infecting apple roots 
and hence subsequent ARD development. Controlling all three ARD components (oomycetes, fungi, and nematodes) 
led to the best root development. However, these effects on root development were not manifested in the above-
ground tree development 15 months after treatment. Specific soil biocide treatments against fungi and oomycetes 
led to large changes in soil microbial communities whereas the nematicide treatment led to least changes. In spite of 
the observed ARD, comparing rhizosphere microbial sequences among treatments failed to reveal candidate patho-
gens for ARD.

Conclusions:  Candidate ARD oomycetes and fungal pathogens are likely to engage in competitive interactions 
among themselves in infecting apple roots. Although soil amendments affected soil microbiota, such effects appear 
to be very unpredictable.
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Introduction
Poor establishment of apple trees (Malus pumila 
Miller) at sites where the same, or a closely-related 
species, has grown for at least 1–2 years is a world-wide 

problem affecting the production of both rootstocks 
and fruit trees (Mazzola and Manici 2012). Symptoms 
of apple replant disease (ARD) include uneven growth, 
stunting and shortened internodes aboveground, and 
discoloured roots, root tip necrosis and reduced root 
biomass belowground. The bearing of fruit is delayed by 
2–3  years and yields are depressed by up to nearly 60% 
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for the duration of the tree’s commercial life (Willett et al. 
1994). Studies with pasteurized soil have demonstrated 
that the activity of the causal agent(s) is destroyed by 
heat, but the addition of as little as 10% conducive 
(untreated) soil to pasteurized soil can reinstate replant 
disease; thus, predominantly biotic factors have been 
identified as the underlying cause (Tewoldemedhin et al. 
2011a, b, c). No single organism has been identified 
as the universal causal agent, but there is increasing 
evidence that multiple soil-borne plant pathogenic fungi 
(e.g. Cylindrocarpon spp. and Rhizoctonia spp.) and 
oomycetes (e.g. Phytophthora spp. and Pythium spp.) 
form a disease complex of variable species composition 
(Mazzola and Manici 2012). Root damage caused by root 
lesion nematodes (e.g. Pratylenchus penetrans Cobb) has 
also been implicated in facilitating the entry of pathogens 
into root tissues resulting in the development of severe 
ARD (Mai and Abawi 1978; Mazzola et al. 2009; Merwin 
and Stiles 1989; Dullahide et  al. 1994). Diminished soil 
fertility, degraded soil structure and residual herbicide 
activity are all abiotic factors that, as well as inducing 
similar perturbations to plant growth, can exacerbate the 
effects of biotically-mediated replant disease (Mazzola 
and Manici 2012).

Strategies for managing ARD are generally based on 
the principles of exclusion or environmental alteration, 
with the aim of modifying the pathogenic and non-
pathogenic components of the indigenous soil microbial 
community. Crop rotation, for example, exploits the 
natural decline in pathogen propagule viability occur-
ring in the absence of a susceptible host as a means of 
reducing disease severity. Although rotation offers an 
effective means of reducing the severity of some diseases 
of annual crops, it is a less practical option for perennial 
crops (Mazzola and Gu 2000). Unlike many other soil-
borne diseases ARD shows limited spread in soil, with 
the result that trees replanted into the soil of the for-
mer aisle (typically planted with grass) are less affected 
by ARD (Rumberger et  al. 2004). However, the spatial 
arrangement of rows and aisles in contemporary high-
density planting systems is rarely coincident with those 
of the older, traditional arrangements they replace, 
which compromises the utility of this strategy in com-
mercial orchards. Since the 1950s the use of broad-spec-
trum pre-plant fumigants has been the most common 
means of achieving effective control of ARD around 
the world (Utkhede and Smith 2000). However, there 
is an increasing need for alternative management strat-
egies because environmental and human health con-
cerns regarding the use of soil fumigants with a broad 
spectrum of activity, including methyl bromide, metam 
sodium and chloropicrin, have resulted in national and 
international legislation to prohibit or severely restrict 

their use. Current research efforts are focused on more 
selective approaches for the modification of indigenous 
soil microbial communities e.g. the addition of antago-
nistic and beneficial microorganisms (Utkhede and 
Smith 2000; Hoitink and Boehm 1999), incorporation of 
composted organic amendments and their indigenous 
suppressive microbial communities (Yao et al. 2006) and 
specific orchard groundcover management regimes (St. 
Laurent 2008). Biofumigants, especially brassica seed 
meals (Mazzola et al. 2009; Mazzola and Manici 2012), 
appear to offer reproducible reductions in the popula-
tions of ARD causal agents and ARD disease severity. 
This is particularly true against P. penetrans: applica-
tion of B. juncea seed meal resulted in more than 98% 
reduction in populations of P. penetrans. However, their 
principal market as biofuels and oils are likely to con-
strain biofumigant availability, and hence their wider 
adoption as a pre-planting treatment for replant sites. 
A better understanding of ARD biology, specifically the 
interactions within the microbial community, would aid 
the design and development of other strategies for ARD 
management.

Apples are extremely heterozygous and do not repro-
duce true-to-type from seed, so for commercial pro-
duction they are clonally propagated by grafting a scion 
(shoot) onto a rootstock (root system plus a portion of 
lower stem) of another genotype. Rootstocks are cho-
sen based on attributes conferred onto the scion and the 
fruit it produces such as tolerance of less than optimal 
soil conditions, fruit size, precocity, productivity, dis-
ease and insect resistance and tree vigour (Russo et  al. 
2007). Dwarfing (M.9) rootstocks that severely restrict 
the size of the scion have found particular use in high 
density planting systems for dessert apples. The semi-
vigorous rootstock MM.106 is typically used to produce 
cider apple trees, but is highly susceptible to ARD (Auvil 
et al. 2011) and other soil-borne diseases (Mazzola et al. 
2009). M.116 is slightly less vigorous than MM.106, but 
is reportedly resistant to ARD and other diseases (clone 
86.1.25 in Websteret al. 1986). The planting of resistant 
apple rootstock genotypes has proven to be an effective 
means of reducing the severity of Phytophthora crown 
and root rots and in principle is an attractive option for 
managing ARD. Since 2003 the USDA-ARS/Cornell Uni-
versity National Apple Rootstock Breeding Program has 
been conducting rootstock trials under modern, high 
density systems at sites harbouring ARD. As a result of 
these trials some of the Cornell-Geneva rootstocks e.g. 
G.41 have been reported to show greater tolerance of 
ARD than other rootstocks (Isutsa and Merwin 2000; 
Mazzola et  al. 2009), notably the current commercial 
standard for dessert apple M.9. Surprisingly, despite the 
reported variation in susceptibility/tolerance to ARD, the 
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interactions between rootstock genotypes and ARD com-
plex composition remain poorly understood.

In this study, a reductionist approach was used to 
study the root-pest/pathogen relationships for individual 
members of the complex and the responses of rootstock 
genotypes with contrasting traits. Through a 15-month 
pot-based experiment in which semi-selective biocides 
were applied to soil from a replant orchard we investi-
gated (1) the nature of the interactions (i.e. antagonistic, 
additive or synergistic) between different groups of soil 
biota and ARD severity, and (2) whether rootstock char-
acteristics modify ARD severity. As (all) the exact causal 
agents for ARD are not known for any given sites, we did 
not attempt to quantify/isolate candidate ARD causal 
organisms in the experimental soil or to inoculate soils 
with candidate organisms as this was not absolutely nec-
essary for the present study objective. The key assump-
tion we made was that the experimental soils contained 
some or all ARD causal organisms. For the same reason, 
we cannot be certain that the biocides we used would 
be able to eliminate all ARD casual agents; the efficacy 
of such biocide treatments and/or the relative impor-
tance of different ARD components could, however, 
be reflected in the severity of visually assessed ARD 
symptoms.

Materials and methods
Experimental factors and study design
The experiment consisted of a factorial design to study 
the effects of rootstock genotypes and soil biocide treat-
ments on tree development. There were four rootstock 
genotypes: (1) M.9 (dwarfing, ARD susceptible), (2) 
G.41 (dwarfing, very ARD tolerant), (3) M.M.106 (semi-
vigorous, partially ARD tolerant), and (4) M.116 (semi-
vigorous, ARD tolerant). Proprietary chemicals (specific 
biocides) were applied to the soil to reduce or eliminate 
specific candidate ARD components: fungal and oomy-
cete pathogens and nematodes. There were four biocide 
treatments in which (1) nematodes [Nematicide], (2) both 
nematodes and oomycetes [Nem_Oom], (3) both nema-
todes and fungi [Nem_Fun], and (4) all three compo-
nents (nematodes, oomycetes and fungi) were controlled 
[Nem_Oom_Fun]. In addition, untreated soil acted as the 
control treatment. Thus, as per Additional file 1: Table S1, 
there were a total of 20 conditions (4 genotypes × 5 bioc-
ide treatments), each with six replicates (potted trees). A 
randomised block design with six blocks was used: with 
one replicate per treatment in each block.

Soil
In March 2016 soil was obtained from a ‘replant’ 
orchard site with an 80-year history of apple growing 
located at the NIAB EMR demonstration farm in mid 

Kent (51.288  N, 0.455 E). The orchard was planted 
to 28-year-old trees of dessert apple cultivars ‘Fiesta’ 
and ‘Temptation’ grafted on M.9 rootstocks, and had 
a history of poor tree performance and reduced yields 
attributed to ARD. The soil was collected from a depth 
of 0 to 20 cm depth in a 1.5 m zone around the trunks of 
the apple trees (Horner and Wilcox 1996). The soil was a 
well-drained, non-calcareous chromic Luvisol (FAO and 
IUSS 2015) of the Fyfield series (Furneaux 1954), with 
sandy loam texture (61% sand, 26% silt and 13% clay) and 
the following physico-chemical characteristics: pH (1:2.5 
w/v, water) = 6.1 ± 0.15, 17.5 ± 1.15  mg organic C g−1 
soil, 1.6 ± 0.18 mg N g−1 soil, 39.5 ± 2.12 mg extractable 
P kg−1 soil, 281 ± 4.6  mg extractable K kg−1 soil and 
101 ± 5.3  mg extractable Mg kg−1. Fresh plant debris, 
stones and macrofauna were removed from composited 
soil by hand-sorting prior to homogenisation by sieving 
(10 mm) in the field-moist state. Sieved soil was stored at 
ambient temperature for not more than four weeks prior 
to the incorporation of 0.4% (w/v) slow release fertilizer 
(elemental composition: 15% N, 3.9% P, 9.1% K, 1.2% Mg, 
0.45% Fe, 0.06% Mn, 0.02% B, 0.05% Cu, 0.02% Mo and 
0.015% Zn) and the application of biocides.

Biocides
Proprietary biocides were applied to the soil in square, 
3 L capacity polypropylene pots to control specific ARD 
components: (1) oxamyl granules (Vydate 10G, Corteva 
Agriscience, Cambridge, UK) (12.0 mg a.i. per litre of soil) 
against nematodes, (2) fenamidone + fosetyl-aluminium 
(Fenomenal, Bayer Crop Science UK, Cambridge, UK) 
(9  mg + 90  mg a.i. per litre of soil, respectively) against 
oomycetes, (3) prochloraz (Octave, Fargro, Arundel, UK) 
(460 mg a.i. per litre of soil) and tolclofos-methyl (Basilex, 
The Scotts Company (UK) Ltd, Ipswich, UK) (50 mg a.i. 
per litre of soil) against ascomycete and basidiomycete 
fungi. Fosetyl-aluminium is known be effective against 
a number of Pythium spp. (Weiland, Santamaria, and 
Grünwald 2014). Prochloraz is effective against a range of 
fungal pathogens, including Fusarium spp. and tolclofos-
methyl is effective against Rhizoctonia spp. among other 
pathogens. Appropriate combinations of these prod-
ucts were used to achieve the Nem_Oom, Nem_Fun, 
and Nem_Oom_Fun treatments. Residual phytotoxicity 
from the biocide treatments was tested ten days after the 
application of biocides by sowing seeds of garden cress 
(Lepidium sativum L.) in five randomly selected pots 
from the 24 pots in receipt of each biocide treatment and 
the untreated control. Within 5 days the seeded pots had 
a dense sward of cress seedlings, which displayed none of 
the typical signs of phytotoxicity; likewise, the unsown 
pots supported numerous weed seedlings from the indig-
enous seedbank.
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Planting material
One-year old rootstocks of the four genotypes were 
obtained from commercial nurseries. Between 40 and 
60 rootstocks of each genotype were grafted with cv. 
‘Gala’ and placed in 4.5  cm × 4.5  cm × 20  cm hinged 
modular cells containing a 1:3 volumetric mixture of 
autoclaved sandy loam soil and compost, plus 0.4% 
(w/v) slow release fertilizer and grown under protected 
conditions for 8  weeks. After removal of grafting tape 
and wax, reference marks 5.5  cm below and above the 
graft union were made with gloss paint and rootstock 
and scion diameter determined at these marks enabling 
the selection of 30 apparently healthy trees of reasonably 
uniform size (8–10 mm diameter rootstock and 6–8 mm 
diameter scion) from each rootstock genotype for use in 
the experiment.

Plant maintenance
Selected trees were transplanted into 5 L pots of untreated 
and biocide-treated soil as required and between July and 
mid-December 2016 were grown under protected condi-
tions in a polytunnel with open sides. To induce winter 
dormancy, the trees were moved to a sheltered position 
outside in mid-December 2016 and at the end of May 
2017, they were returned to the polytunnel until the final 
assessment in September 2017. Irrespective of location, to 
ensure that the pots were free-draining and to minimize 
cross contamination, the pots were raised 16  cm above 
the ground on slatted staging. While in the polytunnel 
the trees received variable amounts of fertigation accord-
ing to the prevailing temperatures, but outside they were 
rain-fed over winter and manually watered after bud burst. 
Fruit production was prevented by manual removal of 
flowers and similarly, weeds and tortrix moth caterpillars 
were also removed by hand. Between June and September, 
the trees received a 4-weekly program of proprietary fun-
gicide and insecticide sprays to control powdery mildew 
[Podosphaera leucotricha (Ellis & Everh.) E.S. Salmon], 
aphids [e.g. Dysaphis plantaginea (Passerini)] and white fly 
(Trialeurodes vaporariorum Westwood). Additional file 1: 
Table S2 gives the monthly summary of temperature and 
relative humidity during the entire experimental period.

Plant assessments
Tree growth was assessed by measuring rootstock and 
scion diameters and girths at the reference marks 5.5 cm 
below and above the graft union, shoot height from the 
graft union, and the number and length of individual 
branches. The trees were excised into ‘shoots’ (above the 
graft union), ‘rootstock trunk’ (below the graft union), 
‘roots’ and ‘galls’ and dried to constant mass at 80  °C 
after visual assessment of the roots. Root health was 
rated using ordinal scales for: (i) necrosis [0 = no obvious 

necrosis, 1    ≤   % roots necrotic, 2 = 25 to 50% roots 
necrotic, 3 = 50 to 75% roots necrotic and 4 = 75 to 100% 
roots necrotic, plant death (Tewoldemedhin, Mazzola, 
Mostert, et  al. 2011a, b, c; Tewoldemedhin, Mazzola, 
Botha, et  al. 2011a, b, c)]; (ii) lateral root abundance 
[0 = very few lateral roots, 1 = sparse abundance of lateral 
roots, 2 = moderate abundance of lateral, 3 = lateral roots 
abundant and 4 = lateral roots very abundant (St. Laurent 
et  al. 2010)]; and iii) crown gall (Rhizobium radiobacter 
Beijerinck and van Delden) severity [0 = no galling, 
1 = small galls on lateral roots only, 2 = galls < 2.5  cm 
diameter on rootstock, 3 = galls 2.5 to 5  cm diameter 
on rootstock and 4 = galls > 5  cm diameter on rootstock 
(Moriya et al. 2008)].

Soil microbial and nematode community profiling
The diversity and composition of bacterial, fungal, oomy-
cete and nematode communities in the rhizosphere soil 
collected on termination of the experiment was determined 
by amplicon sequencing. Rhizosphere soil was operation-
ally defined as the soil adhering to roots after removal of 
the root system from soil followed by gentle shaking.

Amplicon sequencing and sequence processing fol-
lowed the method used previously (Deakin et  al. 2018). 
Briefly, genomic DNA was extracted from rhizosphere 
soil samples using the DNeasy PowerSoil Kit (Qia-
gen, Carlsbad, USA) in conjunction with a bead beat-
ing benchtop homogenizer (Fastprep FP120, Qbiogene, 
Carlsbad, USA). The following regions and primer pairs 
were used for PCR amplification; (1) for bacteria the 16S 
V4 region was amplified using primer pair Bakt_341F/
Bakt_805R (Herlemann et  al. 2011), (2) for fungi the 
ITS1 and ITS2 regions were amplified using primer pair 
EkITS1F/Ek28R(≡ 3126 T) (Gardes and Bruns 1993; Seq-
uerra et al. 1997), (3) for oomycetes the ITS1 region was 
amplified using primer pair ITS6 Forward/ITS7 Reverse 
(White et  al. 1990; Cooke and Duncan 1997) and (4) 
for nematodes a fragment of the 18S rDNA gene was 
amplified using primer pair nem18sF/nem18sR (Floyd 
et al. 2005). Nextera transposase adapters (Illumina, San 
Diego, USA) were appended to each amplicon. PCR con-
ditions for each reaction are given in Table  1. All PCR 
reactions were performed in 25 µL reaction mixtures 
comprising 1 × PCR buffer containing 2 mM MgCl2 and 
1U Platinum Taq DNA Polymerase (Invitrogen, Life 
Technologies, Carlsbad, USA), 0.2  mM dNTP (Fisher 
Bioreagents, Thermo Fisher Scientific, Pittsburgh, USA), 
0.2  mM forward and reverse primers each (Integrated 
DNA Technologies, Coralville, USA), 8 ng template DNA 
and molecular biology reagent water (Sigma, St Louis, 
USA). Amplicons for each marker region were cleaned 
using solid phase reversible immobilization beads (Agen-
court XP Ampure beads; Beckman Coulter, Brea, USA), 
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quality checked using a spectrophotometer (Nanodrop 
1000, Thermo Fisher Scientific, Cambridge, UK) and 
a fluorometer (Qubit 2.0, Life Technologies, Carlsbad, 
USA) and pooled by individual sample. A Nextera XT 
DNA Library Preparation Kit (Illumina) was used to pre-
pare and barcode amplicon libraries for sequencing with 
a MiSeq sequencer (Illumina) using 2 × 300 bp v3 reagent 
kits (Illumina). All kits were used according to the manu-
facturers’ protocols.

Sequence read processing
FASTQ reads were demultiplexed into bacterial 16S, fun-
gal (ITS), oomycete (ITS) and nematode (18S) datasets 
based on their primer sequences. Reads with non-match-
ing forward and reverse primers were discarded before the 
sequences were processed in two stages. Firstly, sequences 
with any ambiguous positions in the primer region were 
removed and the resultant sequences filtered with very 
stringent criteria to generate an operational taxonomic 
unit (OTU) and to obtain the representative sequence for 
each OTU. In the second step, an OTU table (frequency 
of each OTU in each sample) was generated by filtering all 
sequences with far less stringent criteria and then aligning 
them with the OTU representative sequences. All analy-
ses were performed using USEARCH 10.0 (Edgar 2013), 
unless specified otherwise.

OTU generation
Oomycete ITS forward and reverse reads were merged 
with a maximum difference in overlap of 10% and the 
forward and reverse primers removed. Merged reads 
containing adapter contamination or fewer than 150 
nucleotides (NT) were excluded from further analysis. 
Remaining merged reads were filtered for quality with a 
maximum expected error threshold of 0.5 per sequence 
(Edgar and Flyvbjerg 2015). Bacterial 16S reads were pro-
cessed similarly, but with a maximum difference in over-
lap set to 5% and minimum size set to 300 NT.

The expected distance between fungal ITS and nema-
tode 18S primers was larger than twice the MiSeq read 
length. Consequently, forward and reverse reads could 
not be merged; only the forward reads were used and 
were treated as unpaired reads. Unpaired reads which 
contained either both forward and reverse primers, 
or the adapter sequence, were excluded from analysis. 
Additionally, for nematodes (due to either non-specific 
amplification of prokaryote DNA or reads which are uni-
dentifiable) read pairs were merged (with a maximum 
15% difference in overlap) and none merging forward 
reads retained. Reads shorter than 200 NT for fungal 
and 150 NT for nematode were discarded. After removal 
of forward primers reads were quality filtered with an 
expected error threshold set to 1 per sequence.

Sequences were dereplicated and unique sequences 
with fewer than 4 reads were discarded, then all unique 
sequence reads were sorted by their respective frequen-
cies. Unique reads with 97% similarity were clustered 
into OTUs and a representative sequence for each OTU 
was generated. The clustering algorithm also removed 
chimeras. For fungal ITS and bacterial 16S sequences, 
the UTAX algorithm (https​://drive​5.com/usear​ch/
manua​l/tax_conf.html) assigned each OTU representa-
tive sequence to taxonomic ranks by alignment with the 
gene sequences in the reference databases ‘Unite V7′ 
(Koljalg et  al. 2013) and RDP trainset 15 (REF – RDP) 
(Cole et  al. 2014), respectively. For 18S and Oomycete 
ITS, the SINTAX algorithm (Edgar 2016) was used to 
assign taxonomy, using for both (separately) a subset of 
the SILVA_ssu database (Glöckner et  al. 2017) covering 
Stramenopiles and Nematoda. Additionally, the Oomy-
cete ITS database was combined with the Unite V7 fun-
gal database.

Statistical analysis
All statistical analyses were conducted in R V3.4.0 (R 
Core Development Team 2008).

Table 1  PCR conditions used for each target group of soil biota

PCR step Target group (marker region)

Bacteria (16S, V4 region) Fungi (18S, ITS1 and 2 
regions)

Oomycetes (18S, ITS1 
region)

Nematode (18S small 
subunit)

Initial denaturation 95 °C, 5 min 95 °C, 5 min 95 °C, 5 min 95 °C, 5 min

No. PCR cycles 25 30 15 30

Denaturation 94 °C, 30 s 94 °C, 30 s 94 °C, 30 s 94 °C, 45 s

Annealing 52 °C, 60 s 55 °C, 60 s 52 °C, 60 s 57 °C, 45 s

Elongation 72 °C, 60 s 72 °C, 60 s 72 °C, 60 s 72 °C, 90 s

Final elongation 72 °C, 7 min 72 °C, 7 min 72 °C, 7 min 72 °C, 7 min

https://drive5.com/usearch/manual/tax_conf.html
https://drive5.com/usearch/manual/tax_conf.html
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Morphological data
Datasets comprising ordinal variables (i.e. the ratings 
assigned by visual assessment) were analyzed by the 
fitting of Proportional Odds Models [a cumulative logit 
model] (McCullagh and Nelder 1989). Assuming Yi is an 
ordinal variable, recorded in j categories, then Yi follows 
a multinomial distribution with parameter π; and πij 
denotes the probability that ith plant falls in the score j. 
The cumulative probability is then defined as

A cumulative logit is defined as:

A cumulative logit model is a regression model for a 
cumulative logit:

where xk represents the kth explanatory variate, βk the 
effect of xk, and αj the intercept for each cumulative logit. 
The regression part 

∑

βkxik is independent of j. The 
larger the value of 

∑

βkxik , the higher the probability of 
Yi falling in a category at the upper end of the category 
scale. β estimates the change in the cumulative odds 
ratio (on a ln scale) for a single unit increase in the 
value of explanatory variate x. Deviance tests based on 
nested models were used to test for treatment effects, 
and to compare the impact of individual treatments 
on variables of interest. The cumulative logit model 
was fitted with the ‘Ordinal’ package for R (Haubo and 
Christensen 2018).

For ease of data presentation for ordinal variables, we 
also calculated a composite index for each treatment 
as: X =

∑

4

i=0
i·Ni

4N  , where i is the score from 0 to 4, Ni the 
number of plants in the ith score category, and N the 
total number of plants for a specific treatment.

For other variables, standard analysis of variance 
(ANOVA) was used to test for treatment effects. Where 
the same variable was measured repeatedly over time 
during the course of the experiment, the relative rate of 
increase from planting to the next measurement time was 
calculated as (x2−x1)

x1
 . Then, separately for each time point, 

this derived rate variable was analysed via ANOVA, in 
which the corresponding measurement at planting time 
was used as a covariate.

(1)γij = P
(

Yi ≤ j
)

= πi1 + · · · + πij

(2)

logit
(

γij
)

= logit
(

P(Yi ≤ j
)

= ln

{

P(Yi ≤ j)

1− P(Yi ≤ j)

}

= ln

{

P(Yi ≤ j)

P(Yi > j)

}

(3)logit
(

γij
)

= ln

{

P(Yi ≤ j)

P(Yi > j)

}

= αj −
∑

βkxik

Sequence data: normalization and filtering
OTU counts were normalised for library size using the 
median-of-ratios method implemented in DESeq2 (Love 
et  al. 2014), and where appropriate transformed using 
the DESeq2 variance stabilisation transformation (VST). 
VST-transformed OTU counts were used for principal 
component (PCs) and redundancy analyses (RDA). 
All analyses were carried out separately for the fungal, 
nematode and oomycete datasets.

Prior to library size normalisation, samples which 
either failed sequencing or had very few total reads rela-
tive to other samples were removed. Post normalisation, 
oomycete ITS OTUs which were not assigned by SIN-
TAX to the stramenopiles (heterokonts), alveolates, and 
Rhizaria (SAR) clade were excluded from all statistical 
analyses. Nematode OTUs which had a SINTAX confi-
dence of less than 90% at the Order level were excluded 
from all statistical analyses. OTUs with fewer than 5 
reads across all samples were excluded from statistical 
analysis (with the exception of Alpha diversity).

Diversity indices
Alpha (α) diversity (Chao1, Shannon and Simpson) 
indices were calculated using Vegan 2.3–1 (Dixon 2003) 
and the R Phyloseq 1.12.2 (McMurdie and Holmes 2013) 
packages. The ranks of α-diversity indices were subjected 
to ANOVA to assess the differences between treatment, 
genotype and their interaction via a permutation of 
significance, where appropriate post-hoc tests were 
performed using Tukey’s Honest Significant Difference 
test. Beta (β) diversity was estimated from principal 
component scores. Permutation multivariate ANOVA 
(PERMANOVA), as implemented in R with Vegan 2.3-
1, was performed to assess the differences between 
genotype, treatment and their interaction.

Treatment effects on community structure
RDA was used to estimate the contributions of genotype, 
treatment and their interaction to the explained variation 
within the OTU datasets, after removal of the block effect. 
Statistical analysis of the overall model (Block + Treat-
ment + Genotype + Treatment × Genotype) to predict 
RDA axes was performed with PERMANOVA.

Differential OTU abundance
OTUs with differential relative abundances between 
each treatment and the control samples were detected by 
analysis with DESeq2 using raw counts datasets, without 
rarefication (McMurdie and Holmes 2014). OTUs were 
automatically filtered by a DESeq2 algorithm, accord-
ing to abundance across samples and overall abundance, 
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before differential abundance analysis. The Benjamini-
Hochberg (BH) adjustment was applied to p values (Ben-
jamin and Aikman 1995) to reduce the false discovery 
rate associated with multiple testing. For construction of 
heat trees, differential analysis also included the abun-
dances for taxonomic ranks above OTU (species) level. 
The abundance for each OTU were combined at higher 
taxonomic ranks if the OTU could  be assigned to that 
rank with greater than or equal to 65% confidence, other-
wise the abundances were combined as unknown at that 
rank. Heat trees were plotted using the R metacoder pack-
age (Foster et al. 2017). We used FunGuild (Nguyen et al. 
2016) to annotate the fungal OTUs with trophic mode 
information. Those fungal OTUs with differential abun-
dance between control and treated samples were tested 
for enrichment of trophic mode using a Fisher exact test. 
Significance was taken at a P value of 0.05 and was not 
corrected for multiple testing.

Results
Dead and diseased trees
At termination, girdling European apple canker lesions at 
the graft union were evident in 12 of the 120 trees, includ-
ing four dead ones. Another four trees were severely 
affected by other diseases, e.g. powdery mildew. For 10 of 
the 20 rootstock genotype × biocide treatment combina-
tions, the number of replicates was reduced to five and for 
a further three treatment combinations it was reduced to 
four. Rootstock G.41 and M.116 were the rootstock geno-
types with the greatest incidence of canker (6 and 5 trees, 
respectively), three trees on M.9 were affected and two on 
M.M.106. Thus, only 104 trees were included in further 
statistical analysis (Additional file 1: Table S1 presents full 
details of replicates for genotype × treatment).

Root traits
Root necrosis
Nearly 80% of trees developed root necrosis. There 
were 22, 41, 34, 7 and 0 trees with root necrosis scores 
of 0, 1, 2, 3 and 4, respectively. Root necrosis differed 
(P < 0.001) among the five soil biocide treatments, 
but not among rootstock genotypes. The untreated 
control had the most severe root necrosis (β = 0 
in Eq.  3); the Nem_Oom_Fung treatment the low-
est (β =  −  3.46 ± 0.713); the other three treatments 
did not differ from each other (β = -−  1.25 ± 0.502) 
and were between the two extreme treatments 
(Figs.  1a, 2a). The common intercept estimates are 
a0|1 = −2.97± 0.703; a1|2 = −0.45± 0.618 and a2|3 = 2.33± 0.705.

Lateral root abundance
There were 0, 2, 20, 36 and 46 trees with lateral root 
abundance scores of 0, 1, 2, 3 and 4, respectively. Lateral 

root abundance was affected (P < 0.001) by the soil 
biocide treatments. There was an indication (P = 0.051) 
for the existence of interactions between treatments 
and rootstock genotypes; M.116 and M.M.106 grown 
on Nem_Oom_Fung treated soil had less lateral root 
abundance than the expected mean from the biocide 
amendment and genotype main effects. The overall soil 
biocide treatment effect followed a similar pattern as for 
root necrosis. The control had the least root development 
(β = 0); the Nem_Oom_Fung treatment had the greatest 
root development β = 2.63 ± 0.669); while the other three 
were between the two extremes and did not differ from 
each other (β = 0.98 ± 0.470, Figs.  1b, 2b). The common 
intercept estimates are a1|2 = -−  4.10 ± 0.927; a2|3 =  
− 1.40 ± 0.629 and a3|4 = 0.43 ± 0.616.

Crown gall
There were 24, 3, 66, 9 and 2 trees with crown gall scores 
of 0, 1, 2, 3 and 4, respectively. The severity of crown gall 
differed (P < 0.001) among the four rootstock genotypes, 
but not among five soil biocide treatments. Most of the 
genotypic differences were due to the fact that G.41 had 
much less crown gall development than the other three 
genotypes (Fig.  1c). In addition, M.116 also had more 
severe crown gall development than M.9 (P < 0.05). The 
parameter estimates are β = 0 (G.41), β = 4.98 ± 0.957 
(M.9), β = 5.50 ± 1.001 (M.M.106), and β = 6.97 ± 1.084 
(M.116); the intercept estimates are a0|1 = 3.06 ± 1.04, 
a1|2 = 3.53 ± 1.06; a2|3 = 9.03 ± 1.46 and a3|4 = 11.06 ± 1.62.

Above‑ground traits
There were no statistically significant effects of the five 
soil biocide treatments on any of the above-ground plant 
traits. However, after accounting for physical differences 
related to rootstock size at planting, rootstock genotype 
did have a statistically significant effect on the net scion 
height after 6  months, the number of branches, total 
length of branches after taking in account the number of 
branches, rootstock trunk girth expansion rate in the first 
15 months, and rootstock trunk biomass (Table 2). For a 
given rootstock trunk size at month 0, the rate of increase 
was greatest for M.9 and least for M.M.106 (Fig. 3).

Below ground traits
M.9 root biomass was reduced by at least 24.5% relative 
to M.M.116 and 33.2% to G.41 (Table 2). Adjustment to 
account for rootstock girth at month 15 revealed that 
root biomass differed (P < 0.001) between treatments 
as well as genotypes. M.9 had the least biomass, whilst 
there were no significant differences among G.41, M.116 
and M.M.106. The untreated control, Nem_Oom and 
Nematicide had the least root biomass, and the Nem_
Oom_Fung treatment had the greatest root biomass. 
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Rootstock genotypes differed (P < 0.001) in the crown gall 
biomass, after adjusting for root biomass. M.116 had the 
greatest crown gall biomass, and G.41 the least; M.9 had 
a similar crown gall biomass to M.M.106.

There were no significant relationships between root-
based and above-ground plant traits.

Overview of sequence results
Rarefaction analysis showed that the present 
sequencing depth was sufficient for all of the samples 
after primary filtering for sequence quality (Additional 
file  1: Fig. S1). Although there were large numbers of 
OTUs in all samples, only a small proportion of OTUs 
accounted for the majority of mapped reads. In total, 
there are 2046, 5837, 174 and 38 OTUs for fungi, 
bacteria, oomycetes and nematodes, respectively. Most 
fungal and bacterial OTUs were from Ascomycota and 
Preteobactgeria phyla, respectively (Additional file  1: 

Fig. S2). Analysis of the abundance of fungal genera 
showed that the majority of reads could not be assigned 
(even with only 60% confidence) at this rank (Additional 
file  1: Fig. S3); although a large proportion of reads 
could be assigned successfully, for all treatments, to the 
Nectriaceae family (Additional file 1: Fig. S3).

Overall, the statistical confidence with which OTUs 
could be mapped onto known taxonomic units was 
generally very low. For example, 63.4%, 20.1% and 
15.5% of fungal OTU representative ITS sequences 
could be mapped to the taxonomic rank of phylum, 
class and order with ≥ 90% confidence, respectively. The 
corresponding values for bacteria were 80.1%, 52.5%, 
18.9%. The BLASTn search results of randomly selected 
sequences from these ‘unknown’ OTUs confirmed the 
uncertainty in assigning lower taxonomy ranks to these 
OTUs. In all cases, the uncertainty in assigning OTUs 
to specific taxonomic ranks was not associated with 
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the sample status (rootstock genotypes or soil biocide 
treatments).

Additional file  1: Table  S3 lists, per soil amendment, 
the frequency of fungal and oomycete genera containing 
plant pathogenic species believed to be involved in ARD. 
Plant pathogenic nematodes are also given although none 

is known to be associated with ARD. The Oomycetes 
were dominated by Pythium species, with frequency of 
other pathogens comparatively much lower. The relative 
level of Fusarium fungi was much higher in the control 
samples (Additional file  1: Table  S3, Fig. S3). No fungi 
of the Rhizoctonia genus were present in any samples. 
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Fig. 2  The effect of the five soil treatments on root necrosis (a) and lateral root abundance (b). Further details of both indices are provided in the 
text

Table 2  Selected tree traits for which there were significant differences among the four rootstock genotypes

1  Values are means of measurements made 6 and 15 months (M6 and M15, respectively) after planting, unless otherwise indicated
2  The rate of trunk diameter increase between month 0 and 15, namely (TD15-TD0)/TD0, and trunk diameter at month 0 used as a covariate
3  The rate of net height increase between month 0 and 8, namely (NH8-NH0)/NH0
4  The rootstock trunk girth at month 15 was used as a covariate
5  Significance was for branch length when the number of branches was used as a covariate
6  Treatments with the different low case letters differed significantly at P = 0.05 based on the nest-model comparisons

Genotype Trunk diameter (mm) Trunk girth (cm) Net scion 
height (cm)

Root 
biomass 
(g) 4

Rootstock 
trunk biomass 
(g) 4

Scion 
biomass 
(g)

Number 
of branches

Total branch 
length 
(mm) 5Rootstock Scion Rootstock Scion

M6 1 M151,2 M6 M15 M6 M15 M6 M15 M63 M15

G.41 10.8 14.3b6 8.9 11.8 3.5 4.9 2.8 4.1 79.9a 132.7 27.7b 30.3c 83.8 9.6c 128.2a

M.116 10.1 13.4c 8.7 11.9 3.3 4.7 2.2 4.2 66.7b 128.8 26.1b 26.9a 85.8 8.8b 160.6c

M.9 10.6 14.8a 8.9 11.4 3.4 5.0 2.7 4.1 64.9b 128.0 20.8a 29.9b 84.4 6.8a 108.0a

M.M.106 10.5 13.3c 8.7 11.8 3.3 4.7 2.7 4.1 72.6c 132.3 25.9b 32.5c 85.2 8.3b 142.2b
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Nematodes were dominated by a single species in the 
Cephalobus genus.

Rhizosphere microbial community diversity
Alpha diversity was very variable between samples; bac-
terial alpha diversity indices are shown in Fig.  4 as an 
example; similar alpha diversity results were obtained 
for fungi, oomycetes and nematodes. In all cases, there 
were no significant interactions between soil biocide 
treatment and rootstock in affecting alpha diversity indi-
ces (Table  3). For bacteria, oomycetes and nematodes, 
the soil biocide treatments had a greater effect on alpha 
diversity indices than rootstock genotypes (Table  3). In 
contrast, none of the fungal alpha diversity indices was 
affected by soil biocide treatments, but the Shannon and 
Simpson indices were affected by rootstock genotypes 
(Table 3); M.9 was significantly different from the other 
genotypes for both metrics (Additional file 1: Fig. S4).
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Fig. 3  The relative expansion rate of rootstock trunk girth of the four 
rootstock genotypes within the first 15 months of their development 
in relation to the size at the planting time

Fig. 4  Alpha diversity indices and the observed number of OTUs for bacteria in relation to the five soil treatments over the four rootstock 
genotypes. The Chao1 plot has been limited to 12,500 on the y-axis to remove several extreme outliers
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Similar to the impact on alpha diversity, for beta diver-
sity there was no evidence for differences between samples 
caused by the interactions between soil biocide treatment 
and rootstock genotype (Table 4). Except for soil biocide 
treatment related effects on oomycetes, both soil biocide 
treatment and rootstock genotype affected beta-diversity, 
but they only accounted for a very small proportion of the 
total variation (Table 4). After removal of the block effect, 
partial RDA revealed latent differences in the structures of 
fungal, oomycete, nematode and bacterial communities 
related to both soil biocide treatment and rootstock geno-
type (Additional file 1: Fig. S5). Generally, axis 1 separated 
the datasets according to soil biocide treatment and axis 
2 by genotype; these relationships are particularly evident 
for fungi and less so for the other taxa. The fungal commu-
nities associated with M.9 and G.41 rootstocks were simi-
lar to one another, as were those associated with M.M.106 
and M.116 (Additional file 1: Fig. S5A). There were equiva-
lent effects of soil biocide treatments, where treatments 
containing fungicides had a greater impact on fungal com-
munity structure than those that did not, and this effect 
was consistent across all rootstock genotypes (Additional 
file 1: Fig. S5B). Soil biocide treatment effects on the other 
target biota were subtle and were often limited to a spe-
cific rootstock genotype e.g. M.116 for the nematode com-
munity in nematicide containing treatments (Additional 
file  1: Fig. S6), or were under the additional influence of 
axis 2 e.g. M.9 for the Oomycete community in oomy-
ceticide containing treatments (Additional file 1: Fig. S7). 

Although bacteria were non-target biota of the soil biocide 
treatments, the structure of bacterial communities asso-
ciated with G.41 and M.9 showed soil biocide treatment 
responses; the latter only under the additional influence of 
axis 2 (Additional file 1: Fig. S8).

Differential abundance analysis
The DESeq2 default criteria filtered out the major-
ity of OTUs before statistical comparison (Table  5); 
for instance, only about a quarter of fungal OTUs were 
retained for treatment comparisons. The relative abun-
dance of about 6% of retained fungal OTUs differed 
(P < 0.05) between treated soils and the untreated control 
(Table  5). Forty-seven out of 72 unique OTUs with dif-
ferential relative abundance were less abundant in treated 
soils, with treatments without fungicide having propor-
tionally more less- abundant OTUs (Table 5, Fig. 6). The 
effect of fungicide treatment on OTU abundance was 
across multiple phyla and additional treatments (oomy-
cide) had moderate effect on this distribution (Fig. 5).

For bacteria, treatments containing fungicides resulted 
in a greater proportion of OTUs with differential relative 
abundance (Table 5): 9.1% (Nem_Fung) and 17.2% (Nem_
Oom_Fung), compared with 4.0% (Nem_Oom) and 0.2% 
(Nematicide). For Nem_Oom and Nem_Fung_Oom, 
more OTUs (315 out of 547) had increased bacterial 
abundance over the control. Comparison of heat trees 
for the different treatments suggests a synergistic effect 

Table 3  Summary of  permutation (1000 times) ANOVA results [percentage of  variance (%) accounted for, 
and the associated p values (< 0.05 highlighted in italics)] for alpha diversity

ANOVA based on the rank of individual sample alpha diversity, treatment factors are the soil treatment and rootstock genotypes

Indices Treatment Genotype Interaction Residual
% p % p % p %

Bacteria

 Chao1 2.31 0.640 1.61 0.935 7.08 0.773 85.40

 Shannon 12.47 0.005 7.03 0.025 2.87 0.999 74.14

 Simpson 14.47  < 0.001 3.47 0.282 3.18 0.984 71.71

Fungi

 Chao1 6.64 0.189 4.47 0.135 3.90 0.973 77.74

 Shannon 3.21 0.480 12.89  < 0.001 4.93 0.736 62.60

 Simpson 2.48 0.410 9.87  < 0.001 5.08 0.679 66.40

Oomycetes

 Chao1 3.52 0.350 14.01  < 0.001 6.76 0.576 64.55

 Shannon 9.27 0.004 3.37 0.303 9.64 0.390 68.63

 Simpson 10.49 0.005 3.37 0.163 8.92 0.500 68.62

Nematodes

 Chao1 7.54 0.059 8.07 0.028 6.92 0.788 66.22

 Shannon 14.40  < 0.001 5.10 0.049 7.03 0.683 64.64

 Simpson 12.58 0.007 4.66 0.096 7.46 0.480 65.84
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between fungicide and oomycide on differentially abun-
dant bacterial taxa (Fig. 6).

For oomycetes, the Nem_Oom_Fung treatment 
resulted in more OTUs with differential abundance 
(Table  5): 29.1%, compared to 15.4% (Nem_Oom), 
12.7% (Nem_Fung) and 10.1% (nematicide). The relative 

abundance of several nematode OTUs was reduced, but 
none were increased when compared with the untreated 
control (Table 5).

None of the fungal, oomycetes and nematode OTUs 
with differential abundance relative to the control is 
a known apple pathogen or parasite. Several fungal 
OTUs for Glomeromycota (mycorrhizal fungi) had 
differential abundance, but they showed no consistent 
treatment responses. Enrichment analysis of trophic 
mode for differential OTUs with decreased abundance 
was inconclusive, with more modes being affected 
by the nematicide only treatment (Additional file  1: 
Table S4). For increased abundance OTUs, the combined 
nematicide, fungicide and oomycide treatment had 
significantly more saprotrophs/symbiotrophs than 
expected (Additional file 1: Table S5).

Discussion
Causal agents for ARD include several fungal species, 
e.g. Cylindrocarpon, Rhizoctonia, and Fusarium spp. 
(Mazzola and Manici 2012; Manici et  al. 2013; Braun 
1995; Tewoldemedhin et  al. 2011a, b, c), often in con-
junction with Oomycetes, including Pythium spp. (Maz-
zola et al. 2002; Braun 1991, 1995; Tewoldemedhin et al. 

Table 4  Summary of  permutation (1000 times) MANOVA results [percentage of  variance (%) accounted for, 
and the associated p values (< 0.05 highlighted in italics)] of beta diversity

1  Percentage of variation accounted for the specific principal component (PC)
2  Overall model significant at p = 0.001 level

% var1 Soil treatment Genotype Interaction Residual

% p % p % p

Bacteria

 PC1 10.46 17.66  < 0.001 3.90 0.153 7.72 0.560 68.00

 PC2 7.00 6.79 0.075 0.80 0.791 5.70 0.825 72.64

 PC3 4.15 4.53 0.183 9.69 0.005 2.90 0.980 66.93

 RDA2 6.67 0.001 4.24 0.001 8.80 0.875 73.72

Fungi

 PC1 5.20 3.47 0.372 4.33 0.241 4.63 0.714 61.28

 PC2 3.74 3.40 0.167 11.57 0.002 7.09 0.397 50.95

 PC3 2.86 62.86  < 0.001 0.83 0.444 2.33 0.933 30.26

 RDA2 4.83 0.001 3.68 0.001 9.15 0.954 75.77

Oomycetes

 PC1 8.01 0.75 0.811 8.16 0.008 6.06 0.694 69.61

 PC2 5.27 2.00 0.526 13.64  < 0.001 3.54 0.968 63.07

 PC3 4.52 4.48 0.182 2.72 0.278 12.19 0.215 65.05

 RDA2 2.90 0.869 3.91 0.001 9.12 0.85 77.02

Nematodes

 PC1 20.21 13.08 0.003 7.82 0.015 11.46 0.184 64.41

 PC2 11.57 3.08 0.532 6.94 0.048 10.62 0.357 74.66

 PC3 10.34 7.94 0.039 7.90 0.023 6.29 0.753 65.16

 RDA2 6.85 0.001 5.05 0.001 11.01 0.19 72.20

Table 5  The number of  OTUs for  which the  abundance 
was significantly different between specific soil treatments 
and  the  untreated control for  each soil treatment 
as determined by DESeq2 analysis

1  The first number is the number of OTUs after DeSeq2 filtering (hence 
compared between treatments); the second number is the number of OTUs 
whose relative abundance is significantly (p < 0.05) less in the treated than 
in the untreated soil; the third number is the number of OTUs whose relative 
abundance is significantly (p < 0.05) greater in the treated than in the untreated 
soil

Treatment Fungi Bacteria Oomycetes Nematodes

Nem_Fung 434, 13, 141 2291, 103, 116 55, 2, 5 22, 3, 0

Nem_Oom 464, 25, 6 1961, 25, 53 65, 5, 5 22, 4, 0

Nem_ Oom_ 
Fung

435, 17, 14 2723, 187, 282 55, 10, 6 22, 2, 0

Nem 551, 17, 8 5733, 11, 0 76, 3, 5 22, 2, 0

Total OTUs 2046 5837 174 38
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2011a, b, c). In addition, root lesions caused by nema-
todes, including P. penetrans, have been implicated in 
exacerbating ARD by facilitating pathogen entry into 
the host’s root tissues (Galkovskyi et  al. 2012; Mai and 
Abawi 1978; Tewoldemedhin, Mazzola, Labuschagne, 

et al. 2011a, b, c). The relative importance of these puta-
tive causal agents of ARD appears to be site-specific 
(Manici et  al. 2013), leading to highly variable results 
for specific disease management strategies. Poor under-
standing of how these individual ARD components 

Fig. 5  Fungal heat trees. Terminal nodes indicate unique species which were significantly different (P ≤ 0.05) between control and treated samples. 
Each inward node corresponds to subsequently higher ranks in the terminal nodes’ taxonomy; abundances aggregated at 65% confidence. 
The node (and text) size corresponds to the mean abundance at that taxonomic rank. Node and branch colour indicates the abundance log2 
fold change between control samples and samples treated with: a nematicide, b nematicide and oomycide, c nematicide and fungicide and d 
nematicide, oomycide and fungicide. Taxonomic labels have been restricted to Class rank and above
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interact with each other to affect tree growth hinders 
the implementation of effective management strategies. 
Consequently, it is difficult to study the interactions 
between ARD components by conducting inoculation 
experiments with either individual, or combinations of, 
ARD causal agents.

In the present study, we used selective biocides to 
minimise/eliminate specific ARD components and 
studied the interactive effects of fungal and oomy-
cete pathogens on apple tree growth and root produc-
tion. No significant improvement in plant growth was 
observed in response to application of the nematicide. 

Fig. 6  Bacterial heat trees. Terminal nodes indicate unique species which were significantly different (P ≤ 05) between control and treated samples. 
Each inward node corresponds to subsequently higher ranks in the terminal node’s taxonomy; abundances aggregated at 65% confidence. The 
node (and text) size corresponds to the mean abundance at that taxonomic rank. Node and branch colour indicates log2 fold change between 
control samples and treatments: a nematicide, b nematicide and oomycide, c nematicide and fungicide and d nematicide, oomycide and fungicide. 
Taxonomic labels have been restricted to Phylum rank
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This may be due to the fact that P. penetrans was not 
present (or its level was extremely low) in the test soil 
as no reads were aligned to P. penetrans at the 97% 
similarity. However, this should not affect our interpre-
tation of the results on the use of the oomycete bioc-
ide and fungicides. For interpretation of the results, 
we need to assume that each biocide had effectively 
reduced the size of specific pathogenic/parasitic popu-
lations, which is supported by the improved root devel-
opment in these treatments. Both oomycete and fungal 
pathogens appeared to have equal importance as ARD 
causal agents in the soil used, because both Nem_Fung 
and Nem_Oom soil biocide treatments led to signifi-
cant reductions in lateral root abundance and increased 
root necrosis. The importance of these two groups 
of pathogens is further supported by the fact that the 
greatest amount of root biomass was associated with 
the Nem_Oom_Fung treatment. In addition, the pre-
sent results suggest there are competitive, rather than 
additive or synergistic, interactions between oomy-
cete and fungal pathogens. Neither the severity of root 
necrosis, nor reductions in lateral root development, 
were increased in the presence of both types of patho-
gen relative to the effects of a single pathogen type, i.e. 
Nematicide vs Nem_Fung or Nem_Oom. Interspecific 
competitive interactions (i.e. antagonism) have often 
been observed in biocontrol experiments where the dis-
ease control efficacy achieved by the combined use of 
two biocontrol agents is less than that expected based 
on the control achieved by each agent alone (Xu et al. 
2011). An alternative explanation is that the defence 
response of the plant host is independent of the num-
ber of disease-inducing pathogen categories. Thus, it 
is the host’s defence response that ensures a similar 
extent of disease development, and not the competitive 
interactions between the initial inducers. Further stud-
ies, especially inoculation studies with more replicates, 
are necessary to test these hypotheses.

None of the above-ground plant traits was significantly 
affected by any of the soil biocide treatments, but some 
above-ground traits were significantly influenced by 
rootstock genotype. As expected, the (semi-)dwarfing 
rootstocks M.9 and G.41 gave rise to above-ground traits 
that had greater similarity with each other than with 
M.116 and M.M.106. In replant orchards, root necrosis 
and reduced lateral root abundance are frequently 
associated with reduced above-ground tree development, 
but the 15-month duration in the present study may not 
have been long enough for reductions in above-ground 
growth and development to be detected in response 
to specific soil biocide treatments. Also, the fertigated 
pot-based growing system may have ameliorated 
physiological stress experienced by the trees with the 

smallest root systems and the most root necrosis, and 
facilitated greater tolerance of infection than would be 
possible in unprotected orchard plantings.

Apple rootstock genotypes differ in their responses 
to ARD (Fazio et  al. 2012), and although the dwarfing 
rootstock M.9 has been instrumental in the development 
of the high density planting systems used in dessert 
apple production, it is also severely affected by ARD 
(Auvil et  al. 2011). Semi-dwarfing rootstocks, such as 
‘M.M.106′, ‘M.M.111′, and more recently ‘M.116’, are 
typically used in cider orchards in the UK where they 
show variable levels of susceptibility to ARD (Auvil et al. 
2011; St. Laurent 2008; Wilcox 1990). G.41 is another 
recently bred rootstock and has reported tolerance to 
ARD (Fazio et  al. 2012). Interestingly, G.41 had near 
zero incidence of crown gall, which was significantly 
less than the crown gall incidence observed in the other 
three rootstock genotypes. Further research is needed 
to understand whether there is an interaction between 
resistance to crown gall development and ARD tolerance.

The effects of soil biocide treatments on soil microbiota 
persisted over the study duration (15  months), 
particularly for bacteria and nematodes. For fungi, 
biocide treatment did not have an apparent effect on 
the within-sample diversity indices (i.e. alpha diversity) 
after 15  months. In contrast, bacterial alpha diversity 
differed greatly among samples, even after 15  months; 
but with little difference in the sample-to-sample 
differences (beta-diversity). The overall differences in 
the community structure, 15  months after treatment, 
generally agree with the treatment. Thus, the differences 
in fungal abundance and diversity were mainly between 
treatments with, or without fungicides. These results 
suggest that both fungi and oomycetes may recover 
more quickly, after the application of selective biocides, 
than bacteria and nematodes. Another explanation is 
that the three biocides used against fungi and oomycetes 
primarily affected pathogens (as shown by the effect on 
root development), which did not result in much changes 
in the overall fungal/oomycete community structure. 
However, this second explanation is probably far less 
plausible as recent research suggested that pesticides can 
significantly alter the soil microbiome (Fournier et  al. 
2020; Wang et al. 2020). Interestingly, although bacteria 
were not the direct target of the soil biocide treatments, 
their community structure was profoundly affected, even 
15 months after treatment.

Statistical analysis identified a number of OTUs in each 
group of organisms which had differential abundance 
between individual treatments and the untreated 
control. However, none of these OTUs with differential 
abundance can be confidently confirmed as an apple 
root pathogen or parasite, because of the nature of the 
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‘universal’ (barcoding) primers used. It is also possible 
that any statistically significant differences between 
the treated and the untreated control for the relative 
abundance for specific pathogens/parasites present at 
the outset did not persist until termination 15  months 
after treatment. However, it is in the early stages of the 
experiment, when the roots of young plants are assumed 
to have been most susceptible to pathogen attack, that 
differences in pathogenic groups would have had the 
greatest impact on the observed differences in root 
necrosis and abundance. The majority of bacterial OTUs 
where relative abundance was increased, compared with 
the untreated control, were obtained from treatments 
containing the fungicide and/or oomycete biocide, which 
agrees with our recent finding that the relative bacterial 
OTU abundance is generally greater in the rhizosphere 
of healthy trees, than in ARD-affected trees (Tilston 
et  al. 2018). In contrast, the treatment which resulted 
in the fewest changes in abundance within the bacterial 
community was the nematicide only treatment. Together 
these effects suggest that bacteria utilised the fungal and 
oomycete necromass as a source of carbon and nitrogen, 
resulting in a general increase in bacterial abundance 
(Brabcová et al. 2016). The biocide compounds could also 
serve as an additional carbon source in these systems.

Conclusions
We demonstrated that competitive interactions 
between oomycetes and fungal pathogens might occur 
during the infection of apple roots and continue during 
subsequent ARD development. Controlling all three 
ARD components (oomycetes, fungi, and nematodes) 
led to the production of most root biomass and the least 
amount of root necrosis. However, these effects on root 
systems were not translated into enhanced above-ground 
tree development within 15  months after treatment. 
The effects of soil biocide treatments on bacteria and 
nematodes persisted longer than on fungi.
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