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Replant diseases are a common occurrence in perennial cropping systems. 

In apple, progress toward the development of a universally effective 

disease management strategy, beyond the use of broad-spectrum soil 

fumigants, is impeded by inconsistencies in defining replant disease 

etiology. A preponderance of evidence attributes apple replant disease to 

plant-induced changes in the soil microbiome including the proliferation 

of soilborne plant pathogens. Findings from alternative studies suggest 

that the contribution of abiotic factors, such as the accumulation of 

phenolic detritus from previous orchard plantings, may play a part 

as well. Engineering of the resident soil microbiome using resource-

based strategies is demonstrating potential to limit activity of replant 

pathogens and improve productivity in newly established orchards. 

An understanding of factors promoting the assembly of a disease-

suppressive soil microbiome along with consideration of host factors that 

confer disease tolerance or resistance is imperative to the developing a 

more holistic view of orchard ecosystem dynamics. Here, we  review the 

literature concerning the transition of orchard soil from a healthy state to 

a replant disease-conducive state. Included in the scope of this review are 

studies on the influence of soil type and geography on the apple replant 

pathogen complex. Furthermore, several tolerance and innate resistance 

mechanisms that have been described in apple to date, including the role of 

root chemistry/exudates are discussed. Finally, the interplay between apple 

rootstock genotype and key resource-based strategies which have been 

shown to “reshape” the plant holobiont in favor of a more prophylactic or 

disease-suppressive state is highlighted.
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What is apple replant disease?

Apple replant disease (ARD) occurs when plant-induced 
changes to the soil microbiome promote the infestation of multiple 
host-specific, soilborne pathogens (fungal, oomycete, and 
nematode). Over time, the soil becomes a reservoir of pathogens 
causing diminished productivity of established trees and impeded 
establishment of new plantings (of the same or closely related 
species) on the same site. Although the disease is known to affect 
several perennial fruit and nut tree crops (e.g., pear, peach, cherry, 
walnut; Traquiar, 1984), this review will focus primarily on apple 
replant disease, a phenomenon which has been observed in all 
apple-producing areas worldwide including the North America, 
Europe, Africa, the Middle East, China, and Australasia (Hoestra, 
1968; Mai and Abawai, 1981; Dullahide et  al., 1994; 
Tewoldemedhin et al., 2011c; Xiang et al., 2021a).

Although the level of ARD severity can vary considerably 
both within and between orchards, symptoms typically include 
root browning/blackening, less extensive lateral branching and 
loss of fine feeder-roots owing to colonization and destruction of 
the root cortex by multiple pathogens (Caruso et  al., 1989; 
Grunewaldt-Stöcker et al., 2019). As a result, ARD-affected root 
systems are smaller and take up resources from the soil less 
effectively than plants/trees growing in non-ARD soil (Mai et al., 
1994). Disruption of root system structure and function results in 
growth and yield reductions, which can be especially severe in 
young apple trees and may even result in tree death. Physiological 
stress responses to ARD include increased concentrations of total 
phenolic compounds in roots (Henfrey et al., 2015; Kanfra et al., 
2018) and elevated antioxidant capacity in leaves (Henfrey 
et al., 2015).

Apple replant disease etiology

Apple replant disease is caused by specific types of 
microorganisms which act synergistically. In other words, the 
disease itself is the combined effect of what happens when several 
pathogenic soilborne microorganisms act together, rather than 
individually (i.e., as single isolates; Braun, 1991; Mazzola, 1998; 
Tewoldemedhin et al., 2011c). Although the relative proportion of 
pathogens may differ among sites, the key players generally 
remain the same (at least at the genus level). To date, the replant 
disease complex has been found to be the result of 3 different 
groups of organisms from three different kingdoms of life: 
Kingdom Animalia (nematodes), Kingdom Fungi (fungi), and 
Kingdom Chromista (oomycetes); organisms also known as 
water molds.

We know, without a doubt, that ARD is a biological 
phenomenon because soil fumigation, steam pasteurization, or 
soil sterilization with gamma radiation leads to restored, regular 
plant growth. Recognition of the effectiveness of soil fumigation 
to control replant disease in fruit trees began in the 1950s (Koch, 
1955). Around this time, the role of root-lesion nematodes 

(particularly Pratylenchus spp.) in the development of apple 
replant disease and other pome fruit was becoming clear in many 
parts of the world including North America (Parker and Mai, 
1956), Northwestern Europe (Hoestra and Oostenbrink, 1962), 
and Australasia (Goss, 1961; Egunjobi, 1968).

Root lesion nematodes can limit growth of apple 
independently but perhaps more importantly create wounds 
which serve as points of entry for various fungal and oomycete 
pathogens. Pratylenchus penetrans is the primary nematode 
species of concern in North America and throughout the world. 
A notable exception is India. To date, P. penetrans has not been 
reported to infect apple trees in any of the growing regions of that 
country (Khan et al., 2016). It should also be noted that other 
species of Pratylenchus have been implicated in ARD depending 
on the geographic region (Colbran, 1953; Knoetze et al., 2021). 
For example, P. coffeae was shown to be  a significant factor 
contributing to disease development in the Granite Belt region of 
Australia (Colbran, 1953). In this study, P. coffeae was isolated 
from apple roots growing in ARD-conducive soil and shown to 
re-infect the roots of apple seedlings. Of late, culture-based 
analyses of potential disease-causing agents in which Koch’s 
postulates are satisfied like this one, however, have largely been 
replaced by sequence-based analyses of microbial community 
composition without attention to function.

Sequence-based studies aiming to understand the cause of 
ARD are often limited to DNA-based methodology, but the mere 
detection of a particular organism in orchard soil or the roots of 
ARD-affected apple trees does not prove the species is pathogenic 
to apple. The vast majority of these studies have focused on 
microbial community composition in bulk or rhizosphere soil, yet 
no attempt is made to assess the abundance of known pathogens 
in root tissue. Consequently, in many studies where a particular 
microbe is said to be causing ARD, there is no factual basis for the 
connection (Franke-Whittle et al., 2015; Jiang et al., 2017; Kanfra 
et al., 2018; Xiang et al., 2021a). Studies in which causal agents are 
inferred on sequence data alone may hamper the ability of the 
research community to clearly identify causative agents and 
produce confusion or debatable outcomes lasting for decades that 
impede progress toward developing management solutions. 
Further contributing to the confusion is the increased focus on 
publication as a measure of academic productivity, resulting in 
more studies with questionable aspects and/or conclusions.

Early on, treatment of replant soil with broad-spectrum 
biocides (e.g., chloropicrin) was found to result in a greater 
increases in growth and yield than when fumigants which target 
nematodes were used alone (Pitcher et al., 1966). Although this 
supported an awareness that ARD was caused by a variety of 
microorganisms likely working in association, a more complete 
understanding of the disease etiology, in terms of the specific 
fungi and oomycetes contributing to the disease, was not 
substantively investigated until the late 1970s–early 1980s. 
Initially, this was largely through the work of Jaffee et  al. in 
New York State (Jaffee, 1981; Mai and Abawai, 1981; Jaffee et al., 
1982) and Sewell in England (Sewell, 1981). Many studies which 
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followed led to species-level identifications in which causal agents 
were isolated from ARD-affected soils and/or roots and shown 
capable of re-infecting apple (e.g., Braun, 1991, 1995; Mazzola, 
1998; Mazzola et al., 2002). For example, Mazzola showed that 
specific fungi significantly contributing to the disease complex in 
Washington State included Cylindrocarpon destructans (Ilyonectria 
robusta) and Rhizoctonia solani AG 5 (but not Fusarium spp., 
although they were consistently recovered/isolated from diseased 
apple roots) as well as the oomycetes Pythium ultimum, Pythium 
sylvaticum and Phytopthora cactorum. In addition, isolates of 
P. intermedium, P. irregulare and P. heterothallicum obtained from 
apple roots were also shown to be highly virulent toward apple in 
Washington state (Mazzola et  al., 2002). In the Mazzola et  al. 
(2002) study, a large diversity of non-pathogenic Pythium spp. was 
also recovered from apple roots, some of which (if allowed to 
colonize the apple root system first) were even shown to enhance 
apple growth and/or inhibit root infection by the pathogenic 
strains in artificially infested soils. In both the Mazzola (1998) and 
the Mazzola et al. (2002) studies, the presence and/or dominance 
of these components in root tissue varied across a variety of 
orchard locations.

As previously mentioned, the relative contribution of any 
particular member of the pathogen complex to disease 
development/severity has been shown to vary among geographic 
regions, between orchards within the same region, and even 
between sites (Manici et  al., 2018) or years within the same 
orchard location (Mazzola, 1998 vs. Wang and Mazzola, 2019a). 
Hence, although replant disease persists over time, temporal and/
or seasonal fluctuations in population densities of different replant 
pathogens contradict this apparent stability. For example, 
nematode levels in soil and roots are largely affected by seasonal 
cycles and the presence of ARD or eventual nematode root 
populations does not always correlate with high soil densities of 
plant parasitic nematodes. For instance, in commercial scale trials 
conducted at three orchards (Dupont et al., 2021), pre-plant 
population of P. penetrans ranged from 0 to 9 per 250 g soil but 
root densities ranged from 142 to 997 g−1 at the end of the first 
growing season.

Pratylenchus spp. are migratory endoparasites which spend 
the majority of their life-cycle inside plant roots and their activity 
coincides with the active growth of apple roots. Therefore, as 
noted above, it is important to recognize that low Pratylenchus 
densities in orchard soil do not necessarily indicate low densities 
in roots planted into that soil. Soil population densities are 
typically highest in late autumn, when nematodes return to the 
soil as trees enter dormancy. During early spring, when soil 
temperatures generally remain below 21°C, nematode populations 
in soil may be  less active due to overwintering (Castillo and 
Vovlas, 2007). Hence, failure to recover P. penetrans from roots of 
apple seedlings cultivated in replant soil may be related to when 
the soil was collected. For example, in a greenhouse study from 
Northern Italy in which P. penetrans was found to play an 
insignificant role in ARD, orchard soil used in the experiment was 
collected in early May (Manici et al., 2018). Instead, bi-nucleate 

Rhizoctonia spp. and Cylindrocarpon-like fungi were identified as 
being the dominant fungal genera infecting root tissue from 
symptomatic trees. In that study it was also noted that one strain 
of Dactylonectria torrensis and one strain of I. robusta significantly 
inhibited the growth of M9 plantlets relative to the 
uninoculated control.

So far, no bacteria or viruses have been definitively identified 
as causal agents of the replant disease complex. Early studies 
implicated Actinomycete-like organisms as causative agents of 
ARD (Westcott et al., 1987; Otto and Winkler, 1993). In these 
initial studies, microscopic observations of apple seedling rootlets 
cultivated in replant soil contained hyphal filaments “similar in 
size” (~ 1μm) to those of Actinomycetes. To date, however, no 
pathogenic actinomycetes have been isolated from infected root 
tissue and shown to fulfill Koch’s postulates. In a study by Utkhede 
et al. (1992), high densities (107–108 CFU per ml of soil) of single 
isolates of Bacillus subtilis significantly reduced the growth of 
apple seedlings in sterile replant soil, relative to an uninoculated 
control. Total bacterial density in bulk soil typically ranges from 
107–109  cells g−1  soil. For this reason, it is important that 
pathogenicity assays designed to identify the causal agents of ARD 
be  conducted in non-replant soil using plausible 
inoculum concentrations.

The case against the build-up of 
phenolic compounds in soil

Findings from alternative studies suggest that the contribution 
of abiotic factors, such as the accumulation of phenolic detritus 
from previous orchard plantings, may play a role in apple replant 
disease development as well. Phloridzin represents one of the most 
abundant phenolic compounds found in apple roots (Emmett 
et al., 2014; Nicola et al., 2016), leaves, bark, and buds (Adamcová 
et  al., 2022). Emmett et  al. (2014) found that the quantity of 
phloridzin increases with root order and may reach concentrations 
of > 10% root dry weight in higher order roots (3rd and 4th order). 
Because phloridzin biosynthesis represents one side-branch of the 
phenylpropanoid pathway, alterations in phloridzin biosynthesis 
can directly affect the metabolic flux of other compounds within 
this pathway, including lignin and salicylic acid (SA; Zhou et al., 
2019). Therefore, in addition to being a key component of the 
apple antioxidant system, alterations in phloridizin biosynthesis 
may also affect plant growth and abiotic/biotic stress responses.

Although reports designed to explore the role of phenolic 
compounds (esp. phloridzin) and other root exudates in mediating 
resistance to ARD have recently increased in number (Emmett 
et al., 2014; Yin et al., 2016; Leisso et al., 2017; Radl et al., 2019; 
Busnena et  al., 2021; Xiang et  al., 2021a) there are very few 
reputable studies demonstrating that phenolic and/or allelopathic 
compounds emanating from apple roots accumulate in the soil 
and cause the disease. One of the earliest studies providing 
evidence against this hypothesis involved the dilution of replant 
soil into steam-sterilized soil (Jaffee et al., 1982). In this study, even 

https://doi.org/10.3389/fmicb.2022.949404
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Somera and Mazzola 10.3389/fmicb.2022.949404

Frontiers in Microbiology 04 frontiersin.org

a small percentage of replant soil (0.01%) resulted in a significant 
increase in root discoloration relative to control treatments. The 
inability to dilute the causative factor from the soil suggested a 
biotic element that could reproduce was functional in the disease. 
In one highly cited study, the accumulation of phloridzin released 
by decaying apple root debris was suggested as a potential cause 
of ARD (Nicola et al., 2016). In this study, fine roots from M.26 
rootstocks growing in replant soil were ground-up and mixed into 
uncultivated soil at a high concentration (20% v:v ratio). The effect 
of this amendment on the soil phenolic profile was assessed at a 
number of different time points: immediately after soil 
amendment/prior to planting, 3 months after soil amendment/
prior to planting and upon harvest (4 months later). Levels of 
phloretin and phloridzin were significantly higher in “fresh” root-
amended soil relative to all other treatments and whole plant fresh 
weight was also significantly reduced in this treatment relative to 
all other treatments. It is important to note, however, that in the 
“3 month old” root-amended soil phloretin and phlorizin 
degraded prior to planting and mean plant fresh weight was not 
significantly different from that of the control soils. These results 
showed that plant growth reductions were largely due to 
phytotoxicity from root-associated phenolic compounds in “fresh” 
soil (rather than from soilborne pathogens which would have been 
present at both timepoints). This study does not, however, provide 
evidence that ARD is caused by high levels of residual phenolic 
compounds in the soil prior to replanting. On the contrary, the 
study shows that phloretin and phlorizin degrade rapidly in 
orchard soil. Given that trees are commonly removed from old 
orchards 6 months to years prior to replanting, the role of these 
phenolics in ARD is highly questionable.

To date, there is no study demonstrating the persistence of 
phenolics in replant soil between time of orchard removal and 
replanting of the site as a fundamental cause of ARD. Studies 
which completely dismiss the biology and instead promote 
changes in soil chemistry as the primary cause of ARD are 
particularly problematic in this field of research, which 
unfortunately, continues to suffer from this unsubstantiated 
assessment. For example, in a peer-reviewed study published in 
PLOS One, it was concluded that differences in phenolic acid 
concentrations in the soil led to observed reductions in tree 
growth after replanting into old tree holes vs. aisle rows. However, 
there was no examination of the biology in the soil or roots from 
the different sampling positions (Yin et  al., 2016); dramatic 
differences in composition of the soil/root microbiome have been 
documented between the tree hole and aisle row and are believed 
to contribute to observed growth differences (Rumberger et al., 
2004). In addition, the sampling intensity was marginal (3 trees 
per orchard) and the statistical assessment relied on Duncan’s 
post-hoc test, a test which has long been superseded by other 
multiple comparison tests and is no longer recommended by most 
statisticians. By comparison, in a recent large-scale study, apple 
rhizosphere soil was sampled from 57 different orchard locations 
(at least 25 years old) within the Bohai Bay region of China (Xiang 
et  al., 2021a). A significant positive linear relationship was 

identified between phloridzin content in rhizosphere soil (ranging 
from 2–27 mg/kg soil) and disease severity (Xiang et al., 2021a). 
Yet, again, it must be noted that higher levels of phloridzin in 
rhizosphere soil from apple trees experiencing greater disease 
pressure does not establish a causal link between soil chemical 
composition and disease incitement. Across the same 57 locations, 
disease severity (%) was defined as the difference between dry 
seedling biomass after growth in pasteurized soil and that of the 
replant soil, divided by seedling biomass from pasteurized 
soil × 100. As designed, this assay, then, evaluated and confirmed 
the biotic origin of the disease.

Multiple studies have provided evidence that a number of 
phenolic compounds (including phloridzin and its derivatives) are 
induced in apple roots in response to biotic stress due to replant 
conditions (Emmett et  al., 2014; Henfrey et  al., 2015; Balbín-
Suárez et  al., 2021). Thus, changes in root exudation patterns 
leading to the production of phenolic compounds and other 
secondary metabolites are likely to be a consequence of ARD, 
rather than a fundamental cause. This response is highly nuanced, 
as the composition and concentration of phenolic compounds 
varies with root branching order and also rootstock genotype 
(Emmett et al., 2014). In addition, different phenolic compounds 
may have different (or even contrasting) effects on the individual 
pathogens. For example, while phloridzin derivatives (including 
hydroxycinnamic acid) were negatively correlated with Pythium 
irregulare and P. sylvaticum DNA in apple root tissue, phloridzin 
was positively correlated with both Cylindrocarpon and 
P. sylvaticum DNA (Emmett et al., 2014). In addition, as noted 
above, flux modifications to the phenylpropanoid pathway (due to 
the production of phenolic compounds and other defense-related 
phytoalexins) may alter the degree of SA accumulation, ROS 
production and cellular damage in apple (Zhou et al., 2019). Taken 
together, host-plant chemical defenses occurring under replant 
conditions can drive the release of exudates which may mediate 
pathogen colonization of root tissue and/or result in autotoxicity, 
potentially exacerbating the disease (which is primarily a function 
of biology and can be  controlled with soil fumigation/
pasteurization).

Transformation of the soil 
microbiome to a replant 
disease-conducive state

It is well known that the plant microbiome is a potential 
controller of wellness and disease. One way plants shape soil and 
root-associated microbial communities is via root exudation, in 
which plant-produced compounds (e.g., sugars, amino acids, 
organic acids, phenolic compounds, and proteins) are released 
into the rhizosphere environment. It is also well known, as is 
evidenced by differences between rhizosphere microbial 
communities and those of bulk soil, that microbial communities 
associated with plant roots reflect selection by the host plant. In 
addition, current research shows plant-associated microbial 
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communities themselves may play a role in shaping the root 
microbiome by governing root exudate patterns via plant-microbe 
feedback. For example, a recent study utilized tomato plants 
growing in a split-root hydroponic set-up to show that root 
colonization by individual microbial strains (Pseudomonas 
fluorescens and B. subtilis) resulted in specific changes to the root-
excreted metabolome at both local and distal locations (leaf and 
root tissue on the other side of the split-root set-up; Korenblum 
et  al., 2020). This means root exudation patterns may change 
depending on the biotic context, thereby altering existing plant-
microbe and microbe-microbe interactions. Progressive 
modifications to the rhizosphere environment can lead to 
successional changes that are compositionally and functionally 
very different from previous states in this way. The process of 
anaerobic soil disinfestation (ASD) provides an excellent example 
of how succession in soil microbial communities is coordinated 
through time as specific groups of microorganisms alter the 
existing environment and pave the way for new microbial groups. 
In a study by Hewavitharana et al. (2019), rapid aerobic utilization 
of labile carbon in rice bran substrate initiated a highly dynamic 
cascade of structural shifts in the soil microbiome. These biological 
changes were linked to sequential transformations in soil 
community metabolism, which were also characterized at multiple 
time points during the ASD process.

One of the only experiments to characterize successional 
changes in resident soil and rhizosphere microbial communities 
over time (in response to continuous planting of apple) utilized 
soil collected from the root zones of trees growing in orchard 
blocks in the first through fifth years (Mazzola, 1999). 
Non-cultivated (virgin soil from the same location) and 1st-year 
treatments were similar in terms of plant growth potential. 
Thereafter, plant biomass declined rapidly with increasing block 
age and correlated with a steady reduction in the relative isolation 
frequency of potentially antagonistic and/or ARD-suppressive 
bacteria in rhizosphere and/or bulk soil.

In several other studies, Actinobacteria, a chemically talented 
group of saprophytic bacteria (which generally specialize in 
degrading lignocellulosic organic matter) were shown to occur in 
higher relative abundance in the rhizospheres of apple cultivated 
in ARD-suppressive or uncultivated soil as compared to those of 
ARD-conducive soil from the same location (Mazzola et al., 2015; 
Radl et al., 2019). Using a shotgun metagenomic approach, Radl 
et al. found that genes involved in the anaerobic degradation of 
benzoate and 4-hydroxybenzoyl-CoA to benzoyl-CoA (and 
subsequently to Acetyl-CoA) were enriched in rhizosphere 
communities from M.26 rootstocks cultivated in non-replant 
control soil relative to replant soil. Interestingly, some of these 
genes are also involved in the degradation of specific phenolic 
compounds, of which 4-hydroxybenzoyl-CoA is an intermediate 
(Brackmann and Fuchs, 1993; Yadav et al., 2021). If, as it appears, 
microbial-induced alterations to apple root exudation patterns 
promote higher concentrations of phenolic compounds, then the 
ability to degrade phenolics would be  expected to increase 
bacterial fitness in the apple rhizosphere. Surprisingly, however, 

the replant-associated microbiome was characterized by a decrease 
in this activity (Radl et  al., 2019). Taken together, these data 
suggest that shortly after planting apple there is a phase of rapid 
change, in which many early colonizers carrying key metabolic 
traits become less abundant or are completely eliminated. If these 
functions are “narrow” (i.e., not found across many bacteria) and 
are relevant in the replant disease context (e.g., antagonistic 
toward replant pathogens), then the loss of specific community 
members (or even individual strains) can substantially impact the 
functional capabilities of the root-associated microbiome.

Clear differences were also observed between replant and 
virgin soil in the Radl et al. (2019) study in terms of bacterial life 
strategies (fungi represented ~ 1% of the total metagenomic 
reads). In the rhizosphere of apple cultivated in virgin soil, genes 
for resource-foraging (i.e., genes involved in nutrient sensing and 
uptake) were enriched, which may indicate cooperative 
interactions between root-associated microbiota and the plant 
host. In replant rhizospheres, however, genes associated with 
competitive microbe-microbe interactions and adverse cellular 
conditions, including quorum sensing, biofilm formation, 
antibiotic production, secretion systems, chemotaxis, and 
siderophore production were more abundant. Although ARD 
pathogens act synergistically to cause the disease, they compete 
for the same host. Antagonism between certain fungal/oomycete 
components of the ARD disease complex has been observed in 
multiple studies and may even involve the production of 
antibiotics (Manici et al., 2018). Thus, the natural transition from 
a disease-suppressive to a disease-conducive state is likely to 
involve a dramatic shift not only in the way root-associated 
microbes interact with the plant, but also with each other. This 
cooperation vs. conflict dynamic has been shown to act as a 
structuring force in the human gut as well (Wasielewski 
et al., 2016).

Studies from a diversity of ecosystems have shown that 
conditions resulting in increased availability of simple sugars (e.g., 
glucose, fructose, etc.) create a structuring force that leads to more 
antagonistic (and fewer mutualistic) microbe-microbe and 
microbe-host interactions (Wasielewski et al., 2016; Deng and 
Wang, 2017). This phenomenon is likely due to conflict over 
abundant labile carbon. In a study conducted in China, invertase 
activity was found to be significantly higher in both bulk and 
rhizosphere soil from apples planted into replant soil than in 
non-replant soil at the same site (Sun et  al., 2014). Invertase 
catalyzes the hydrolysis of sucrose into glucose and fructose, and 
its activity is typically used as an indicator of the availability of low 
molecular weight sugars.

In apple, pathogenic interactions in the rhizosphere may 
result in simple sugars from infected root tissue becoming more 
available to other microbes, reducing reliance on complex 
carbohydrates. Deng and Wang (2017) found that lignocellulolytic 
groups (Actinobacteria and Bacteroidetes) were most susceptible 
to this type of substrate-specific antagonism. As previously 
mentioned, several studies have noted that saprophytic microbes 
including Actinobacteria and Bacteroidetes are less abundant in 
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the rhizosphere of apple rootstocks growing in disease-conducive 
soil as compared to disease-suppressive or uncultivated soil. For 
example, in the Mazzola (1999) study, apple seedlings grown in 
3rd year orchard blocks (but not 1st and 2nd) became conducive 
to Rhizoctonia root rot and their cultivable root-associated fungal 
communities less saprophytic in nature. Interestingly, Pythium 
and Phytopthora spp. were only recovered from plant roots grown 
in soil collected from 4th and 5th year blocks (Mazzola, 1998). 
Thus, over a relatively short period of time, apple plants influence 
the identity, abundance and function of the soil and root-
associated microbes in a way that ultimately creates a highly 
disrupted rhizosphere-microbiome leading to plant growth 
inhibition (i.e., dysbiosis). Studies on black cherry trees in the wild 
have shown that both plant-mediated accumulation of host-
specific pathogens in soil and reduced seedling survival can occur 
over relatively short time frames as well (Packer and Clay, 2004).

In forest ecosystems, the build-up of natural enemies in the 
soil is regarded as an important mechanism for regulating the 
spatial distribution of trees and promoting species coexistence 
(Connell and Slatyer, 1977). In intensive tree fruit production 
systems, however, the ongoing domination of host-specific 
pathogens in the soil leads to profound and long-lasting impacts 
on the future trajectory of the orchard system that are difficult to 
reverse. In fumigated soils, the apple rhizosphere microbiome 
typically reverts to that of the previous replant state within 2 years 
(Mazzola et al., 2015). Even orchard systems which remain fallow 
for years do not revert to their previous disease-suppressive state 
(Mazzola and Mullinix, 2005). In other words, unless alternative 
forms of “assistance” are provided, the ARD-conducive stable-
state persists in which the root-associated microbial communities 
of new plantings are predetermined by and/or quickly converge 
(in terms of function) to that of the previous planting. Among the 
most effective strategies for achieving longer-term disease control 
are those that not only suppress the ARD pathogen complex but 
also “transform” the resident soil microbiome in ways that prevent 
pathogen reinfestation [e.g., Brassicaceae seed meal (BSM) 
amendments, anaerobic soil disinfestation (ASD)].

To date, work on apple root exudates is extremely limited and 
only a small number of compounds (primarily phenolic 
metabolites) have been considered in the context of ARD (Emmett 
et al., 2014; Henfrey et al., 2015; Nicola et al., 2016). However, 
recent metabolomic studies have expanded the foundation from 
which researchers have to work (Leisso et al., 2017, 2018; Busnena 
et al., 2021). In addition, key microbial functions contributing to 
disease control as well as specific environmental resources which 
support these functions are not entirely clear, but these are 
promising territories for future research. Despite the fact we lack 
a complete understanding of the mechanisms and temporal 
dynamics underlying microbial community assembly and 
subsequent stabilization during ARD development or suppression, 
a conceptual framework can be established. Here, we present a 
hypothetical model describing ARD-successional changes and 
structuring forces thought to occur upon plant establishment in 
soil not previously planted to apple (Figure 1).

Phase 1. Initial tree establishment in soil 
not previously planted to apple

Plant roots become occupied by effective root-colonizers 
adapted to the local conditions including a variety of 
microorganisms with novel antagonistic properties toward plant 
pathogens (as represented by yellow dots). Saprophytic bacteria/
fungi (blue dots/mesh) are dominant agents of nutrient and 
energy flows. Overall, community members are more efficient at 
nutrient uptake. Cooperative (functionally compatible) plant-
microbe and microbe-microbe interactions structure the 
microbial communities associated with the root/rhizosphere.

Phase 2. Transition from 
disease-suppressive to 
disease-conducive state

Root systems expand and exert greater influence on the 
surrounding soil. Increased production of root exudates due to 
plant-microbe feedback (e.g., defense-related metabolites) and/or 
allelochemicals that may serve as “signals” for pathogen invasion. 
Nematodes (black squiggles) may facilitate pathogenic fungal/
oomycete (pink mesh) access to wounded tissue. Community 
members with competitive traits and/or specific substrate 
utilization profiles (pink dots) make the rhizosphere less “suitable” 
for growth and recruitment of keystone disease-suppressive taxa/
traits (yellow dots become less abundant).

Phase 3. Replant disease-conducive 
stable state

Pathogens increase in relative abundance and pathogenic 
fungi/oomycetes compete with each other (and with potentially 
beneficial microbes colonizing the root cortex). Labile sugars/
carbon released from infected root systems promote competitive 
plant–microbe/microbe–microbe interactions. Differences in 
substrate availability exert negative selective pressure on 
saprotrophic communities. Nutrient uptake efficiency is reduced. 
Pathogens and community members with competitive traits (pink 
dots) maintain dominance over time.

The influence of environmental 
factors/soil type on the pathogen 
complex

In all terrestrial ecosystems on the planet, soil type and/or 
environmental factors shape microbial community structure. 
Likewise, the dynamics of replant disease can be influenced by a 
number of environmental factors. For example, in ARD pathology, 
depending on location or season, different causal agents can 
dominate (or play a greater role) making it difficult to assess 
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rootstock disease tolerance/susceptibility in a standardized 
manner. Two key environmental factors affecting the activity of 
ARD pathogen populations and their interactions are soil 
temperature and moisture. In cooler, water-logged soil conditions 
and/or soils that drain poorly Phytopthora spp. are more likely to 
be  important contributors to disease development (Sneh and 
McIntosh, 1974; Traquiar, 1984). In comparison, lower soil water 
content may induce oospore formation (Sneh and McIntosh, 
1974). Fluctuations in the abundance and species composition of 
Pythium may also occur depending on the season. For example, 
in a field study conducted on alfalfa, root isolation frequencies of 
P. ultimum and P. irregulare were significantly positively correlated 
with rainfall (Larkin et al., 1995). By contrast, the frequency of 
isolation of P. sylvaticum from root tissue was significantly 
negatively correlated with rainfall and positively correlated with 
soil temperature (Larkin et  al., 1995). This is particularly 
significant because, although the Larkin et al. study was conducted 
with alfalfa, all three of these Pythium spp. are considered to 
be highly virulent ARD-specific pathogens. Contrasting seasonal 
patterns have been shown to influence the relative dominance of 

Rhizoctonia vs. Pythium spp. as well (Mazzola et al., 2020). Soil 
moisture can also be a factor in the activity and involvement of 
nematode populations. When topsoil dries up or conditions 
become adverse, Pratylenchus spp. have been shown to migrate to 
deeper layers of the soil profile, and eggs can survive even longer 
periods of desiccation (Mani, 1999).

Some early studies suggested that P. penetrans populations are 
higher, and therefore cause more damage, in sandy and/or coarse-
textured soils (Mai and Abawai, 1981); however, this has not been 
well documented. That said, recently a large-scale study was 
conducted to assess the influence of a variety of soil characteristics 
on nematode population densities in apple, cherry, and grape 
vineyards throughout the Okanagan Valley region of British 
Columbia (Forge et al., 2021). This survey included soil collected 
from the root-zone of over 100 different sites representing five 
broad soil textural groups. Although levels of infestation in root 
tissue were not assessed, the logarithm of Pratylenchus population 
densities (primarily P. penetrans and P. neglectus) across the apple 
and cherry sites (n = 57) was significantly negatively correlated 
with the percentage of clay, which ranged from 5 to 50%. 

FIGURE 1

Conceptual model describing successional changes in apple root associated microbial communities leading to apple replant disease and 
structuring forces which drive these changes.
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P. penetrans populations would, therefore, be  expected to 
contribute less to ARD in geographic regions where fine-textured 
soils are more common. Nevertheless, high numbers of 
P. penetrans are frequently associated with apple roots cultivated 
in a variety of soil types including soils containing relatively high 
percentages of clay and silt (e.g., Northeastern United States) as 
well as in much sandier soils (e.g., Central Washington; Mai and 
Abawai, 1981; Mai et al., 1994; Mazzola et al., 2015; Wang and 
Mazzola, 2019a).

Soil organic matter (SOM) content may also be an important 
factor mediating replant disease severity in some geographic 
regions. It is difficult, however, to broadly generalize about the 
influence of any one soil characteristic on ARD. Data from 
analyses of SOM content in orchards from various locations 
across the globe illustrates this problem. In a recent large-scale 
study, which included 57 orchards in the main apple growing 
region of China, soil organic matter was found to be significantly 
negatively correlated with replant disease severity (Xiang et al., 
2021a). Soil organic carbon content was <1% at 71% of the 
locations classified as having severe ARD, but was > 1.5% in all 
locations classified as having mild ARD. In Central Washington, 
however, orchards with relatively high soil organic matter 
content (2–3%) are highly conducive to ARD (Wang and 
Mazzola, 2019a; Mazzola et al., 2020). By notable contrast, high 
organic matter content (2.5–5%) resulting from long-term 
organic matter enrichment was reported to support the 
development of soil suppressiveness in the Bolzano province of 
Northern Italy (Mazzola and Manici, 2012). In another study 
from the same region, however, soils from organic orchards 
were more suppressive toward replant pathogens and had 
higher levels of total culturable fungi than those of the 
conventional orchards with similar soil organic matter content. 
This suggests management practices (rather than differences in 
SOM) altered the balance between pathogens and 
non-pathogens (Manici et  al., 2003). In summary, the 
composition and functioning of the soil microbiome is 
influenced by a number of factors, none of which have been 
particularly useful on their own as predictors of the overall 
functional performance of the soil in terms of its 
“suppressiveness” toward replant disease. In future, long-term 
environmental modeling approaches which combine 
environmental parameters with the actual abundance and/or 
isolation frequencies of multiple components of the disease 
complex may accelerate our understanding of replant dynamics.

How constructs of the ARD 
phenomenon compare based on 
geography

Multiple components of the ARD pathogen complex have 
been associated with orchard replant soil systems worldwide, 
including Pratylenchus spp., multinucleate Rhizoctonia spp., 
Cylindrocarpon/Ilyonectria spp. and several different species of 

Pythium and Phytopthora. Less is known about the species 
compositions of these groups (esp. oomycetes) and their 
differential virulence toward apple in any given region/area. For 
example, although many species of fungi (C. destructans) and 
oomycetes (P. cactorum, P. irregulare, and P. sylvaticum) known to 
be highly virulent toward apple in North America and Europe 
have also been definitively identified as important ARD pathogens 
in the main apple growing regions of South Africa, other species 
may be  region-specific (Tewoldemedhin et  al., 2011a,b). In 
particular, P. vexans and C. macrodidymum which have been 
reported to cause extensive growth reductions in apple seedlings 
in South Africa have rarely (Mazzola et al., 2002) or have not been 
reported to be associated with apple roots in North America or 
Europe. In comparison, P. ultimum and P. intermedium, which are 
frequently associated with replant disease in North America and 
Europe, have not yet been isolated from apple roots in South Africa 
(Sewell, 1981; Mazzola, 1998; Mazzola et al., 2002; Tewoldemedhin 
et al., 2011b).

It is also worth noting that a number of histology-based 
studies have utilized infected root tissue from plants grown in 
replant soil to specifically explore the contribution of a variety of 
microorganisms to ARD severity in Northern Germany 
(Grunewaldt-Stöcker et al., 2019, 2021; Popp et al., 2020). One 
study by Popp et al. (2020), combined laser microdissection or 
Harris Uni-Core punching with molecular techniques for the 
detection of endophytic fungi in highly localized regions of root 
tissue. In this study, multiple species of Nectriaceae including 
Ilyonectria (Cylindrocarpon) sp., Dactylonectria torrensis and 
Rugonectria rugulosa (but not Fusarium sp.), were more frequently 
identified in “symptomatic” (100% of samples analyzed) than in 
“symptom-free” (50% of samples analyzed) regions of root tissue. 
This research utilizes some of the most unique and cutting-edge 
approaches to studying ARD etiology in the field today. In view of 
the fact that many members of the Nectriaceae family (e.g., 
Cylindrocarpon/Ilyonectria spp., Fusarium spp.) contain a wide 
range of plant associations (from pathogenic to saprophytic), 
additional work will be needed to confirm which members of this 
Nectriaceae complex are pathogenic.

Several species within the genus Fusarium have been isolated 
from roots of apple growing in replant soils worldwide and have 
been suggested as possible causative agents of the disease. 
Numerous species of Fusarium were also isolated from apple roots 
and tested for pathogenicity in apple seedlings in the studies noted 
above (Mazzola, 1998; Tewoldemedhin et  al., 2011b). In 
South Africa, only 2/10 Fusarium spp. isolates (F. avenaceum and 
F. solani) were identified as weakly virulent toward apple seedlings. 
Likewise, in a study conducted in Washington, it was found that 
among 23 Fusarium spp. isolates recovered from apple only a 
single isolate of F. sambucinum (from a total of 8 isolates 
representing this species) reduced apple seedling biomass relative 
to the non-inoculated control (Mazzola, 1998). In both studies, 
the vast majority of Fusarium spp. and isolates recovered from 
apple roots (including F. oxysporum) represented non-pathogenic 
strains. In contrast, multiple reports from China assert that 
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Fusarium is the primary causative agent of ARD. In fact, the claim 
that Fusarium spp. are key pathogens associated with ARD in 
other regions of the world is a recurring inaccurate statement 
reported in many of these studies (Wang et al., 2018a; Xiang et al., 
2021b; Liu et  al., 2022). The statement regarding Fusarium 
functioning as an ARD pathogen is primarily based upon 
sequence-based studies in which relative abundances of Fusarium 
spp. in replant soils from the Bohai Bay and Loess Plateau region 
were positively correlated with disease severity in growth tests 
with apple seedlings (Wang et al., 2018a,b). Thus far however, the 
evidence in support of the role of Fusarium as an ARD-causing 
agent in China remains inconclusive. That said, limited support 
for this claim was recently provided in a study in which a single 
isolate of F. solani (originally isolated from apple roots growing in 
replant soil from the Bohai Bay region) was shown to significantly 
reduce plant growth of tissue cultured M.9 rootstocks relative to 
non-infected control plants after 1 month (1 × 103 spores per ml of 
soil; Xiang et al., 2021b). Multiple isolates of F. solani recovered 
from apple in the Western Cape province of South  Africa 
(Tewoldemedhin et al., 2011b) or Washington State United states 
(Mazzola, 1998) were found to be non-pathogenic toward apple.

To complete the discussion highlighting the potential 
differences in the constructs of the ARD phenomenon among 
geographic locations, we  note a recent sequence-based study 
which characterized the endophytic bacterial communities 
associated with apple roots growing in ARD-affected soils in 
Germany (Mahnkopp-Dirks et  al., 2021). In this study, the 
contribution of Actinobacteria (belonging to the genus 
Streptomyces) to ARD was explored in light of the multiple 
Streptomycete amplicon sequence variants (ASVs) being negatively 
correlated with the growth of susceptible (M.26) apple rootstock 
plantlets in replant soil. Interestingly, Streptomyces spp. ASVs with 
the strongest correlations had the highest sequence similarity 
(> 99%) to S. turgidiscabies, one of the few Streptomyces spp. 
known to be pathogenic toward plants. In summary, we argue that 
more research (i.e., further inoculation-based studies and/or 
pathogenicity testing) is needed to determine the contribution of 
Streptomyces and/or Fusarium spp. to the apple replant 
disease complex.

Disease control methodologies

Pre-plant soil fumigation is the benchmark upon which all 
other potential control options have been measured (Covey et al., 
1979; Mai and Abawai, 1981; Willett et al., 1994) and, with few 
exceptions (e.g., the European Union), continues to be  the 
dominant means employed for the control of ARD. Several 
fumigants are utilized for this purpose, but regulatory actions 
often restrict the use of specific chemistry formulations. In 
general, formulations that possess both fungicidal and nematicidal 
activity have demonstrated superior levels of ARD control in field 
assessments. For instance, Vorlex, possessing fungicidal (20% 
methylisothiocyanate) and nematicidal (80% 1,3-dichloropropene) 

activity, provided superior ARD control relative to chloropicrin 
(fungicidal action only) in trials conducted in Nova Scotia (Ross 
et al., 1983). In a series of field trials, preplant treatment with a 
1,3-dichloropropene/chloropicrin fumigant formulation 
significantly increased apple yields from 56 to 161% over the no 
treatment control (Mazzola and Mullinix, 2005; Mazzola et al., 
2015; Nyoni et al., 2019; Wang and Mazzola, 2019a). However, 
instances have been reported in which soil fumigation with 
1,3-dichloropropene/chloropicrin failed to provide significant 
increases in apple growth and yield on replant sites (Rumberger 
et al., 2004; Yao et al., 2006), and at times this has been associated 
with failure to diminish pathogen densities (Mazzola et al., 2015).

A diversity of alternatives to soil fumigation have been 
proposed and/or evaluated for the management of apple replant 
disease. The numerous cultural practices evaluated for ARD 
control include: application of mono-ammonium phosphate 
(Slykhuis and Li, 1985), deep ripping of soil and removal of apple 
roots (Braun et al., 2010), altering orchard planting pattern to 
avoid planting in the old tree rows (Rumberger et  al., 2007), 
replacing soil in the tree hole with new virgin soil (Willett et al., 
1994), site abandonment with establishment of the new orchard 
on ground not previously planted to apple, addition of organic 
matter to soil (e.g., compost), application of biological control 
agents (Utkhede et al., 2001), active manipulation of orchard soil 
microbiology (Mazzola et al., 2015), application of semi-selective 
chemical formulations targeting the pathogen complex (Nyoni 
et al., 2019), and the use of disease tolerant rootstocks (Auvil 
et al., 2011; Robinson et al., 2012). In general, these strategies 
have demonstrated constraints in terms of efficacy, practicality 
and/or economics. For instance, there are limited reports relative 
to the effective use of single strain microbial inoculants for the 
control of defined (single pathogen target) soilborne disease 
causal agents in annual cropping systems. Thus, successful 
implementation of such a treatment in combating a diverse 
pathogen complex in a perennial cropping system is suspect and 
has not been demonstrated in field trials. The semi-selective 
chemical treatment improved tree growth in field trials but the 
treatment was inconsistent and disease control was site-specific 
(Nyoni et  al., 2019). Although utilization of ARD tolerant 
rootstocks does show promise in combatting the disease, 
enhanced performance of tolerant rootstocks relative to those 
identified as susceptible has been inconsistent (St Laurent et al., 
2010; Wang and Mazzola, 2019a; Hewavitharana and 
Mazzola, 2020).

Manipulation of the orchard soil microbiome resulting in 
altered function and concomitant generation of biologically active 
chemistries has demonstrated significant promise for the control 
of ARD. Multiple field trials conducted at the research and 
commercial field scale demonstrated consistent efficacy of 
pre-plant Brassicaceae seed meal (BSM) amendments and 
anaerobic soil disinfestation (ASD) in the control of ARD in 
Washington State, United States. The particulars regarding the 
application of these treatments and effectiveness for control of 
ARD will be discussed below.
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Mechanisms of rootstock disease 
tolerance

Until recently, apple rootstock breeding programs have not 
explicitly targeted the development of resistance to ARD as a core 
program objective. Rootstock breeding historically has focused on 
optimization of horticultural characteristics such as vigor control 
and precocity (Zurawicz et  al., 2011; Fazio, 2014). However, 
advanced rootstock selections from programs targeting these 
horticultural traits have subsequently been screened for tolerance 
or resistance to replant disease (Isutsa and Merwin, 2000; Auvil 
et  al., 2011; Robinson et  al., 2012) and material purported to 
possess ARD tolerance/resistance has been released commercially. 
Regrettably, the terms tolerance and resistance have on occasion 
been utilized interchangeably when characterizing the 
performance of apple rootstocks cultivated in orchard replant soils 
(Robinson et al., 2012). While tolerance refers to a plant’s ability 
to grow and produce despite being susceptible to pathogen 
infection and colonization, resistance indicates a plant’s ability to 
limit infection or subsequent proliferation of the pathogen. These 
attributes differ most notably in a mechanistic manner but also 
differ with regard to the effect of environment on expression of the 
desired response. The influence of site or environment on the 
function of replant disease tolerance is evident based upon  
the differential classification of specific rootstock genotypes in 
trials conducted across multiple replant sites. For instance, G.41 
rootstock was classified as ARD susceptible (St Laurent et  al., 
2010) or “resistant” (Robinson et  al., 2012) depending upon 
orchard soil in which the trial was conducted. Likewise, Gala/G.41 
demonstrated a growth and yield response to soil fumigation 
equivalent to that of the highly susceptible Gala/M.26 (Wang and 
Mazzola, 2019a) indicating the failure of G.41 to express field 
tolerance to the ARD pathogen complex at the study site. 
Therefore, although the classification of rootstocks in terms of 
relative ARD tolerance is of interest and potential utility to the 
producer, predicting the utility of this tolerance requires on-site 
evaluation of rootstock germplasm prior to implementation in 
commercial orchards.

Manifestation of ARD in apple is believed to progress due to 
fine root tip attrition resulting from pathogen attack causing 
diminished water and nutrient absorption. The ability to rapidly 
replace finer root tissue appears to have a significant role in the 
tolerance expressed by certain rootstock genotypes (Atucha et al., 
2013; Emmett et al., 2014). Tolerance to ARD was associated with 
anatomical differences among rootstocks with tolerant rootstocks 
having finer foots and a highly branched structure (Emmett et al., 
2014). The tolerant rootstock genotype G.210 had higher below 
ground biomass and rate of new root production than the disease 
susceptible rootstock M.26 planted in ARD soil. It was 
hypothesized that the greater accumulation of below ground 
biomass and root length allowed the G.210 rootstock to 
compensate more effectively than the susceptible rootstock M.26 
for root loss resulting from infection by ARD pathogens. A 
comparative analysis of the transcriptome from M26 and G.210 

root tissue, when cultivated in replant soil, further supported the 
role of increased resource allocation to root production as a 
mechanism contributing to enhanced performance of G.210 
rootstock on orchard replant sites (Wang et al., 2021). At the same 
time points, genes involved in cell wall organization and biogenesis 
were more highly expressed in G.210 than M.26, a finding which 
may be  related to the need in G.210 to synthesize biomass 
components for rapidly dividing root cells. Other aspects that may 
be related to new biomass production included up regulation in 
G.210, relative to M.26, of genes involved in protein synthesis and 
DNA replication (Wang et al., 2021).

Apple rootstock genotypes differ in composition and activity 
of the rhizosphere/endophytic microbiome (Liu et  al., 2018; 
Deakin et al., 2019; Wang and Mazzola, 2019b; Van Horn et al., 
2021) and metabolome (Leisso et  al., 2017, 2018) which may 
function in the reported tolerance of specific genotypes to the 
pathogen complex that incites ARD. The rhizosphere and 
endophytic microbial community detected in apple differed 
significantly among ARD susceptible and tolerant rootstocks (Van 
Horn et al., 2021). The relative abundance of mycorrhizal species 
within the Glomeraceae was significantly higher in the endophytic 
fungal community detected in tolerant rootstocks (G.41, G.890, 
and G.935) than in susceptible rootstocks (M.9 and M.26) when 
cultivated in replant orchard soil (Van Horn et  al., 2021). 
Mycorrhizal colonization of plant roots can inhibit root infection 
by pathogens and parasites of apple (Forge et al., 2001; Graham, 
2001), but pathogen suppression notably occurs in a mycorrhizae 
species-dependent manner (Forge et al., 2001; Gough et al., 2020). 
The tolerant rootstock G.890 consistently possessed the greatest 
abundance of OTUs designated as Funneliformis mosseae, a species 
reported to suppress apple root colonization by Pratylenchus 
penetrans (Forge et  al., 2001; Gough et  al., 2020). Although 
application of mycorrhizal inoculants in controlled environment 
studies mitigated the growth suppressive effects of ARD (Cavael 
et al., 2021), use of an inoculant, which commonly employs a 
single or few species, at the field scale is unlikely to supplant 
infection by the diverse mycorrhizal community resident to an 
orchard soil system.

Differential metabolic composition of apple rootstock 
rhizodeposits may also contribute directly or indirectly to ARD 
tolerance/susceptibility. Numerous triterpenoids and phenolic 
compounds detected in apple root rhizodeposits (Leisso et al., 
2017, 2018) demonstrate antifungal activity (Cho et al., 1998; Song 
et al., 2011; Ma et al., 2017). A number of these metabolites were 
found to differ significantly in concentration between tolerant 
(G.935 and G.41) and susceptible (M.9 and M.26) rootstocks 
(Leisso et al., 2017, 2018). Among these, phloridzin was detected 
at significantly higher concentration in M.9 and M.26 while 
benzoic acid and hydroxybenzoic acid were present at a higher 
concentration in G.935 rhizodeposits. Phloridzin is the most 
extensively studied phenolic apple root exudate. A diversity of 
potential functions assigned to this apple metabolite include: in 
vitro antifungal activity (Shim et al., 2010), host detection signal 
for plant pathogens (Hoffman et  al., 2009), anti-herbivore 
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compound (Lauzon et al., 2003), promoter of apple growth (Jones, 
1976), inhibitor of apple growth and a cause of replant disease 
(Nicola et al., 2016). However, its function as an antimicrobial 
agent is suspect, as addition of phloridzin amplified fungal density, 
had no effect on bacterial density and did not alter composition of 
the microbiome detected in a replant orchard soil. In addition, 
phloridzin demonstrated no in vitro inhibitory activity toward the 
apple root pathogens Phytophthora cactorum, P. ultimum or 
R. solani AG-5. In contrast, hydroxybenzoic acid inhibited all 
three microorganisms and benzoic acid inhibited growth of 
P. ultimum and R. solani AG-5 (Table 1).

The sugar alcohols sorbitol and myo-inositol (Figure 2) were 
detected at significantly higher concentrations in G.935 relative to 
M.26. Sorbitol significantly reduced bacterial populations in 
treated orchard soil and significantly altered composition of the 
microbiome while myo-inositol demonstrated repellant-like 
activity toward P. penetrans. These analyses imply that a diversity 
of rhizosphere metabolites possess the capacity to modulate 
activity of known ARD pathogens in the apple root zone and 
influence rootstock disease tolerance/susceptibility. Historical 
focus on a very few highly abundant metabolites has limited the 
view of root exudates as a potential contributor to ARD tolerance 
of apple rootstocks.

Mechanisms of rootstock disease 
resistance

Developing functional host resistance to ARD is a major 
challenge due to the lack of consensus regarding disease causality, 
the reported variation in qualitative and quantitative composition 
of causal pathogens across orchard sites and the diversity of 
multitrophic interactions contributing to this complex disease. To 
date, the examination of active host resistance to ARD has focused 
on a limited number of genes, causal agents and rootstock 
genotypes. Multiple studies have revealed the upregulation of 
common biotic stress response genes in apple when cultivated in 
replant orchard soils (Zhu et al., 2016; Weiß et al., 2017a,b; Reim 
et al., 2020; Wang et al., 2021). However, the potential function of 
such genetic response in limiting host damage when exposed to 

the pathogen complex residing in replant soils is not certain as 
there was no attempt to associate these responses with host 
resistance. While a number of genes were uniformly upregulated 
among rootstock genotypes exposed to replant soils (Reim et al., 
2020), these genes may largely serve as potential biomarkers for 
ARD but are unlikely to serve as targets for genetic improvement 
of apple rootstocks for resistance to the disease. For instance, 
upregulation of various biosynthesis and signaling genes important 
in plant defense responses, including phytoalexin production, was 
repeatedly observed (Shin et al., 2014; Weiß et al., 2017b; Wang 
et al., 2021) in apple rootstocks planted in ARD soil. The response, 
however, appears insufficient to defend against the pathogen 
complex encountered in replant soil (based upon the distribution 
of the response across genotypes differing in susceptibility to 
ARD). Overall, the trend in upregulation of these generalized 
defense response genes is similar in both highly susceptible and 
less susceptible apple rootstocks (Wang et al., 2021).

A plausible alternative is to initially employ sequential 
examination of rootstock germplasm for resistance to individual 
pathogens contributing to ARD. Although mechanistically 
undetermined, resistance to Phytophthora cactorum has been 
reported with certain Geneva series rootstocks. There are, 
however, notable differences in the reported level of resistance 
attributed to a given rootstock; G.935 and G.202 were deemed 
susceptible to P. cactorum in certain studies (Choi et al., 2021) but 
highly resistant in other evaluations.1

One of the few studies that examined host resistance to a replant 
pathogen which employed both phenotypic and genetic evaluation 
concerned an assessment of rootstock response to challenge with 
the oomycete P. ultimum (Shin et al., 2014, 2016). Progression of 
root necrosis and proliferation of hyphae along infected roots was 
delayed in resistant rootstock germplasm while necrosis and profuse 
hyphal growth was observed along roots of susceptible rootstock 
germplasm (Zhu et al., 2016, 2018). Transcriptome analysis revealed 
that the timeframe of molecular defense activation in response to 
P. ultimum challenge differed significantly between a resistant 
(G.935) and susceptible (Bud9) apple rootstock (Zhu et al., 2019). 
The transcriptome of the susceptible genotype Bud9 was more 
dramatically altered with a vast number of downregulated DEGs at 
48 h post-inoculation (hpi). In contrast, the resistant G.935 
rootstock exhibited a more modest disruption in the transcriptome 
in response to pathogen challenge with a majority of the DEGs 
being upregulated. Several genes involved in defense activation, 
including those encoding kinase receptors, jasmonic acid 
biosynthesis enzymes and jasmonic acid transcription factors, were 
upregulated earlier in G.935 roots relative to Bud9. It was 
hypothesized that the quicker and more consistent defense 
activation of an effective effector-triggered immunity response in 
the roots of G.935 limited the progression of necrosis incited by 
P. ultimum (Zhu et al., 2019). This premise does not appear to hold 
across the diversity of apple rootstock genotypes.

1 https://extension.psu.edu/apple-rootstocks-capabilities-and-limitations

TABLE 1 Effect of select phenolic metabolites detected in apple root 
exudates on in vitro radial growth (cm) of targeted apple root 
pathogens.

Treatmentz Phytophthora 
cactorum

Pythium 
ultimum

Rhizoctonia 
solani AG-5

Control 2.42ay 3.29a 6.88a

Phloridzin 2.07a 3.22a 5.73ab

Benzoic acid 0.00b 0.00c 4.49bc

4-Hydroxy-

benzoic acid

1.96a 1.44b 3.80c

zIndividual metabolites were added to potato dextrose agar at a rate of 0.0125 mg ml−1.
yMeans in a column followed by the same letter are not significantly (p = 0.05; n = 5) 
different according to Tukey’s test.
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When cultivated in a known ARD orchard soil several 
biological processes related to defense were elevated at an earlier 
time point (48 hpi) in the disease susceptible rootstock M.26 
relative to the tolerant rootstock G.210 (Wang et  al., 2021). 
Subsequently, biological processes related to defense were elevated 
in G.210 relative to M.26 but not until the 7-day time point. As 
noted above, the tolerant/resistant rootstock G.210 initially 
appeared to allocate more resources toward root biomass 
production. Numerous DEGs potentially involved in biomass 
production were higher in G.210 relative to M.26. These included 
DEGs important in cellular glucan metabolic processes, the 
synthesis of hemicellulose and pectin (which are the components 
of newly formed cell walls), and genes involved in protein 
synthesis and DNA replication. Studies to date detail not only how 
rootstock cultivars varying in ARD susceptibility differ in their 
response to pathogen pressure but also indicate that the functional 
resistance response may vary across rootstocks demonstrating 
enhanced relative growth and yield performance on orchard 
replant sites. The apparent differential functional resistance 
response across rootstocks to the diversity of pathogens inciting 
ARD demonstrates the need for additional studies to identify the 
breadth of processes/genes that may confer host tolerance/
resistance. Further elucidation of the genetic determinants of 
rootstock resistance to individual pathogens or the ARD pathogen 
complex will aide in the optimization of rootstock breeding 
programs pursuing host resistance as a disease management option.

Alternatively, examination of the genetic response in highly 
susceptible apple rootstock germplasm may be useful to breeding 
programs in the identification of markers that are suitable. For 
example, the systemic suppression of genes associated with primary 
metabolism, including glycolysis, was observed in roots of the 
highly susceptible rootstock Bud9 when exposed to P. ultimum (Zhu 
et al., 2019). A similar down-regulation of genes involved in primary 

metabolism was detected in roots of the ARD susceptible rootstock 
M.26, relative to the tolerant rootstock G.210 (Wang et al., 2021). 
When employed in analysis using a standard “resistant” rootstock 
and previously uncharacterized plant material, such a comparative 
assessment in the activity of either an individual or a panel of genes 
may be a suitable factor for removal of specific genotypes during the 
screening of breeding generated populations.

Functionality of soil 
amendment-rootstock genotype 
integration

In order to assemble multiple disease control options into an 
effective integrated disease management protocol, functional 
modes of action of independent treatments must be ascertained. 
Such knowledge is required to both determine appropriate means 
of optimizing pathogen suppression and also to avoid 
combinations in time or practice that diminish treatment efficacy. 
Development of an integrated approach to the management of 
ARD has generally been lacking in terms of defining modes of 
action determining disease control as well as optimizing efficacy 
beyond the “try and see what happens” approach. A broad 
spectrum of soil amendments, including composts (Wilson et al., 
2004; Yao et al., 2006; Van Schoor et al., 2008; Braun et al., 2010), 
fertilization programs (Traquiar, 1984; Wilson et al., 2004; Cavael 
et al., 2021) and use of green manure or cover crops (Edwards 
et al., 1994; Merwin, 1995; Mazzola and Mullinix, 2005; Yim et al., 
2017; Kanfra et al., 2021) have been evaluated for the ability to 
ameliorate replant disease symptoms. In large part, these soil 
amendment strategies were unsuccessful in managing ARD 
(Wilson et al., 2004; Yao et al., 2006; Van Schoor et al., 2008) 
although a short-term benefit in terms of vegetative growth was, 

FIGURE 2

Left panel: relative quantity of myo-inositol as determined by LC–MS QTOF analysis (Leisso et al., 2017) in root exudates of micro-propagated 
G.935 and M.26 plantlets cultivated in root elongation medium (Yepes and Aldwinckle, 1994). Quantity of myo-inositol detected was significantly 
(p = 0.0289) greater in exudates of G.935 than M.26 rootstock. Right panel: relative chemotactic response of Pratylenchus penetrans to water agar, 
water agar + myo-inositol or neither as assessed in in vitro choice assays. Assay was conducted in triplicate with ten adult P. penetrans used in each 
replicate trial. The number of P. penetrans attracted to the myo-inositol treated agar plug was significantly (p < 0.03) lower than that toward the 
water agar alone or numbers migrating toward neither agar-based treatment.
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at times, observed. Rumberger et al. (2004) observed no growth 
benefits of pre-plant compost amendment in apple cultivated on 
a replant site irrespective of rootstock genotype. In addition, 
although the rhizosphere bacterial community differed between 
susceptible (M.7 and M.26) and tolerant (G.30 and G.210) 
rootstocks, no difference was observed between the control and 
compost treatment for any rootstock (Rumberger et al., 2004). A 
significant limitation to extending use of these practices was the 
failure to assess treatment effect on the pathogen complex that 
incites ARD. The short-term benefits to tree growth developed as 
a result of enhanced soil fertility and moisture conditions rather 
than pathogen suppression and disease control.

Alternative soil amendment-based strategies, including 
pre-plant application of Brassicaceae seed meal (BSM) and use of 
the process termed anaerobic soil disinfestation (ASD), have 
demonstrated active control of ARD. In assessments of findings 
from previous controlled environment and field-based studies, it 
was either suggested that the efficacy of BSM was site and soil 
dependent (Hanschen and Winkelmann, 2020), that it was not a 
reliable and transferable management strategy across different 
locations (Cavael et al., 2021) or that it was ineffective against 
oomycetes (Deakin et al., 2019) and was not, therefore, a suitable 
treatment for the control of ARD. Such statements were reasonably 
based upon early studies that examined a number of BSMs that 
were applied individually (Mazzola and Mullinix, 2005) prior to 
determining their efficacy and modes of action in suppressing the 
diverse spectrum of ARD pathogens (Mazzola et  al., 2007). 
However, those previous statements have been invalidated based 
upon subsequent studies employing a novel BSM formulation 
(Mazzola and Brown, 2010). Use of this optimized formulation 
produced maximum efficacy in control of ARD at all commercial 
scale orchard trials across numerous sites varying in soil and 
geographic setting (Mazzola et  al., 2015; Wang and Mazzola, 
2019a; Dupont et al., 2021). That is, the level of disease control 
along with apple growth and yield was equivalent to or exceeded 
that attained in response pre-plant soil fumigation (the 
commercially employed ARD control strategy).

Disease control in response to Brassicaceae residues applied 
as a soil amendment has generally been attributed to a process 
termed “biofumigation” (Matthiessen and Kirkegaard, 2006; 
Hanschen and Winkelmann, 2020). This designation implies its 
sole function is a chemical mode of action generally ascribed to 
chemistries derived from the hydrolysis of plant glucosinolates 
(e.g., isothiocyanates). Unfortunately, a focus on the fumigant-like 
potential of BSM amendments has led to misguided application of 
these treatments. Previous reports of disease control obtained long 
after active chemistries were evacuated from the soil system 
(Lewis and Papavizas, 1971; Cohen and Mazzola, 2006) or when 
Brassicaceae residues that do not yield antimicrobial chemistries 
were employed (Manici et al., 1997; Potter et al., 1998; Mazzola 
et  al., 2001; Cohen et al., 2005) indicated that non-chemical 
mechanisms contribute to disease suppression. Additional studies 
demonstrated that a biologically intact soil system along with a 
functionally transformed rhizosphere microbiome is required for 

the effective suppression of multiple plant pathogens in response 
to BSM amendments (Cohen and Mazzola, 2006; Mazzola et al., 
2007; Weerakoon et al., 2012).

Similarly, suppression of soilborne pathogens in response to 
anaerobic soil disinfestation has been attributed to various active 
chemistries generated during the anaerobic phase of the treatment 
process (Momma et al., 2006; Runia et al., 2014; Hewavitharana 
et al., 2015; Rosskopf et al., 2020). However, as in the case of BSM 
amendment, the soil/rhizosphere microbiome that developed in 
response to ASD was essential to the generation of conditions and/
or mechanisms leading to pathogen suppression and disease control 
(Hewavitharana and Mazzola, 2016). Thus, use of amendment-
based strategies must consider the various attributes of the orchard 
system that influence composition and function of soil microbial 
resources. This includes attention to appropriate rootstock genotype 
which not only varies in ARD susceptibility but also has a significant 
role in shaping composition of the soil, rhizosphere and endophytic 
microbiome (Rumberger et al., 2004; Deakin et al., 2019; Wang and 
Mazzola, 2019b; Van Horn et al., 2021).

Efficacy of BSM in control of ARD was influenced by 
rootstock genotype in multiple field trials (Mazzola et al., 2015; 
Wang and Mazzola, 2019b). Heightened treatment efficacy was 
commonly observed with BSM soil amendment when used in 
conjunction with Geneva rather than Malling series apple 
rootstocks. The differential rootstock performance was 
characterized by increased growth and yield, efficacy attained at 
lower amendment rates, diminished sensitivity to herbicidal 
activity and reduced pathogen densities when the treatment 
employed a Geneva rootstock (Mazzola et al., 2015; Wang and 
Mazzola, 2019b). For example, Gala/M.26 trees exhibited 
significant mortality when BSM was applied at the highest rate 
(6.6 t ha–1) immediately prior to spring planting while no 
phytotoxicity was observed for Gala/G.41 trees (Wang and 
Mazzola, 2019b). Although Gala/G.11 and Gala/M.9 trees planted 
in non-treated ARD soil grew similarly, Gala/G.11 generated 
significantly higher yields than Gala/M.9 when cultivated in 
B. juncea/S. alba seed meal amended soil (Mazzola et al., 2015). 
This differential yield response in BSM-treated soil was associated 
with significantly lower populations of P. penetrans and Pythium 
spp. recovered from G.11 roots relative to M.9 at 2 years post-
planting. Similarly, when BSM was applied immediately prior to 
planting in spring at 4.4 or 6.6 t ha–1, Gala/G.41 reached yields that 
were significantly higher than Gala/M.26 which was associated 
with significantly lower densities of P. penetrans in G.41 than M.26 
roots (Wang and Mazzola, 2019b).

Pre-plant BSM soil treatment provides disease control at levels 
equivalent to or better than pre-plant soil fumigation regardless of 
rootstock genotype. However, the superior performance of 
Gala/G.41 in BSM-treated soil noted above was associated with a 
root and rhizosphere microbiome that was more distinct from the 
no treatment control treatment than the corresponding microbiome 
from Gala/M.26 (Wang and Mazzola, 2019b). Although the 
rhizosphere microbiome from Gala/G.41 and Gala/M.26 were highly 
similar in the non-treated soil, microbiome composition in the 
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rhizospheres of the two rootstock genotypes became more divergent 
when cultivated in BSM-treated soil. Dissimilarity in microbiome 
composition increased with increasing seed meal amendment rates 
(Wang and Mazzola, 2019b). Differential recruitment of plant 
beneficial microbes to the rhizospheres of susceptible (M.26) vs. 
tolerant (G.210) rootstocks and/or the differential effects on 
initiation of host plant defense responses may have led to a greater 
protective effect of the BSM treatment on G.210 (Wang et al., 2021). 
When cultivated in BSM amended ARD soil, both rootstocks 
exhibited differential gene expression relative to corresponding 
non-treated control soil. However, as noted above, the dynamics of 
gene expression indicated that the BSM-amended soil system altered 
the trajectory of the root transcriptome in a genotype-specific 
manner. Altered gene expression was temporally associated with 
changes in rhizosphere microbiome density and composition in the 
BSM-treated soil (Wang et al., 2021).

Rootstock genotype has also demonstrated variable effects on 
the efficacy of ASD to control apple replant disease. In greenhouse 
and field trials that utilized rootstock liners as the planting material, 
ASD significantly enhanced tree growth relative to non-treated 
ARD orchard soil irrespective of genotype (Hewavitharana and 
Mazzola, 2020). Disease susceptible (M.9) and tolerant (G.41 and 
G.935) rootstock genotypes performed similarly in terms of 
increased tree growth in response to ASD in a manner equivalent 
to that achieved in fumigated soil. In the same study, ASD 
significantly reduced the quantity of R. solani AG-5 DNA detected 
in apple roots relative to the no treatment control but no significant 
difference was observed between rootstock genotypes. These 
findings suggested that ASD could be used successfully for the 
management of ARD as an independent treatment across rootstock 
genotypes varying in disease tolerance. However, in a subsequent 
field trial that employed grafted trees, efficacy of ASD in terms of 
improved tree growth was rootstock genotype-dependent (Dupont 
et al., 2021). Although ASD uniformly improved tree growth in a 
manner similar to that attained in response to pre-plant soil 
fumigation, growth of Cosmic Crisp/G.41 (tolerant) was 
significantly greater than Cosmic Crisp/M.9 (susceptible) in ASD 
treated soil (Dupont et al., 2021). Trees exhibiting increased growth 
in both ASD and fumigated soil possessed significantly lower root 
densities of P. penetrans relative to the no treatment control. In 
addition, the improved tree growth observed in response to ASD 
across three orchard sites was consistently associated with 
significant changes in the rhizosphere and soil microbiome, 
regardless of rootstock utilized. In general, ASD resulted in 
increased abundance of Actinobacteria, Bacteroidetes and 
Firmicutes. Among the Firmicutes those exhibiting increased 
relative abundance were primarily members of the Bacillales and 
Clostridiales (Dupont et  al., 2021). These groups are known to 
function in the production of antimicrobial metabolites derived 
during ASD which contribute to the suppression of soilborne 
pathogens (Hewavitharana et al., 2019).

Findings from studies concerning the integration of rootstock 
genotype with amendment-based disease control strategies 
demonstrate the breadth of knowledge required to attain optimal 

efficacy. In the two systems explored above, there exists a greater 
understanding of factors that regulate the interaction between 
rootstock genotype and BSM soil amendment than the rootstock 
genotype-ASD interaction. While apparent differences in growth 
response and disease control attained between rootstocks varying 
in disease tolerance was consistent with BSM treatment across 
soils and experiments, a greater level of variability in the response 
for a given rootstock genotype was observed across ASD trials. In 
part, the consistency in comparative efficacy observed across trials 
for ARD tolerant or susceptible rootstocks observed with BSM 
amendment was associated with the timing of sequential changes 
in the rhizosphere microbiome supported by different rootstock 
genotypes. These dissimilarities could have differentially affected 
initial pathogen suppression as well as initiation of host defense 
mechanisms in the tolerant and susceptible rootstocks. It is clear 
that efficiency of BSM amendment for control of ARD will 
be elevated when applied in concert with a tolerant apple rootstock 
genotype (Wang and Mazzola, 2019a).

Priorities for future research and 
development

Management of apple replant disease has traditionally relied 
upon the availability and use of broad-spectrum soil fumigants prior 
to orchard replanting. Establishing environmentally sustainable and 
effective measures for control of the disease will require formulation 
of novel approaches that consider the entirety of the orchard 
ecosystem. The plant-induced transition of the soil microbiome to 
yield conditions conducive to ARD demonstrates the need for a 
comprehensive understanding of the structuring forces that shape 
microbial community composition and the functional dynamics 
underlying the evolution or suppression of the disease. Such 
knowledge will facilitate the development of sustainable disease 
control measures including those employing amendment-based 
management approaches designed to harness the potential of the 
indigenous microbiome. Due to the highly inter-connected nature 
of the plant genotype and the plant microbiome, harnessing the 
plant’s genetic potential to manipulate root-associated microbiomes 
(independently or in combination with amendment-based 
strategies) is an important and integral step toward improving 
productivity in orchard ecosystems. That said, apple replant disease 
tolerance is a very complex root trait which is difficult to phenotype; 
susceptibility or tolerance to different ARD pathogens may differ 
mechanistically among rootstock genotypes.

So far, what has been learned about why and how apple rootstock 
genotype influences ARD defense has been attained through 
multiple research approaches (metabolomic, microbiome, and 
transcriptomic-based studies), all of which we have attempted to 
highlight in this review. In conjunction with such efforts, it is 
essential to develop screening programs which assess the genetic 
potential of different rootstocks to stimulate or inhibit multiple 
components of the pathogen complex (individually and collectively). 
Such a strategy may prove invaluable if replant pathogen consortia 
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are ultimately confirmed to differ with the geographic region 
(although this is yet to be proven). Finally, we know much more 
about the apple rhizosphere than endophytic microbiome. In apple, 
research on the endophytic microbiome has only scratched the 
surface, with most efforts to characterize this group limited to a few 
rootstocks in a single soil system. This, therefore, represents another 
important avenue for future study. An understanding of the complex 
interactions between apple roots, ARD pathogens and beneficial 
microorganisms in the rhizosphere and endosphere will require new 
conceptual approaches to investigation that must integrate cutting-
edge omics-based approaches with proof-of-concept studies that 
employ the biological entities identified. As we  enter an era of 
increasing challenges to the function of agricultural ecosystems 
across the planet (both regulatory and environmental), these are 
directions of research which will aide scientists and growers in 
addressing the questions and finding viable solutions.

Author contributions

All authors listed have made a substantial, direct, and 
intellectual contribution to the work and approved it 
for publication.

Funding

Funding for this research originated from the United States 
Department of Agriculture-Agricultural Research Service; 
National Program 303: Plant Diseases; Project # 
2094–21220-003-000-D.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References

Adamcová, A., Horna, A., and Šatínský, D. (2022). Determination of 
phloridzin and other phenolic compounds in apple tree leaves, bark, and buds 
using liquid chromatography with multilayered column technology and 
evaluation of the total antioxidant activity. Pharmaceuticals 15:244. doi: 10.3390/
ph15020244

Atucha, A., Emmett, B., and Bauerle, T. L. (2013). Growth of fine root systems 
influences rootstock tolerance to replant disease. Plant Soil. doi: 10.1007/
s11104-013-1977-5

Auvil, T. D., Schmidt, T. R., Hanrahan, I., Castillo, F., McFerson, J. R., and Fazio, G. 
(2011). Evaluation of dwarfing rootstocks in Washington apple replant sites. Acta 
Hortic. 903, 265–271. doi: 10.17660/ActaHortic.2011.903.33

Balbín-Suárez, A., Jacquiod, S., Rohr, A. D., Liu, B., Flachowsky, H., 
Winkelmann, T., et al. (2021). Root exposure to apple replant disease soil triggers 
local defense response and rhizoplane microbiome dysbiosis. FEMS Microbiol. Ecol. 
97. doi: 10.1093/femsec/fiab031

Brackmann, R., and Fuchs, G. (1993). Enzymes of anaerobic metabolism of 
phenolic compounds. 4-Hydroxybenzoyl-CoA reductase (dehydroxylating) from a 
denitrifying Pseudomonas species. Eur. J. Biochem. 213, 563–571. doi: 
10.1111/j.1432-1033.1993.tb17795.x

Braun, P. G. (1991). The combination of Cylindrocarpon lucidum and Pythium 
irregulare as a possible cause of apple replant disease in Nova Scotia. Can. J. Plant 
Pathol. 13, 291–297. doi: 10.1080/07060669109500914

Braun, P. G. (1995). Effects of Cylindrocarpon and Pythium species on apple 
seedlings and potential role in apple replant disease. Can. J. Plant Pathol. 17, 
336–341. doi: 10.1080/07060669509500672

Braun, P. G., Fuller, K. D., McRae, K., and Fillmore, S. A. E. (2010). Response of 
‘Honeycrisp’ apple trees to combinations of pre-plant fumigation, deep ripping, and 
hog manure compost incorporation in a soil with replant disease. HortScience 45, 
1702–1707. doi: 10.21273/HORTSCI.45.11.1702

Busnena, B. A., Beuerle, T., Mahnkopp-Dirks, F., Winkelmann, T., 
Beerhues, L., and Liu, B. (2021). Formation and exudation of biphenyl and 
dibenzofuran phytoalexins by roots of the apple rootstock M26 grown in apple 
replant disease soil. Phytochemistry 192:112972. doi: 10.1016/j.
phytochem.2021.112972

Caruso, F. L., Neubauer, B. F., and Begin, M. D. (1989). A histological study of 
apple roots affected by replant disease. Can. J. Bot. 67, 742–749. doi: 10.1139/
b89-100

Castillo, P., and Vovlas, N. (2007). Pratylenchus (Nematoda: Pratylenchidae): 
Diagnosis, Biology, Pathogenicity and Management. Leiden: Brill.

Cavael, U., Lentzsch, P., Schwarzel, H., Eulenstein, F., Tauschke, M., and Diehl, K. 
(2021). Assessment of agro-ecological apple replant disease (ARD) management 
strategies: organic fertilisation and inoculation with mycorrhizal fungi and bacteria. 
Agronomy 11, 272. doi: 10.3390/agronomy11020272

Cho, J. Y., Moon, J. H., Seong, K. Y., and Park, K. H. (1998). Antimicrobial activity 
of 4-hydroxybenzoic acid and trans 4-hydroxycinnamic acid isolated and identified 
from rice hull. Biosci. Biotechnol. Biochem. 62, 2273–2276. doi: 10.1271/bbb.62.2273

Choi, B.-H., Kim, C.-S., Jeong, Y.-J., Park, I.-H., Han, S.-G., and Yoon, T.-M. 
(2021). Resistance of G, CG or M series apple rootstocks to soil-borne diseases 
(Phytophthora root rot, white root rot, and southern blight) and woolly apple aphid. 
Hortic. Sci. Technol. 39, 167–174. doi: 10.7235/HORT.20210015

Cohen, M. F., and Mazzola, M. (2006). Resident bacteria, nitric oxide emission 
and particle size modulate the effect of Brassica napus seed meal on disease incited 
by Rhizoctonia solani and Pythium spp. Plant Soil 286, 75–86. doi: 10.1007/
s11104-006-9027-1

Cohen, M. F., Yamasaki, H., and Mazzola, M. (2005). Brassica napus seed meal 
soil amendment modifies microbial community structure, nitric oxide production 
and incidence of Rhizoctonia root rot. Soil Biol. Biochem. 37, 1215–1227. doi: 
10.1016/j.soilbio.2004.11.027

Colbran, R. C. (1953). Problems in tree replacement. 1. The root-lesion nematode 
Pratylenchus coffeae Zimmerman as a factor in the growth of replant trees in apple 
orchards. Aust. J. Agric. Resour. Econ. 4, 384–389. doi: 10.1071/AR9530384

Connell, J. H., and Slatyer, R. O. (1977). Mechanisms of succession in natural 
communities and their role in community stability and organization. Am. Nat. 111, 
1119–1144. doi: 10.1086/283241

Covey, R. P. J., Benson, N. R., and Haglund, W. A. (1979). Effects of soil fumigation 
on the apple replant disease in Washington, USA. Phytopathology 69, 684–686. doi: 
10.1094/Phyto-69-684

Deakin, G., Fernández-Fernández, F., Bennett, J., Passey, T., Harrison, N., 
Tilston, E. L., et al. (2019). The effect of rotating apple rootstock genotypes on apple 
replant disease and rhizosphere microbiome. Phytobiomes J. 3, 273–285. doi: 
10.1094/PBIOMES-03-19-0018-R

Deng, Y. J., and Wang, S. Y. (2017). Complex carbohydrates reduce the frequency 
of antagonistic interactions among bacteria degrading cellulose and xylan. FEMS 
Microbiol. Lett. 364. doi: 10.1093/femsle/fnx019

https://doi.org/10.3389/fmicb.2022.949404
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3390/ph15020244
https://doi.org/10.3390/ph15020244
https://doi.org/10.1007/s11104-013-1977-5
https://doi.org/10.1007/s11104-013-1977-5
https://doi.org/10.17660/ActaHortic.2011.903.33
https://doi.org/10.1093/femsec/fiab031
https://doi.org/10.1111/j.1432-1033.1993.tb17795.x
https://doi.org/10.1080/07060669109500914
https://doi.org/10.1080/07060669509500672
https://doi.org/10.21273/HORTSCI.45.11.1702
https://doi.org/10.1016/j.phytochem.2021.112972
https://doi.org/10.1016/j.phytochem.2021.112972
https://doi.org/10.1139/b89-100
https://doi.org/10.1139/b89-100
https://doi.org/10.3390/agronomy11020272
https://doi.org/10.1271/bbb.62.2273
https://doi.org/10.7235/HORT.20210015
https://doi.org/10.1007/s11104-006-9027-1
https://doi.org/10.1007/s11104-006-9027-1
https://doi.org/10.1016/j.soilbio.2004.11.027
https://doi.org/10.1071/AR9530384
https://doi.org/10.1086/283241
https://doi.org/10.1094/Phyto-69-684
https://doi.org/10.1094/PBIOMES-03-19-0018-R
https://doi.org/10.1093/femsle/fnx019


Somera and Mazzola 10.3389/fmicb.2022.949404

Frontiers in Microbiology 16 frontiersin.org

Dullahide, S. R., Stirling, G. R., Nikulin, A., and Stirling, A. M. (1994). The role of 
nematodes, fungi, bacteria, and abiotic factors in the etiology of apple replant 
problems in the Granite Belt of Queensland. Aust. J. Exp. Agric. 34:1177. doi: 
10.1071/EA9941177

Dupont, T., Hewavitharana, S. S., and Mazzola, M. (2021). Field scale 
application of Brassica seed meal and anaerobic soil disinfestation for the 
control of replant disease. Appl. Soil Ecol. 166:104076. doi: 10.1016/j.
apsoil.2021.104076

Edwards, L., Utkhede, R. S., and Vrain, T. (1994). Effect of antagonistic plants on 
apple replant disease. Acta Hortic. 363, 135–140. doi: 10.17660/ActaHortic.1994.363.18

Egunjobi, O. A. (1968). A comparison of Pralylenchus spp. (nematoda) population 
densities in grass and apple roots. New Zealand J. Agric. Res. 11, 142–148. doi: 
10.1080/00288233.1968.10431641

Emmett, B., Nelson, E. B., Kessler, A., and Bauerle, T. L. (2014). Fine-root system 
development and susceptibility to pathogen colonization. Planta 239, 325–340. doi: 
10.1007/s00425-013-1989-7

Fazio, G. (2014). Breeding apple rootstocks in the twenty-first century – what can 
we expect them to do to increase productivity in the orchard. Acta Hortic. 1068, 
421–428. doi: 10.17660/ActaHortic.2014.1058.51

Forge, T., Muehlchen, A., Hackenberg, C., Neilsen, G., and Vrain, T. (2001). Effects 
of preplant inoculation of apple (Malus domestica Borkh.) with arbuscular 
mycorrhizal fungi on population growth of the root-lesion nematode, Pratylenchus 
penetrans. Plant Soil 236, 185–196. doi: 10.1023/A:1012743028974

Forge, T., Munro, P., Midwood, A. J., Philips, L., Hannam, K., Neilsen, D., et al. 
(2021). Shifting prevalence of plant-parasitic nematodes in orchards and vineyards 
of the Okanagan Valley, British Columbia. Plant Health Prog. 22, 113–121. doi: 
10.1094/PHP-10-20-0079-RS

Franke-Whittle, I. H., Manici, L. M., Insam, H., and Stres, B. (2015). 
Rhizosphere bacteria and fungi associated with plant growth in soils of three 
replanted apple orchards. Plant Soil 395, 317–333. doi: 10.1007/
s11104-015-2562-x

Goss, O. M. (1961). The relationship of root-lesion nematodes to premature 
decline and dieback of apples and replant difficulties in Western Australia. Proc. Pl. 
Path. COIlf. 36:2.

Gough, E., Owen, K., Zwart, R., and Thompson, J. P. (2020). A systematic review 
of the effects of arbuscular mycorrhizal fungi on root-lesion nematodes, Pratylenchus 
spp. Front. Plant Sci. 11:923. doi: 10.3389/fpls.2020.00923

Graham, J. H. (2001). What do root pathogens see in mycorrhizas? New Phytol. 
149, 357–359. doi: 10.1046/j.1469-8137.2001.00077.x

Grunewaldt-Stöcker, G., Mahnkopp, F., Popp, C., and Maiss, E., and 
Winkelmann,T. (2019). Diagnosis of apple replant disease (ARD): microscopic 
evidence of early symptoms in fine roots of different apple rootstock genotypes. Sci. 
Hortic., 243, 583–594. doi: 10.1016/j.scienta.2018.09.014

Grunewaldt-Stöcker, G., Popp, C., Wamhoff, D., Maiss, E., and Winkelmann, T. 
(2021). Microscopic evidence of Nectriaceae and other microbes in infected fine 
root tissue of replant diseased apple plants. Europ. J. Hortic. Sci. 86, 29–40. doi: 
10.17660/eJHS.2021/86.1.4

Hanschen, F. S., and Winkelmann, T. (2020). Biofumigation for fighting replant 
disease—A review. Agronomy 10. doi: 10.3390/agronomy10030425

Henfrey, J. L., Baab, G., and Schmitz, M. (2015). Physiological stress responses in 
apple under replant conditions. Sci. Hortic. 194, 111–117. doi: 10.1016/j.
scienta.2015.07.034

Hewavitharana, S. S., and Mazzola, M. (2016). Carbon source-dependent effects 
of anaerobic soil disinfestation on soil microbiome and suppression of Rhizoctonia 
solani AG-5 and Pratylenchus penetrans. Phytopathology 106, 1015–1028. doi: 
10.1094/PHYTO-12-15-0329-R

Hewavitharana, S. S., and Mazzola, M. (2020). Influence of rootstock genotype on 
efficacy of anaerobic soil disinfestation for control of apple nursery replant disease. 
Eur. J. Plant Pathol. 157, 39–57. doi: 10.1007/s10658-020-01977-z

Hewavitharana, S. S., Reed, A. J., Leisso, R., Poirier, B., Honaas, L., Rudell, D. R., 
et al. (2019). Temporal dynamics of the soil metabolome and microbiome during 
simulated anaerobic soil disinfestation. Front. Microbiol. 10:2365. doi: 10.3389/
fmicb.2019.02365

Hewavitharana, S. S., Ruddell, D., and Mazzola, M. (2015). Carbon source-
dependent antifungal and nematicidal volatiles derived during anaerobic soil 
disinfestation. Eur. J. Plant Pathol. 140, 39–52. doi: 10.1007/s10658-014-0442-5

Hoestra, H. (1968). Replant diseases of apple in the Netherlands. PhD thesis. 
Netherlands: Mededelingen Landbouwhogeschool Wageningen, 105.

Hoestra, H. T., and Oostenbrink, M. (1962). Nematodes in relation to plant 
growth, IV. Pratylenchus penetrans (cobb) on orchard trees. Neth. J. Agri. Sci. 10, 
286–296. doi: 10.18174/njas.v10i4.17587

Hoffman, A., Wittenmayer, L., Arnold, G., Schieber, A., and Merbach, W. (2009). 
Root exudation of phloridzin by apple seedings (Malus x domestica Borkh.) with 
symptoms of apple replant disease. J. Appl. Bot. Food Qual. 82, 193–198.

Isutsa, D. K., and Merwin, I. A. (2000). Malus gerplasm varies in resistance or 
tolerance to apple replant disease in a mixture of New York orchard soils. 
HortScience 35, 262–268.

Jaffee, B. A. (1981). Etiology of an apple replant disease. Ph.D. thesis. Ithaca, NY: 
Cornell University, 65.

Jaffee, B. A., Abawi, G. S., and Mai, M. F. (1982). Role of soil microflora and 
Pratylenchus penetrans in apple replant disease. Phytopathology 72, 247–251. doi: 
10.1094/Phyto-72-247

Jiang, J., Song, Z., Yang, X., Mao, Z., Nie, X., Guo, H., et al. (2017). Microbial 
community analysis of apple rhizosphere around Bohai gulf. Sci. Rep. 7, 1–9. doi: 
10.1038/s41598-017-08398-9

Jones, O. P. (1976). Effect of phloridzin and phloroglucinol on apple shoots. 
Nature 262, 392–393. doi: 10.1038/262392a0

Kanfra, X., Liu, B., Beerhues, L., Sørensen, S. J., and Heuer, H. (2018). Free-living 
nematodes together with associated microbes play an essential role in apple replant 
disease. Front. Plant Sci. 9:1666. doi: 10.3389/fpls.2018.01666

Kanfra, X., Obawolu, T., Wrede, A., Strolka, B., Winkelmann, T., Hardeweg, B., 
et al. (2021). Alleviation of nematode-mediated apple replant disease by pre-
cultivation of Tagetes. Horticulturae 7:433. doi: 10.3390/horticulturae7110433

Khan, Z., Tahseen, Q., Gawade, B. H., Mahboob, M., Parakh, D. B., and 
Dubey, S. C. (2016). Interception and salvaging of root-lesion nematode 
(Pratylenchus penetrans) in apple (Malus domestica) saplings. Indian Phytopathol. 
69, 419–423.

Knoetze, R., van den Berg, E., Girgan, C., and van der Walt, L. (2021). 
Morphological and molecular characterisation of root-lesion nematodes 
(Pratylenchus spp.) (Rhabditida: Pratylenchidae) associated with apple in 
South Africa. Russ. J. Nematol. 29, 143–168. doi: 10.24412/0869-6918-2021-2-143-168

Koch, L. W. (1955). The peach replant problem in Ontario: I. Symptomatology 
and distribution. Can. J. Bot. 33, 450–460. doi: 10.1139/b55-037

Korenblum, E., Dong, Y., Szymanski, J., Panda, S., Jozwiak, A., Massalha, H., et al. 
(2020). Rhizosphere microbiome mediates systemic root metabolite exudation by 
root-to-root signaling. Proc. Natl. Acad. Sci. USA 117, 3874–3883.

Larkin, R. P., English, J. T., and Mihail, J. D. (1995). Identification, distribution and 
comparative pathogenicity of Pythium spp. associated with alfalfa seedlings. Soil 
Biol. Biochem. 27, 357–364. doi: 10.1016/0038-0717(94)00154-S

Lauzon, C. R., Potter, S. E., and Prokopy, R. J. (2003). Degradation and 
detoxification of the dihydrochalcone phloridzin by Enterobacter agglomerans, a 
bacterium associated with the apple pest, Rhagoletis pomonella (Walsh) (Diptera: 
Tephritidae). Environ. Entomol. 32, 953–962. doi: 10.1603/0046-225X-32.5.953

Leisso, R., Rudell, D., and Mazzola, M. (2017). Metabolic composition of apple 
rootstock rhizodeposits differs in a genotype-specific manner and affects growth of 
subsequent plantings. Soil Biol. Biochem. 113, 201–214. doi: 10.1016/j.soilbio.2017.06.011

Leisso, R., Rudell, D., and Mazzola, M. (2018). Novel axenic methods for targeted 
apple rootstock rhizodeposit metabolic profiling indicate genotype specific 
differences and validate quantitative contributions from vegetative growth. Front. 
Plant Sci. 9:1336. doi: 10.3389/fpls.2018.01336

Lewis, J. A., and Papavizas, G. C. (1971). Effect of sulfur-containing volatile 
compounds and vapors from cabbage decomposition on Aphanomyces euteiches. 
Phytopathology 61, 208–214. doi: 10.1094/Phyto-61-208

Liu, J., Abdelfattah, A., Norelli, J., Burchard, E., Schena, L., Droby, S., et al. (2018). 
Apple endophytic microbiota of different rootstock/scion combinations suggests a 
genotype-specific influence. Microbiome 6:18. doi: 10.1186/s40168-018-0403-x

Liu, X., Xu, S., Wang, X., Xin, L., Wang, L., Mao, Z., et al. (2022). MdBAK1 
overexpression in apple enhanced resistance to replant disease as well as to the 
causative pathogen Fusarium oxysporum. Plant Physiol. Biochem. 179, 144–157. doi: 
10.1016/j.plaphy.2022.03.014

Ma, Y.-M., Qiao, K., Kong, Y., Guo, L.-X., Li, M.-Y., and Fan, C. (2017). A new 
p-hydroxybenzoic acid derivative from an endophytic fungus Penicillium sp. of 
Nerium indicum. Asian Nat. Prod. Res. 19, 1245–1251. doi: 10.1080/ 
10286020.2017.1313240

Mahnkopp-Dirks, F., Radl, V., Kublik, S., Gschwendtner, S., Schloter, M., and 
Winkelmann, T. (2021). Molecular barcoding reveals the genus Streptomyces as 
associated root endophytes of apple (Malus domestica) plants grown in soils affected 
by apple replant disease. Phytobiomes J. 5, 177–189. doi: 10.1094/
PBIOMES-07-20-0053-R

Mai, W. F., and Abawai, G. S. (1981). Controlling replant diseases of pome and 
stone fruits in the northeastern United States by preplant fumigation. Plant Dis. 65, 
859–864. doi: 10.1094/PD-65-859

Mai, W. F., Merwin, I. A., and Abawi, G. S. (1994). Diagnosis, etiology and 
management of replant disorders in New York cherry and apple orchards. Acta 
Hortic. 363, 33–42. doi: 10.17660/ActaHortic.1994.363.5

Mani, A. (1999). Survival of the root-lesion nematode Pratylenchus jordanensis 
Hashim in a fallow field after harvest of alfalfa. Nematology 1, 79–84. doi: 
10.1163/156854199507884

https://doi.org/10.3389/fmicb.2022.949404
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1071/EA9941177
https://doi.org/10.1016/j.apsoil.2021.104076
https://doi.org/10.1016/j.apsoil.2021.104076
https://doi.org/10.17660/ActaHortic.1994.363.18
https://doi.org/10.1080/00288233.1968.10431641
https://doi.org/10.1007/s00425-013-1989-7
https://doi.org/10.17660/ActaHortic.2014.1058.51
https://doi.org/10.1023/A:1012743028974
https://doi.org/10.1094/PHP-10-20-0079-RS
https://doi.org/10.1007/s11104-015-2562-x
https://doi.org/10.1007/s11104-015-2562-x
https://doi.org/10.3389/fpls.2020.00923
https://doi.org/10.1046/j.1469-8137.2001.00077.x
https://doi.org/10.1016/j.scienta.2018.09.014
https://doi.org/10.17660/eJHS.2021/86.1.4
https://doi.org/10.3390/agronomy10030425
https://doi.org/10.1016/j.scienta.2015.07.034
https://doi.org/10.1016/j.scienta.2015.07.034
https://doi.org/10.1094/PHYTO-12-15-0329-R
https://doi.org/10.1007/s10658-020-01977-z
https://doi.org/10.3389/fmicb.2019.02365
https://doi.org/10.3389/fmicb.2019.02365
https://doi.org/10.1007/s10658-014-0442-5
https://doi.org/10.18174/njas.v10i4.17587
https://doi.org/10.1094/Phyto-72-247
https://doi.org/10.1038/s41598-017-08398-9
https://doi.org/10.1038/262392a0
https://doi.org/10.3389/fpls.2018.01666
https://doi.org/10.3390/horticulturae7110433
https://doi.org/10.24412/0869-6918-2021-2-143-168
https://doi.org/10.1139/b55-037
https://doi.org/10.1016/0038-0717(94)00154-S
https://doi.org/10.1603/0046-225X-32.5.953
https://doi.org/10.1016/j.soilbio.2017.06.011
https://doi.org/10.3389/fpls.2018.01336
https://doi.org/10.1094/Phyto-61-208
https://doi.org/10.1186/s40168-018-0403-x
https://doi.org/10.1016/j.plaphy.2022.03.014
https://doi.org/10.1080/10286020.2017.1313240
https://doi.org/10.1080/10286020.2017.1313240
https://doi.org/10.1094/PBIOMES-07-20-0053-R
https://doi.org/10.1094/PBIOMES-07-20-0053-R
https://doi.org/10.1094/PD-65-859
https://doi.org/10.17660/ActaHortic.1994.363.5
https://doi.org/10.1163/156854199507884


Somera and Mazzola 10.3389/fmicb.2022.949404

Frontiers in Microbiology 17 frontiersin.org

Manici, L. M., Caputo, F., Sacca, M. L., Kelderer, M., Nicoletti, F., Topp, A. R., et al. 
(2018). Long-term plant growth effects on soilborne fungi in apple orchards and role 
of Dactylonectria and Ilyonectria spp. in tree decline. Plant Soil 425, 217–230. doi: 
10.1007/s11104-018-3571-3

Manici, L. M., Ciavatta, C., Kelderer, M., and Erschbaumer, G. (2003). Replant 
problems in South Tyrol: role of fungal pathogens and microbial population in 
conventional and organic apple orchards. Plant Soil 256, 315–324. doi: 
10.1023/A:1026103001592

Manici, L. M., Lazzeri, L., and Palmieri, S. J. (1997). In vitro fungitoxic activity of 
some glucosinolates and their enzyme-derived products toward plant pathogenic 
fungi. J. Agric. Food Chem. 45, 2768–2773. doi: 10.1021/jf9608635

Matthiessen, J. N., and Kirkegaard, J. A. (2006). Biofumigation and enhanced 
biodegradation: opportunity and challenge in soilborne pest and disease 
management. CRC Crit. Rev Plant Sci. 25, 235–265. doi: 
10.1080/07352680600611543

Mazzola, M. (1998). Elucidation of the microbial complex having a causal role in 
the development of apple replant disease in Washington. Phytopathology 88, 
930–938. doi: 10.1094/PHYTO.1998.88.9.930

Mazzola, M. (1999). Transformation of soil microbial community structure and 
rhizoctonia-suppressive potential in response to apple roots. Phytopathology 89, 
920–927. doi: 10.1094/PHYTO.1999.89.10.920

Mazzola, M., Andrews, P. K., Reganold, J. P., and Lévesque, C. A. (2002). 
Frequency, virulence, and metalaxyl sensitivity of Pythium spp. isolated from apple 
roots under conventional and organic production systems. Plant Dis. 86, 669–675. 
doi: 10.1094/PDIS.2002.86.6.669

Mazzola, M., and Brown, J. (2010). Efficacy of brassicaceous seed meal 
formulations for the control of apple replant disease in organic and conventional 
orchard production systems. Plant Dis. 94, 835–842. doi: 10.1094/PDIS-94-7-0835

Mazzola, M., Brown, J., Izzo, A. D., and Cohen, M. F. (2007). Mechanism of action 
and efficacy of seed meal-induced pathogen suppression differ in a Brassicaceae 
species and time-dependent manner. Phytopathology 97, 454–460. doi: 10.1094/
PHYTO-97-4-0454

Mazzola, M., Graham, D., Wang, L., Leisso, R., and Hewavitharana, S. S. (2020). 
Application sequence modulates microbiome composition, plant growth and apple 
replant disease control efficiency upon integration of anaerobic soil disinfestation 
and mustard seed meal amendment. Crop Prot. 132:105125. doi: 10.1016/j.
cropro.2020.105125

Mazzola, M., Granatstein, D. M., Elfving, D. C., and Mullinix, K. (2001). 
Suppression of specific apple root pathogens by Brassica napus seed meal 
amendment regardless of glucosinolate content. Phytopathology 91, 673–679. doi: 
10.1094/PHYTO.2001.91.7.673

Mazzola, M., Hewavitharana, S., and Strauss, S. L. (2015). Brassica seed meal soil 
amendments transform the rhizosphere microbiome and improve apple production 
though resistance to pathogen re-infestation. Phytopathology 105, 460–469. doi: 
10.1094/PHYTO-09-14-0247-R

Mazzola, M., and Manici, L. M. (2012). Apple replant disease: role of microbial 
ecology in cause and control. Annu. Rev. Phytopathol. 50, 45–65. doi: 10.1146/
annurev-phyto-081211-173005

Mazzola, M., and Mullinix, K. (2005). Comparative field efficacy of management 
strategies containing Brassica napus seed meal or green manure for the control of 
apple replant disease. Plant Dis. 89, 1207–1213. doi: 10.1094/PD-89-1207

Merwin, I. A. (1995). Managing orchard replant problems without toxic soil 
fumigants. New York Fruit Quarterly 3, 6–10.

Momma, N., Yamamoto, K., Simandi, P., and Shishido, M. (2006). Role of organic 
acids in the mechanisms of biological soil disinfestation (BSD). J. Gen. Plant Pathol. 
72, 247–252. doi: 10.1007/s10327-006-0274-z

Nicola, L., Vrhovsek, U., Soini, E., Insam, H., and Pertot, I. (2016). Phlorizin 
released by apple root debris is related to apple replant disease. Phytopathol. 
Mediterr. 55, 432–442. doi: 10.14601/Phytopathol_Mediterr-18480

Nyoni, M., Mazzola, M., Wessels, J. P. B., and McLeod, A. (2019). The efficacy of 
semiselective chemicals and chloropicrin/1,3 dichloropropene-containing fumigants 
in managing apple replant disease in South Africa. Plant Dis. 103, 1363–1373. doi: 
10.1094/PDIS-10-18-1844-RE

Otto, G., and Winkler, H. (1993). Colonization of rootlets of apple seedlings from 
replant soils by actinomycetes and endotrophic mycorrhiza. Acta Hortic. 324, 53–60. 
doi: 10.17660/ActaHortic.1993.324.5

Packer, A., and Clay, K. (2004). Development of negative feedback during 
successive growth cycles of black cherry. Proc. R. Soc. Lond. B 271, 317–324. doi: 
10.1098/rspb.2003.2583

Parker, K. G., and Mai, W. F. (1956). Damage to tree fruits in New York by root 
lesion nematodes. Plant Dis. Reptr. 40, 694–699.

Pitcher, R. S., Way, D. W., and Savory, B. M. (1966). Specific replant diseases of 
apple and cherry and their control by soil fumigation. J. Hortic. Sci. 41, 379–396. doi: 
10.1080/00221589.1966.11514184

Popp, C., Wamhoff, D., Winkelmann, T., Maiss, E., and Grunewaldt-Stöcker, G. 
(2020). Molecular identification of Nectriaceae in infections of apple replant 
disease affected roots collected by Harris Uni-Core punching or laser 
microdissection. J. Plant Dis. Protect. 127, 571–582. doi: 10.1007/
s41348-020-00333-x

Potter, M. J., Davies, K., and Rathjen, A. J. (1998). Suppressive impact of 
glucosinolates in Brassica vegetative tissues on root lesion nematode Pratylenchus 
neglectus. J. Chem. Ecol. 24, 67–80. doi: 10.1023/A:1022336812240

Radl, V., Winkler, J. B., Kublik, S., Yang, L., Winkelmann, T., Vestergaard, G., et al. 
(2019). Reduced microbial potential for the degradation of phenolic compounds in 
the rhizosphere of apple plantlets grown in soils affected by replant disease. Environ. 
Microbiome 14, 1–12. doi: 10.1186/s40793-019-0346-2

Reim, S., Rohr, A.-D., Winkelmann, T., Weiß, S., Liu, B., Beerhues, L., et al. (2020). 
Genes involved in stress response and especially in phytoalexin biosynthesis are 
upregulated in four Malus genotypes in response to apple replant disease. Front. 
Plant Sci. 10:1724. doi: 10.3389/fpls.2019.01724

Robinson, T., Autio, W., Clements, J., Cowgill, W., Embree, C., Gonzalex, V., et al. 
(2012). Rootstock tolerance to apple replant disease for improved sustainability of 
apple production. Acta Hortic. 940, 521–528. doi: 10.17660/ActaHortic.2012.940.75

Ross, R. G., Delbridge, R. W., Kimpinski, J., and McRae, K. B. (1983). Control of 
apple replant disease in Nova Scotia by soil fumigation with Vorlex and chloropicrin. 
Can. J. Plant Pathol. 5, 177–180. doi: 10.1080/07060668309501622

Rosskopf, E., Di Gioia, F., Hong, J. C., Pisani, C., and Kokalis-Burelle, N. (2020). 
Organic amendments for pathogen and nematode control. Annu. Rev. Phytopathol. 
58, 277–311. doi: 10.1146/annurev-phyto-080516-035608

Rumberger, A., Merwin, I. A., and Thies, J. E. (2007). Microbial community 
development in the rhizosphere of apple trees at a replant disease site. Soil Biol. 
Biochem. 39, 1645–1654. doi: 10.1016/j.soilbio.2007.01.023

Rumberger, A., Yao, S., Merwin, I. A., Nelson, E. B., and Thies, J. E. (2004). 
Rootstock genotype and orchard replant position rather than soil fumigation or 
compost amendment determine tree growth and rhizosphere bacterial community 
composition in an apple replant soil. Plant Soil 264, 247–260. doi: 
10.1023/B:PLSO.0000047760.13004.94

Runia, W. T., Thoden, T. C., Molendijk, L. P. G., and Berg, W. (2014). Unravelling 
the mechanism of pathogen inactivation during anaerobic soil disinfestation. Acta 
Hortic. 1044, 177–193. doi: 10.17660/ActaHortic.2014.1044.21

Sewell, G. W. F. (1981). Effects of Pythium species on the growth of apple and their 
possible causal role in apple replant disease. Ann. Appl. Biol. 97, 31–42. doi: 10.1111/
j.1744-7348.1981.tb02992.x

Shim, S.-H., Jo, S.-J., Kim, J.-C., and Choi, G. J. (2010). Control Efficacy of 
Phloretin Isolatedfrom apple fruits against several plant diseases. Plant Pathol. J. 26, 
280–285.

Shin, S., Lv, J., Fazio, G., Mazzola, M., and Zhu, Y. (2014). Transcriptional 
regulation of ethylene and jasmonate mediated defense response in apple 
(Malus × domestica) root during P. ultimum infection. Hortic. Res. 1:53. doi: 
10.1038/hortres.2014.53

Shin, S., Zheng, P., Fazio, G., Mazzola, M., Main, D., and Zhu, Y. (2016). 
Transcriptome changes specifically associated with apple (Malus domestica) root 
defense response during P. ultimum infection. Physiol. Mol. Plant Pathol. 94, 16–26. 
doi: 10.1016/j.pmpp.2016.03.003

Slykhuis, J. T., and Li, T. S. C. (1985). Responses of apple seedlings to biocides and 
phosphate fertilizers in orchard soils in British Columbia. Can. J. Plant Pathol. 7, 
294–301.

Sneh, B., and McIntosh, D. L. (1974). Studies on the behavior and survival of 
Phytophthora cactorum in soil. Can. J. Bot. 52, 795–802. doi: 10.1139/b74-103

Song, Q.-Y., Qi, W.-Y., Li, Z.-M., Zhao, J., Chen, J.-J., and Gao, K. (2011). 
Antifungal activities of triterpenoids from the roots of Astilbe myriantha Diels. Food 
Chem. 128, 495–499. doi: 10.1016/j.foodchem.2011.03.059

St Laurent, A., Merwin, I. A., Fazio, G., Thies, J. E., and Brown, M. G. (2010). 
Rootstock genotype succession influences apple replant disease and root-zone 
microbial community composition in an orchard soil. Plant Soil 337, 259–272. doi: 
10.1007/s11104-010-0522-z

Sun, J., Zhang, Q., Zhou, J., and Wei, Q. (2014). Illumina amplicon sequencing of 
16S rRNA tag reveals bacterial community development in the rhizosphere of apple 
nurseries at a replant disease site and a new planting site. PLoS ONE 9:e111744. doi: 
10.1371/journal.pone.0111744

Tewoldemedhin, Y. T., Mazzola, M., Botha, W. J., Spies, C. F. J., and McLeod, A. 
(2011b). Characterization of fungi (Fusarium and Rhizoctonia) and oomycetes 
(Phytophthora and Pythium) associated with apple orchards in South Africa Eur. J. 
Plant Pathol. 130, 215–229. doi: 10.1007/s10658-011-9747-9

Tewoldemedhin, Y. T., Mazzola, M., Labuschagne, I., and McLeod, A. (2011c). A 
multi-phasic approach reveals that apple replant disease is caused by multiple 
biological agents, with some agents acting synergistically. Soil Biol. Biochem. 43, 
1917–1927. doi: 10.1016/j.soilbio.2011.05.014

https://doi.org/10.3389/fmicb.2022.949404
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1007/s11104-018-3571-3
https://doi.org/10.1023/A:1026103001592
https://doi.org/10.1021/jf9608635
https://doi.org/10.1080/07352680600611543
https://doi.org/10.1094/PHYTO.1998.88.9.930
https://doi.org/10.1094/PHYTO.1999.89.10.920
https://doi.org/10.1094/PDIS.2002.86.6.669
https://doi.org/10.1094/PDIS-94-7-0835
https://doi.org/10.1094/PHYTO-97-4-0454
https://doi.org/10.1094/PHYTO-97-4-0454
https://doi.org/10.1016/j.cropro.2020.105125
https://doi.org/10.1016/j.cropro.2020.105125
https://doi.org/10.1094/PHYTO.2001.91.7.673
https://doi.org/10.1094/PHYTO-09-14-0247-R
https://doi.org/10.1146/annurev-phyto-081211-173005
https://doi.org/10.1146/annurev-phyto-081211-173005
https://doi.org/10.1094/PD-89-1207
https://doi.org/10.1007/s10327-006-0274-z
https://doi.org/10.14601/Phytopathol_Mediterr-18480
https://doi.org/10.1094/PDIS-10-18-1844-RE
https://doi.org/10.17660/ActaHortic.1993.324.5
https://doi.org/10.1098/rspb.2003.2583
https://doi.org/10.1080/00221589.1966.11514184
https://doi.org/10.1007/s41348-020-00333-x
https://doi.org/10.1007/s41348-020-00333-x
https://doi.org/10.1023/A:1022336812240
https://doi.org/10.1186/s40793-019-0346-2
https://doi.org/10.3389/fpls.2019.01724
https://doi.org/10.17660/ActaHortic.2012.940.75
https://doi.org/10.1080/07060668309501622
https://doi.org/10.1146/annurev-phyto-080516-035608
https://doi.org/10.1016/j.soilbio.2007.01.023
https://doi.org/10.1023/B:PLSO.0000047760.13004.94
https://doi.org/10.17660/ActaHortic.2014.1044.21
https://doi.org/10.1111/j.1744-7348.1981.tb02992.x
https://doi.org/10.1111/j.1744-7348.1981.tb02992.x
https://doi.org/10.1038/hortres.2014.53
https://doi.org/10.1016/j.pmpp.2016.03.003
https://doi.org/10.1139/b74-103
https://doi.org/10.1016/j.foodchem.2011.03.059
https://doi.org/10.1007/s11104-010-0522-z
https://doi.org/10.1371/journal.pone.0111744
https://doi.org/10.1007/s10658-011-9747-9
https://doi.org/10.1016/j.soilbio.2011.05.014


Somera and Mazzola 10.3389/fmicb.2022.949404

Frontiers in Microbiology 18 frontiersin.org

Tewoldemedhin, Y. T., Mazzola, M., Mostert, L., and McLeod, A. (2011a). 
Cylindrocarpon species associated with apple tree roots in South Africa and their 
quantification using real-time PCR. Eur. J. Plant Pathol. 129, 637–651. doi: 10.1007/
s10658-010-9728-4

Traquiar, J. A. (1984). Etiology and control of orchard replant problems: a review. 
Can. J. Plant Pathol. 6, 54–62.

Utkhede, R. S., Sholberg, P. L., and Smirle, M. J. (2001). Effects of chemical and 
biological treatments on growth and yield of apple trees planted in Phytophthora 
cactorum infested soil. Can. J. Plant Pathol. 23, 163–167. doi: 
10.1080/07060660109506925

Utkhede, R. S., Vrain, T. C., and Yorston, J. M. (1992). Effects of nematodes, fungi 
and bacteria on the growth of young apple trees grown in apple replant disease soil. 
Plant Soil 139, 1–6. doi: 10.1007/BF00012835

Van Horn, C., Somera, T. S., and Mazzola, M. (2021). Comparative analysis of the 
rhizosphere and endophytic microbiome across apple rootstock genotypes in replant 
orchard soils. Phytobiomes J. 5, 231–243. doi: 10.1094/PBIOMES-08-20-0058-R

Van Schoor, L., Stassen, P. J. C., and Botha, A. (2008). Effect of biological soil 
amendments on tree growth and microbial activity in pome fruit orchards. Acta 
Hortic. 767, 309–317. doi: 10.17660/ActaHortic.2012.933.24

Wang, L., and Mazzola, M. (2019a). Field evaluation of reduced rate Brassicaceae 
seed meal amendment and rootstock genotype on the microbiome and control of 
apple replant disease. Phytopathology 109, 1378–1391. doi: 10.1094/
PHYTO-02-19-0045-R

Wang, L., and Mazzola, M. (2019b). Interaction of Brassicaceae seed meal soil 
amendment and apple rootstock genotype on microbiome structure and replant 
disease suppression. Phytopathology 109, 607–614. doi: 10.1094/
PHYTO-07-18-0230-R

Wang, L., Somera, T. S., Hargarten, H., Honaas, L., and Mazzola, M. (2021). 
Comparative analysis of the apple root transcriptome as affected by rootstock 
genotype and Brassicaceae seed meal soil amendment: Implications for plant health. 
Microorganisms 9, 763. doi: 10.3390/microorganisms9040763

Wang, X., Wang, G., Lui, Y., Chen, X., Shen, X., Yin, C., et al. (2018b). Correlation 
analysis of apple replant disease and soil fungal community structure in the 
northwest loess plateau area. Acta Hortic. Sin. 45:855. doi: 10.16420/j.
issn.0513-353x.2017-0668

Wang, G., Yin, C., Pan, F., Wang, X., Xiang, L., Wang, Y., et al. (2018a). Analysis 
of the fungal community in apple replanted soil around Bohai Gulf. Hortic. Plant J. 
4, 175–181. doi: 10.1016/j.hpj.2018.05.003

Wasielewski, H., Alcock, J., and Aktipis, A. (2016). Resource conflict and 
cooperation between human host and gut microbiota: implications for nutrition and 
health. Ann. N.Y. Acad. Sci. 1, 20–28. doi: 10.1111/nyas.13118

Weerakoon, D. M. N., Reardon, C. L., Paulitz, T. C., Izzo, A. D., and Mazzola, M. 
(2012). Long-term suppression of Pythium abappressorium induced by Brassica 
juncea seed meal amendment is biologically mediated. Soil Biol. Biochem. 51, 44–52. 

Weiß, S., Bartsch, M., and Winkelmann, T. (2017a). Transcriptomic analysis of 
molecular responses in M. domestica ‘M26’ roots affected by apple replant disease. 
Plant Mol. Biol. 94, 303–318. doi: 10.1007/s11103-017-0608-6

Weiß, S., Liu, B., Reckwell, D., Beerhues, L., and Winkelmann, T. (2017b). 
Impaired defense reactions in apple replant disease-affected roots of M. domestica 
‘M26’. Tree Physiol. 37, 1672–1685. doi: 10.1093/treephys/tpx108

Westcott, S. W. III, Beer, S. V., and Israel, H. W. (1987). Interactions between 
actinomycete-like organisms and young apple roots grown in soil conductive to 
apple replant disease. Phytopathology 77, 1071–1077. doi: 10.1094/Phyto-77-1071

Willett, M., Smith, T. J., Peterson, A. B., Hinman, H., Stevens, R. G., Ley, T., et al. 
(1994). Growing profitable apple orchards in replant sites: An interdisciplinary team 
approach in Washington State. HortTechnology 4, 175–181. doi: 10.21273/
HORTTECH.4.2.175

Wilson, S., Andrews, P., and Nair, T. S. (2004). Nonfumigant management of apple 
replant disease. Sci. Hort. 102, 221–231. doi: 10.1016/j.scienta.2004.01.001

Xiang, L., Wang, M., Jiang, W., Wang, Y., Chen, X., Yin, C., et al. (2021a). Key 
indicators for renewal and reconstruction of perennial trees soil: Microorganisms 
and phloridzin. Ecotoxicol. Environ. Saf. 225, 723. doi: 10.1016/j.ecoenv.2021.112723

Xiang, L., Zhao, L., Wang, M., Huang, J., Chen, X., Yin, C., et al. (2021b). 
Physiological responses of apple rootstock M. 9 to infection by Fusarium solani. 
HortScience 56, 1104–1111. doi: 10.21273/HORTSCI15945-21

Yadav, M., Lomash, A., Kapoor, S., Pandey, R., and Chauhan, N. S. (2021). 
Mapping of the benzoate metabolism by human gut microbiome indicates food-
derived metagenome evolution. Sci. Rep. 11, 561. doi: 10.1038/s41598-021-84,964-6

Yao, S., Merwin, I. A., Abawi, G. S., and Thies, J. E. (2006). Soil fumigation and 
compost amendment alter soil microbial community composition but do not 
improve tee growth or yield in an apple replant soil. Soil Biol. Biochem. 38, 587–599. 
doi: 10.1016/j.soilbio.2005.06.026

Yepes, L. M., and Aldwinckle, H. S. (1994). Micropropagation of thirteen Malus 
cultivars and rootstocks, and effect of antibiotics on proliferation. Plant Growth 
Regul. 15, 55–67. doi: 10.1007/BF00024677

Yim, B., Nitt, H., Wrede, A., Jacquiod, S., Sørensen, S. J., Winkelmann, T., et al. 
(2017). Effects of soil pre-treatment with Basamid® Granules, Brassica juncea, 
Raphanus sativus, and Tagetes patula on bacterial and fungal communities at 
two apple replant disease sites. Front. Microbiol. 8:1604. doi: 10.3389/
fmicb.2017.01604

Yin, C., Xiang, L., Wang, G., Wang, Y., Shen, X., Chen, X., et al. (2016). How to plant 
apple trees to reduce replant disease in apple orchard: A study on the phenolic acid of 
the replanted apple orchard. PloS ONE 11:e0167347. doi: 10.1371/journal.pone.0167347

Zhou, K., Hu, L., Li, Y., Chen, X., Zhang, Z., Liu, B., et al. (2019). MdUGT88F1-
mediated phloridzin biosynthesis regulates apple development and Valsa canker 
resistance. Plant Physiol. 180, 2290–2305. doi: 10.1104/pp.19.00494

Zhu, Y., Shao, J., Zhou, Z., and Davis, R. E. (2019). Genotype-specific suppression 
of multiple defense pathways in apple root during infection by P. ultimum. Hortic. 
Res. 6, 10. doi: 10.1038/s41438-018-0087-1

Zhu, Y., Shin, S., and Mazzola, M. (2016). Genotype responses of two apple 
rootstocks to infection by P. ultimum causing apple replant disease. Can. J. Plant 
Pathol. 38, 483–491. doi: 10.1080/07060661.2016.1260640

Zhu, Y., Zhao, J., and Zhou, Z. (2018). Identifying an elite panel of apple rootstock 
germplasm contrasting in root resistance to P. ultimum. J. Plant Pathol. Microbiol. 9, 
461. doi: 10.4172/2157-7471.1000461

Zurawicz, E., Bielicki, P., Czynczyk, A., Bartosiewicz, B., Buczek, M., and 
Lewandowski, M. (2011). Breeding of apple rootstocks in Poland – the latest results. 
Acta Hortic. 903, 143–150. doi: 10.17660/ActaHortic.2011.903.13

https://doi.org/10.3389/fmicb.2022.949404
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1007/s10658-010-9728-4
https://doi.org/10.1007/s10658-010-9728-4
https://doi.org/10.1080/07060660109506925
https://doi.org/10.1007/BF00012835
https://doi.org/10.1094/PBIOMES-08-20-0058-R
https://doi.org/10.17660/ActaHortic.2012.933.24
https://doi.org/10.1094/PHYTO-02-19-0045-R
https://doi.org/10.1094/PHYTO-02-19-0045-R
https://doi.org/10.1094/PHYTO-07-18-0230-R
https://doi.org/10.1094/PHYTO-07-18-0230-R
https://doi.org/10.3390/microorganisms9040763
https://doi.org/10.16420/j.issn.0513-353x.2017-0668
https://doi.org/10.16420/j.issn.0513-353x.2017-0668
https://doi.org/10.1016/j.hpj.2018.05.003
https://doi.org/10.1111/nyas.13118
https://doi.org/10.1007/s11103-017-0608-6
https://doi.org/10.1093/treephys/tpx108
https://doi.org/10.1094/Phyto-77-1071
https://doi.org/10.21273/HORTTECH.4.2.175
https://doi.org/10.21273/HORTTECH.4.2.175
https://doi.org/10.1016/j.scienta.2004.01.001
https://doi.org/10.1016/j.ecoenv.2021.112723
https://doi.org/10.21273/HORTSCI15945-21
https://doi.org/10.1038/s41598-021-84,964-6
https://doi.org/10.1016/j.soilbio.2005.06.026
https://doi.org/10.1007/BF00024677
https://doi.org/10.3389/fmicb.2017.01604
https://doi.org/10.3389/fmicb.2017.01604
https://doi.org/10.1371/journal.pone.0167347
https://doi.org/10.1104/pp.19.00494
https://doi.org/10.1038/s41438-018-0087-1
https://doi.org/10.1080/07060661.2016.1260640
https://doi.org/10.4172/2157-7471.1000461
https://doi.org/10.17660/ActaHortic.2011.903.13

	Toward a holistic view of orchard ecosystem dynamics: A comprehensive review of the multiple factors governing development or suppression of apple replant disease
	What is apple replant disease?
	Apple replant disease etiology
	The case against the build-up of phenolic compounds in soil
	Transformation of the soil microbiome to a replant disease-conducive state
	Phase 1. Initial tree establishment in soil not previously planted to apple
	Phase 2. Transition from disease-suppressive to disease-conducive state
	Phase 3. Replant disease-conducive stable state

	The influence of environmental factors/soil type on the pathogen complex
	How constructs of the ARD phenomenon compare based on geography
	Disease control methodologies
	Mechanisms of rootstock disease tolerance
	Mechanisms of rootstock disease resistance
	Functionality of soil amendment-rootstock genotype integration
	Priorities for future research and development
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	 References

