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Abstract

Replant disease (RD) is a major constraint for the establishment of economically viable tree fruit production systems.
The use of tolerant rootstocks is considered the most cost-effective and long-term sustainable option to manage RD.
The present study examines root production and lifespan of a replant tolerant and susceptible peach rootstock in a
replant and non-replant soil. RD susceptible rootstock genotype Lovell and RD tolerant rootstock genotype Viking
were established in a replant and non-replant site. Aboveground growth was determined by measuring the tree-trunk
cross sectional area annually, and belowground root dynamics were tracked during a 2-year period using minirhizotron
technology. Viking trees were significantly larger than Lovell in the replant site only. No significant differences were
observed on the number of new roots produced by the two rootstocks in the replant or non-replant sites. In the replant
site, roots of Viking remained white for a longer period of time, had higher AMF colonization, and second order roots
had longer lifespans than those of Lovell rootstock; however no differences were observed between rootstocks in the
non-replant site. Future research on identification of host defense mechanisms is needed for the development of tools

that will support and accelerate breeding of resistant rootstocks.
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Introduction

Soil borne diseases affecting the fine-root system of plants are a
significant limitation for the establishment, survival, and growth of
woody perennial trees [1-3]. The severity of these diseases and the
manifestation of their symptoms depend on the plants’ physiological
state, biotic factors, and soil fertility, which in addition to multiple
casual organisms [2] significantly challenge their management and
control. Replant disease (RD), is characterized by poor growth and
high mortality of young trees established in orchards where the same
or closely related species were previously planted. Numerous factors
have been implicated in RD etiology, including abiotic factors such as
soil nutrient depletion, degradation of soil structure, and phytotoxity
from allelopathic toxins in plant roots [4,5]. However, the majority
of data derived from studies of soil biology in orchards have
defined a complex of pathogens as the casual agents of the disease
[2]. A core group of soil pathogens has been associated with RD
including Rhizoctonia solani Kuhn, Cylindrocarpon spp., Pythium,
Phytophthora, and pathogenic nematodes [6,7]. Studies of peach
replant disease have also identified species of the genera Trichoderma
and Fusarium and Pratylenchus penetrans (Cobb) Filip & Schur.
Stekh. among the most abundant fungi and parasitic nematodes in
peach orchard soils [8,9].

Rootstocks can vary significantly in their performance in
replant soils [10,11]. The susceptibility of root tissue to pathogen
colonization changes as root tissues mature and as distance from the
root tips increases [11,12]. As root tissue matures, suberin barriers
at the exodermis and endodermis develop, limiting the uptake of
water and nutrients [13], as well as affecting colonization by soil
microbes [14]. Additional aspects of secondary development in
roots, including the formation of secondary vasculature and woody
periderm, and the loss the cortex, may also change the allocation of
resources to pathogen defenses [11,15]. Allocation of resources to
defense compounds and the susceptibility to pathogen colonization
may vary depending on the root hierarchical branching order. If
plants allocate defense resources based on the importance of the
tissue for plant fitness and the cost of having the tissue removed [16],

then higher order roots may have preference for defense resource
allocation over lower order roots, because a significant fraction of the
root system depends on their function [17,18]. In a study of pathogen
abundance and defense compounds at an apple replant site, Emmett
et al. [11] found that RD pathogens predominantly colonized first
and second order roots and that higher order roots presented greater
concentrations of defense compounds. Comparisons between RD
susceptible and tolerant apple rootstocks have also reported a link
between a greater production of higher order roots and greater RD
tolerance [10]. Root system pest tolerance mechanisms based on
greater root proliferation and turnover, possibly at the expense of
defense allocation have been reported in several woody perennial
crops [10,19-21]. Additionally, differences in chemical signaling
compounds produced by roots with contrasting growth rates could
influence the rate of colonization soil microorganisms [22-24]
ultimately affecting the performance of rootstocks under replant
conditions [25].

In this study, we examined root dynamics of a RD susceptible
and RD tolerant peach rootstock under replant and non-replant soil
conditions over a two-year period. We hypothesized that rootstock
tolerance to RD is supported by a greater fine root production
and faster root turn over, and predict that differences in tree
performance between rootstocks will be maintain under replant and
non-replant soil.
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Materials and Methods
Site and plant material

The study site was located at Colorado State University’s Orchard
Mesa Research Station in Grand Junction, CO (39°02°28. 9”N
108°27°54. 5"W), and consisted of two separate sites, replant and non-
replant, of 0.3 ha each. The replant site had been a peach orchard since
1990; old peach trees had been removed in 2008. The non-replant site
had no history of peach production and had been a vineyard block
from 1989 to 2003, and converted into an alfalfa field from 2002 to
2008. During summer of 2009 both sites were ripped repeatedly, in
a direction parallel to the old tree rows, with a chisel plow to 40 cm
depth to help break up layers of compacted soil. Soil in both sites were
of similar characteristics (Table 1), a Blackston gravelly loam derived
from sandstone and shale in the replant site, and a Gyprockmesa clay
loam derived from shale over cobbly alluvium in the non-replant site.
Both sites had well drained soil, with more than 1.5 m of depth to a
restrictive feature.

During 2011, peach trees were established at 0.9 x 4.8 m spacing.
Trees were ‘Sierra Rich’ peach scion variety on 2 rootstocks: ‘Viking’
and ‘Lovell’. Viking rootstock is an interspecific rootstock originated
from the cross Nemaguard rootstock and 14H528 selected seedlings
[Prunus amygdalus cv. Jordanolo x Prunus blireiana (Prunus cerasifera
cv. ‘Atropurpures’ X Prunus Mume apricot)]. These new hybrid
selections have shown superior performance in replant sites and have
shown resistance to root-knot nematodes and tolerance to replant
conditions [26,27]. Lovell rootstock is a P. persica seedling and the
industry standard; it has shown high tree mortality and suppressed
growth when established in replant sites [28]. The irrigation system
consisted of two lines of drippers for each tree row, with each orifice
emitting 4 Lhr! through two drippers place at 0.25 m on opposite sides
of the tree, for a total of 4 drippers per tree. All trees were fertilized each
year during the growing season using a 20-20-20 foliar formulation
equivalent to 4.5 kg N ha!, 4.5 kg K ha', and 4.5 Kg P ha''. In addition,
a foliar formulation (Albion Multimineral, Albion Minerals UT, USA)
was applied twice a year during 2011, 2012, 2013, and 2014 at a rate
of 6.8 kg ha! containing 1% Ca, 1%Mg, 0.5% Cu, 0.5% Fe, 0.5% Mn,
0.1% Mo, and 0.5% Zinc. Glyphosate herbicide was applied annually
at a rate of 2.5 kg a.i. ha'in early May and July to eliminate weeds in
a 1.5-m wide strip centered on the tree rows. Insect and disease pest
were controlled following standard practices for peach production in
Colorado [29]. Tree-trunk cross sectional area (TSCA) was recorded
first during tree establishment (2011) and thereafter annually during
winter season (January-March) at a permanently marked height (30 cm
above ground) to estimate annual and cumulative increases in tree size.

The experimental design consistent of 2 sites: replant and non-
replant. The replant site was planted in panels of 4 trees, consisting of 4
different rootstocks planted in the following order: Nemaguard, Lovell,

Variable Replant (n=6) Non-Replant (n=6) p-value
Organic Matter (%) 1.95 +£0.09 2.05+0.15 0.4401
pH 7.97 £0.03 7.92+0.01 0.4560

P (ppm) 5.01+0.02 5.33+0.21 0.1747

K (ppm) 163.00 + 17.58 164.17 + 22.56 0.9798

Mg (ppm) 405.33 £ 18.02 412.33 £ 10.91 0.7122

Ca (ppm) 4707.3 £68.93 5044.67 + 157.9 0.1621
CEC (cmol-kg™) 28.33+0.61 30.50 + 0.72 0.1422

Table 1: Soil nutrient, pH, and organic matter content for non-replant and replant
research sites collected in 2017.

Viking, and Saint Julien. For this study only rootstocks Lovell and
Viking were evaluated. The replant site consisted of 5 panels, and in
each there were one Viking and one Lovell tree, for a total of 5 trees on
Viking rootstock and 5 trees on Lovell rootstock in the replant site. The
non-replant site was planted in panels of 10 trees of the same rootstock.
There were a total of 10 panels randomly distributed: 5 panels of trees
on Viking rootstock and 5 panels of trees on Lovell rootstock, for a total
of 50 trees on each rootstock in the non-replant site. Tree growth and
total root production data were recorded for 5 trees of Viking and 5
trees of Lovell in each site.

Minirhizotron tube installation and image observation

Root populations were observed through transparent polycarbonate
minirhizotron (MR) observation tubes, 0.5 m long and 0.05 m outer
diameter. Two tubes per tree were installed during summer of 2012 at
45° from the vertical on either side of the tree, parallel to the tree row,
and at 0.4 m from the tree trunk. A total of 40 tubes (20 in the replant
and 20 in the non-replant sites) were installed in the entire study. In
the replant site, 5 out of the 30 panels were selected, and tubes were
installed in the Lovell and Viking rootstock (2 tubes per tree, 5 panels, 2
rootstocks). In the non-replant site tubes were installed in all 10 panels,
with one tree per panel for Lovell and Viking rootstock (2 tubes per
tree, 10 panels, 1 tree per rootstock).

To allow time for root growth, no images were recorded until the
following year. Root images were then recorded biweekly with a MR
digital video camera Model BTC-ICAP (Bartz Technical Co, Santa
Barbara, CA, USA). Root images were recorded biweekly starting 15
March to 25 October in 2013, and from 28 March to 15 October in 2014
and 2014. A total of 32 sessions recorded during the study.

Root observation and measurements

Date of individual root appearance, disappearance, root order, as
defined by Fitter [30], and date of pigmentation or browning (date root
was seen as a color other than white) were recorded with WinRhizoTron
MF (Regents Inc., Quebec, Canada). Roots were considered dead when
they became black and shriveled [31] or if the root disappeared from a
viewing location and did not reappear. Root diameter was measured at
the time of root birth. A total of 3,667 roots were tracked and used for
analysis, among those roots 49% were right-censored (i.e. still alive at
the final observation).

AMEF colonization

Root samples were collected during July of 2013, using a stainless
steel core of 7 cm internal diameter and 15 cm depth. Two soil core
samples were collected from all of the trees with minirhizotron
observational tubes (5 Viking and 5 Lovell trees in the replant site and
5 Viking and 5 Lovell trees in the non-replant site) at 0.2 m distance
from the tree trunk, at opposite sites of the tree trunk. Soil cores were
washed over a 500 pm sieve, and roots from both cores of a single tree
were pooled as a single experimental unit. Fine roots, defined as first
and second order roots with an intact cortex, were selected and stored
in FAA (formaldehyde: acetic acid: alcohol 5%:10%:50% v/v) solution
for one month before clearing and staining. Roots were cleared and
stained following the protocol by Comas et al. [32]. Stained roots were
mounted parallel to the long axis of a 7.5 x 5 cm microscope slides with
a cover slip. A total of 4 slides were analyzed for each tree. External
and internal fungal structures were observed at a 400 x magnification
by assessing intersections between root fragments and the eyepiece
micrometer at 5-mm intersection intervals. Each point of intersection
between the root and micrometer was scored as either (1): mycorrhizal
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structure (e.g., arbuscules, vesicles, mycorrhizal hyphae, hyphal coils)
or (2) non-mycorrhizal structure (e.g., septate hyphae, oospore,
zoospores). A minimum of 100 root intersections was examined for a
given sample.

Data analysis

Tree growth between rootstocks was analyzed as the absolute
difference in trunk diameter between the planting date and the last year
of data collection (2011 and 2014, respectively), and analyzed separately
for the replant and non-replant site using a pooled t-test due to the
small sample size. Soil nutrient content, total root production and root
production per root order, was analyzed using ANOVA and data was
log-transformed to satisfy the model assumptions. Root diameter and
root AM colonization were analyzed using a mixed effect model with
tree as a random effect. When significant effects were indicated, means
were compared using Student’s t-test at P<0.05. Kaplan-Meier survival
model [33] was used to calculate root lifespan, time to brown, and
survivorship estimates. To test the effect of rootstock and soil condition
(replant and non-replant) on root lifespan, data were analyzed using
the Cox proportional hazards regression [34]. Proportional hazard
assumptions were satisfied based on Schoenfeld residuals. A hazard
represents the probability of a root dying at a particular given point
in time, assuming that the root has survived to that particular point of
time [35]. A hazard ratio is then the ratio of hazards between two levels
of a covariate (e.g., replant soil vs. non-replant soil, tolerant rootstock
vs. susceptible rootstock) and compares the instantaneous risk of death
between the two levels throughout the study period. All statistical
analysis was performed using JMP, Version Pro 11 (SAS Institute Inc.,
Cary,N.C,, U.S.)

Results
Tree growth

Peach trees on Viking rootstock grew significantly more than those
on Lovell rootstock in the replant site, however there was no difference
between rootstocks in the non-replant site (P=0.033 and P=0.729,
respectively) (Figure 1A-B). Four years after planting, Viking and
Lovell trees were 56 and 73% smaller in the replant site compared to
those grown in the non-replant site.

Root production

There were no significant differences in the number of new roots
per tree between rootstocks, either at the replant or the non-replant
site (P=0.5492 and P=0.9756, respectively) (Figure 2). No significant
differences were observed between rootstocks in the number of new
first or second order roots in either replant or non-replant sites (data
not shown).

Root diameter and time to pigmentation

Root diameter was analyzed separately for first and second order
roots, as defined by Fitter [30]. There were no significant differences
between rootstocks in either the replant or the non-replant site for first
or second order root diameters (Table 2). However, first order roots of
Viking rootstock were significantly smaller in diameter in the replant
site compared to the non-replant site (Table 2).

In the replant site, roots of Viking rootstock remained white for
a significantly longer period of time than roots of Lovell rootstock
(P=0.007, Figure 3), and the risk of becoming brown was 74% that of
Lovell roots (Table 3). However, in the non-replant site there were no
differences between rootstocks in the risk of roots becoming brown
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Figure 1: A-B) Trunk cross sectional area (TCSA) of peach trees growing on
Lovell and Viking rootstock in a non-replant site (A) and a replant site (B) during
first 4 years after tree establishment. Tree growth, analyzed as the difference in
TCSA at planting (initial 2011) and the last year of data collection (2014), was
significantly higher for Viking rootstock in the replant site compared to Lovell
(P=0.033), no differences were observed in the non-replant site (P=0.729).
Error bars show s.e. of mean for n=5 in the replant site and n=5 in the non-
replant site.

300 1 =lovell O Viking
250 |
200 |

150

100 ¢

No. of new roots per tree

50

Non Replant Replant

Figure 2: Number of new roots per tree for Lovell and Viking peach rootstock
under replant and non-replant soil (P=0.9313 and P=0.5401, respectively).
Bars represent total number of new roots per tree over two-years observation
period. Error bars show s.e. of mean for n=5.

(P=0.534). When comparing between replant and non-replant sites,
the risk of roots becoming brown in the non-replant site was 70% that
of roots in the replant site (P<0.0001).

Roots survival and root lifespan

Regardless of the rootstock, roots in the non-replant site had a
survival probability significantly higher than those in the replant site
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Root order Rootstock Treatment

Replant Non-replant p-value

Viking (n=968; 754) 0.233 + 0.006 0.251 + 0.008 0.0209*

st Lovell (n=668; 948) 0.229 + 0.028 0.272 £ 0.028 0.1965
p-value 0.7268 0.325

Viking (n=177; 81) 0.455 + 0.043 0.441 £ 0.048 0.8165

2nd Lovell (n=144; 91) 0.498 + 0.029 0. 487 £ 0.079 0.7833
p-value 0.5662 0.4154

Values presented are mean and standard error of the mean. Data was analyzed using a mixed effect model, with tree as a random effect; P-values represent mean
comparison using Student'’s t-test for comparison between rootstocks (bottom of the table) and between treatments (right side column).

Table 2: Root diameter (mm) by root order under replant and non-replant soil for Viking and Lovell rootstocks.
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Figure 3: Root probability of remaining white for peach rootstock Lovell (black
circles; n=723) and Viking (white circles; n=1,062) in the replant site. The
probability of Viking remaining white was significantly higher than that of Lovell
(P=0.007).

Variable = df T arameter Wald Chi- P> chi- | g,y ratio
estimate square square
Lovell 1 0.149 0.047 9.973 0.001 0.74

Table 3: Results of Cox proportional hazard regression analysis with dependent
variable: time to browning under replant soil.

(P<0.0001; Figure 4), with a median root lifespan of 211 and 126 days,
respectively. When root lifespan was compared between rootstocks
in non-replant and replant sites, there were no significant differences
(P=0.3731 and P=0.078, respectively). However, when data was
separated by root order, second order roots of Viking rootstocks lived
significantly longer than those of Lovell in the replant site (P=0.022,
Figure 5A), but no differences were observed in the non-replant site
(P=0.503, Figure 5B). No differences were observed for 1% order roots
between rootstocks in the non-replant or replant site (P= 0.964 and
P=0.264, respectively). Proportional hazard regression analysis using
rootstocks as a covariant indicated than in replant soils the mortality
risk of Viking second order roots is 64% that of Lovell second order
roots (Table 4).

AM colonization

There were no significant differences in the percentage of fine root
length colonized by AM between rootstocks in the non-replant site
(P=0.692). However, fine roots of Viking showed a significantly higher
AM colonization than those of Lovell in the replant site (P<0.001,
Figure 6). No significant differences were observed between rootstocks
in the percentage of root length containing non-mycorrhizal structures
(P=0.838, data non-shown).
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Figure 4: Root survival probability for fine roots in the replant site (black
squares; n=1,232) and non-replant site (white squares; n=605). Roots survival
probability was significantly higher for roots in the non-replant site (P<0.0001).

Discussion

The nature of rootstock tolerance to RD is not well understood, due
in part to its complex etiology, multiple casual organisms, the difficulty
of working with root systems, and the lack of standard phenotyping
methodology to characterize root resistance to RD pathogens [36].
RD tolerance can vary wildly among rootstock genotypes, as single
or multiple mechanisms can be involved in restricting pathogen
colonization and disease severity. Recent studies have described several
plant defensive mechanisms to RD: selection of beneficial bacterial
and fungal communities in the rhizophere [37,38] fast regeneration of
fine root systems [10]; and increased defense compound production
[11]. Because none of these mechanisms confer resistance, tolerant
rootstocks still exhibit decreased growth when established in replant
soil compared to fumigated or non-replant sites. In our study, RD
tolerant rootstock Viking showed improved performance in the replant
site compared to the susceptible rootstock Lovell (Figure 1B). Reports
on field performance of highly vigorous plum based rootstocks, such as
Viking, have shown lower tree mortality than the peach based rootstocks
[27], possibly due to nematode resistance genes [39]. However, four
years after planted trees of RD tolerant rootstock Viking exhibited a
53% reduction in trunk growth in the replant site compared to the non-
replant site. Identifying plant defense mechanisms against soil borne
pathogens is imperative for developing RD resistant rootstocks that
can incorporate different defensive strategies and thus lead to greater
degrees of tolerance.

High root proliferation and fast turnover has been shown to be an
effective tolerance mechanism against soilborne diseases [10,40,41].
Diseased roots are readily shed and replaced by new roots as a strategy
to limit pathogen proliferation. Under this scenario, the cost of
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Figure 5: A-B) Root survival probability for 2" order roots of Viking rootstock
(white circles) and Lovell rootstock (black circles) under non-replant (A)
(P=0.002) and replant (B) site (P=0.503).

Variable | df Para.meter SE Wald Chi- | P> chi- Ris_k
estimate square square ratio
. Lovell | 1 0.225 0.109 4.151 00416 064

Table 4: Results of Cox proportional hazard regression analysis for second order
roots in the replant soil with dependent variable: root lifespan under replant soil.

60 -
mlovell 0OViking
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Figure 6: Proportion of fine root length colonized by AM fungi in Lovell
and Viking rootstock in a non-replant and replant site. Asterisk (*) denotes
significance at P<0.05. Error bars show s.e. of mean for n=20.

sustaining a high production of new roots would be offset by the higher
efficiency of new roots in absorbing nutrients and water, as well as the
lower carbon investment in these “disposable” roots. We did not detect

significant differences in fine root production or root diameter between
susceptible rootstock Lovell and tolerant rootstock Viking (Figure
2 and Table 2), although Viking rootstocks had thinner first order
roots and both rootstocks presented roots with shorter lifespans in the
replant site (Table 2 and Figure 4). Differences in root proliferation
between RD-tolerant Viking and RD-susceptible Lovell did not appear
to explain the better performance of Viking in the replant site.

Pathogen abundance can vary significantly across root orders [42],
with lower order roots having higher concentrations of soil pathogens
linked to replant diseases [11]. Lower susceptibility of higher order
roots to pathogen colonization is due in part to anatomical shifts, such
as loss of cortical tissue and development of secondary vasculature
system, which restricts pathogen colonization to specific host tissues.
However, rootstock genotypes might differ in anatomical features of
roots from the same order. For example, Eissenstat and Achor [43]
found that second order roots of citrus seedlings developed secondary
xylem and periderm, limiting pathogenic fungal infection of the inner
cortex, while second order roots of citrus rootstock cultivars did not
undergo secondary development. Although in our study we did not
evaluate root anatomical differences between rootstocks, it is possible
that differences in rootstock performance in the replant site are linked
to secondary development of tissues in lower order roots, which
would limit pathogen colonization and thus extend root lifespan as we
observed in second order roots of Viking (Figure 5A and Table 4).

Tree root browning (or pigmentation) is linked to significant
changes in root anatomical structures [18,44] and physiological
function [31,45,46], and can be elicited by external factors such as soil
moisture, temperature, fertility, and pathogens or herbivory [10,47-
49]. Studies comparing white and brown roots have reported lower
respiration rates and reduced metabolic activity of brown versus white
roots [31,45], suggesting a decline in nutrient and water absorption
capacity following pigmentation [50,51]. Browning of infested roots in
several host-pathogen interactions has been associated with increased
accumulation of phenolic compounds in affected tissues [51,52]. These
phenolic compounds are considered to be involved in plant defense
responses [53] such as the hypersensitive reaction in which host cells
undergo programmed cell death to block pathogen advance. However,
root browning and phenolic compound accumulation in infested roots
has also been associated with root necrosis [54,55]. In our study, the
significantly higher risk of fine roots becoming brown in the replant
site compared to the non-replant site could be the result of damage
to the epidermal and cortical tissue of root tips colonized by replant
pathogens, which has previously been reported in other replant studies
[10,56]. Rootstock differences in rates of browning in the replant site
(Figure 3), could be associated with lower population of pathogens in
roots of tolerant rootstocks, as reported in previous studies in apple
replant disease [11,57,58].

Disease reduction in host plants colonized by AMF is the
outcome of complex interactions between plant, pathogen, and AMF.
Mechanisms involved in disease suppression by AMF have been mostly
attributed to reduction of the pathogen’s parasitic growth as a result
of the stimulation of host-plant defense reactions and competition for
colonization sites [59,60]. Studies comparing different genotypes of
chickpeas plants reported that differences in AMF colonization among
genotypes was linked to differences in root exudate composition
[23,61], suggesting that these plant phytochemicals would be involved
in host preference of AMF. Differences in root exudation have been
reported for genotypes that differ in their level of tolerance to soil borne
pathogens [61], indicating that root exudates can modify soil microbial
community to the plant’s advantage.
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In our study, there were significant differences in AMF colonization
between RD tolerant Viking and susceptible Lovell in the replant site
only (Figure 6). Lovell and Viking trees were planted next to each other
in all replant panels, so differences in AMF colonization were unlikely
to be caused by higher soil inoculum pressure in certain areas of the
site. We hypothesize that preferential AMF colonization in Viking
roots could be linked to differences in the composition of root exudates
between rootstocks genotypes. Several studies have reported on the
role of root exudates on shaping rhizosphere microbial community
structure [62,63], and their possible effect on selecting and promoting
beneficial microbial populations in the rhizosphere of RD tolerant
rootstocks [25,37].

Conclusion

The use of tolerant/resistant rootstocks is a cost-effective and
environment-friendly option to manage soil borne diseases in tree
fruit production systems, yet rootstock tolerance mechanisms to soil
borne pathogens are not fully understood. Contrary to previous studies
comparing susceptible and tolerant RD rootstocks, we did not observe
differences in fine root production between rootstocks. However, in the
replant site fine roots of tolerant rootstock Viking had longer lifespans,
reduce risk of becoming brown and higher AMF colonization than
those of susceptible rootstock Lovell. Identification of tolerance and
resistance mechanisms to RD pathogens is critical to support breeding
efforts for resistant rootstocks, which ultimately offers the most efficient
and sustainable option to manage the disease.
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