
HORTSCIENCE 52(11):1471–1476. 2017. doi: 10.21273/HORTSCI10391-17

Resistance to Phytophthora Species
among Rootstocks for Cultivated
Prunus Species
Gregory T. Browne1

Department of Plant Pathology, USDA-ARS, Crops Pathology and Genetics
Research Unit, University of California, Davis, CA 95616

Additional index words. Almond, fruit, nut, Prunus, hybrid, Phytophthora

Abstract. Many species of Phytophthora de Bary are important pathogens of cultivated
Prunus L. species worldwide, often invading the trees via their rootstocks. In a series of
greenhouse trials, resistance to Phytophthora was tested in new and standard rootstocks
for cultivated stone fruits, including almond. Successive sets of the rootstocks, propa-
gated as hardwood cuttings or via micropropagation, were transplanted into either
noninfested potting soil or potting soil infested with Phytophthora cactorum (Lebert &
Cohn) J. Sch€ot., Phytophthora citricola Sawada, Phytophthora megasperma Drechs, or
Phytophthora niederhauserii Z.G. Abad & J.A. Abad. Soil flooding was included in all
trials to facilitate pathogen infection. In some trials, soil flooding treatments were varied
to examine their effects on the rootstocks in both the absence and presence of
Phytophthora. Two to 3 months after transplanting, resistance to the pathogens was
assessed based on the severity of root and crown rot. ‘Hansen 536’ was consistently more
susceptible than ‘Lovell’, ‘Nemaguard’, ‘Atlas’, ‘Viking’, ‘Citation’, and ‘Marianna
2624’ to root and/or crown rot caused by P. cactorum, P. citricola, and P. megasperma. By
contrast, susceptibility to P. niederhauserii was similarly high among all eight tested
genotypes of peach, four genotypes of peach 3 almond, two genotypes of (almond 3
peach) 3 peach, and one genotype of plum 3 almond. Most plum hybrids were highly
and consistently resistant to crown rot caused by P. niederhauserii, but only ‘Marianna
2624’ was highly resistant to both crown and root rot caused by all of the Phytophthora
species. The results indicate that there is a broad tendency for susceptibility of peach 3
almond rootstocks and a broad tendency for resistance of plum hybrid rootstocks to
multiple species of Phytophthora.

More than 10 species of Phytophthora de
Bary are reported to affect cultivated Prunus
L. worldwide, causing root rot, crown rot,
trunk and scaffold cankers, and even fruit rots
(Browne and Doster, 2002; Browne and
Mircetich, 1995; F�elix-Gast�elum andMircetich,
2005a; Guzman et al., 2007; Harvey and
Braithwaite, 1982; Wicks and Lee, 1986;
Wilcox and Ellis, 1989;Wilcox andMircetich,
1985). In California alone, �400,000 ha of
land are devoted to almond and stone fruit
culture (NASS, 2015), and root and crown rots
caused by Phytophthora are a major concern
in the production systems (Browne et al.,
1998; Browne and Viveros, 1999). Intensive
irrigation is critical to culture these crops
in California because of the dry summer
climate. Despite its necessity, irrigation
can sometimes contribute to development
of Phytophthora diseases, both by spread-
ing the pathogens over long distances

through surface water supply networks of
rivers and canals and by favoring produc-
tion, dispersal, and infection by the path-
ogens’ zoospores (Browne et al., 2012;
F�elix-Gast�elum and Mircetich, 2005a).

Although species of Phytophthora can
infect Prunus scions directly, Prunus root-
stocks are often infected first, sometimes
providing the route to further pathogen in-
gress into a tree (Browne and Viveros, 1999).
Phytophthora cactorum (Lebert & Cohn) J.
Sch€ot. andPhytophthoramegaspermaDrechs.
were often associated with root and crown
rots and trunk cankers resulting from sub-
terranean infections, whereas Phytophthora
citricola Sawada tended to invade almond
scions directly, aboveground (Browne et al.,
1998; Browne and Viveros, 1999). Recently,
Phytophthora niederhauserii Z.G. Abad &
J.A. Abad. was described (Abad et al., 2014)
and reported as a new root and crown
pathogen of almond nursery trees in Spain
(P�erez-Sierra et al., 2010) and almond or-
chard trees in Turkey (Kurbetli;̇ and
De�giṙmenci,̇ 2012) and California (Browne
et al., 2015a).

Rootstock improvement will continue to
be essential for sustaining efficient, profitable
cultivation of Prunus spp. (Gradziel, 2009;
Moreno, 2004; Reighard et al., 1989). In
California and other regions where Prunus
species have been cultivated through many

generations on the same land, effective root-
stocks must resist or tolerate accumulations
of soil pests while maintaining appropriate
levels of scion vigor and productivity.
Depending on the challenges presented by
an orchard site, prudent rootstock selection
tends to be a compromise, balancing horti-
cultural attributes and edaphic adaptations
(i.e., level of vigor, sensitivity to salts or high
pH, etc.) with resistance or tolerance to soil-
borne pathogens (e.g., Phytophthora species,
plant parasitic nematodes, and Armillaria
spp.), and one rootstock seldom meets all
needs. Advances in rootstock breeding and
micropropagation technologies have ex-
panded improvement horizons for Prunus
rootstocks, yet fully realizing the potential
of these advances will require continuing and
accurate assessments of rootstock traits.

Variation in resistance to Phytophthora
has been reported previously among root-
stocks for Prunus species (Broadbent et al.,
1996; Day, 1953; Elena and Tsipouridis,
2000; Kester and Grasselly, 1987), but for
many new clonal rootstocks, little is known
about their relative susceptibility to Phytoph-
thora species. Furthermore, P. niederhauserii
was reported to attack almond and peach ·
almond hybrid rootstocks (Browne et al.,
2015a; Kurbetli;̇ and De�giṙmenci,̇ 2012;
P�erez-Sierra et al., 2010), but the relative
susceptibility to this pathogen among other
Prunus rootstocks is unknown. The purpose
of this research was to examine resistance to
historically prevalent as well as newly rec-
ognized species of Phytophthora in standard
and recently developed rootstocks for stone
fruit production. Preliminary aspects of this
work have been reported (Browne and
Becherer, 2000; Schmidt et al., 2012).

Materials and Methods

Plant materials and culture. Twenty-five
rootstock selections in total, propagated as
either hardwood cuttings or micropropagated
plantlets, were provided in sets by three
commercial nurseries (Table 1). The root-
stocks in each set were selected to represent
widely used standard rootstocks as well as
new rootstocks of interest, especially those
potentially suited to the challenges of Cal-
ifornia fruit and nut production.

All hardwood cuttings were obtained
through nursery 1 (Dave Wilson Nursery,
Hickman, CA). The cuttings, made from
‘‘well-hardened’’ current-season shoots in
late October, were 0.5 to 1 cm in diameter
and �30 cm in length. Those of ‘Lovell’ and
‘Nemaguard’ were collected from the Uni-
versity of California Foundation Plant Ser-
vice block at Davis, CA, whereas cuttings of
the other selections were made from pro-
prietary foundation blocks of the nursery. All
cuttings were treated with a basal dip of
indole butyric acid (500 to 1000 ppm) and
callused for 1 month in moist peatmoss at
nursery 1. In November, the callused cuttings
were planted into 5 · 5 · 25 cm cartons with
UC potting mix (Matkin et al., 1957), one
cutting per carton, at UCDavis. After planting,
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about half to 2/3 of the cutting length was
covered with the potting mix in the cartons.
The plants were kept in a lathhouse through
the winter. The plants were used for experi-
ments 1 to 3, as described in the following
section.

The micropropagated plants were pro-
vided by nurseries 2 and 3 (Duarte Nursery,
Hughson, CA, and North American Plants,
Inc., Lafayette, OR, respectively). The plants
were micropropagated according to the nurs-
eries’ proprietary procedures and provided in
2 · 4 cm pots in an actively growing state,
with stems 3 to 5 mm in diameter and main
shoots�7 to 10 cm tall. The plants were used
for experiments 4 and 5, as described in the
following section.

In all experiments, the plants were
watered as needed, up to once per day. In
treatments that involved soil flooding, the soil
water level was maintained at �1 cm above
the potting soil surface for the specified
flooding period(s). All plants were fertilized
one to two times per week using a modified
Hoagland solution (Hoagland, 1928).

Isolates and inocula of Phytophthora.
Phytophthora species prevalent among al-
mond and other stone fruit orchards affected
by crown and root rot in California were
obtained by culturing necrotic bark and root
pieces in a modified PARP medium (Browne
et al., 2015b; Kannwischer and Mitchell,
1978). The isolates were identified based on
their morphological characteristics (e.g., cul-
ture morphology, and production and mor-
phology of sporangia, chlamydospores, and

oospores) and confirmatory sequencing of
internal transcribed spacer (ITS) regions 1
and 2 of rRNA genes. In all trials, the
pathogen inocula were grown for 4 to 5
weeks at 20 to 24 �C on a substrate of
vermiculite and oat seeds drenched in a broth
containing V8 juice (standard V8 juice;
Campbell Soup Co., Camden, NJ). The sub-
strate was prepared and used as described
previously (Browne et al., 2015b). Individual
isolates were grown in separate containers of
the substrate, and sterile substrate served as
the control. Just before infestation of the
potting soil used in greenhouse evaluations
of resistance, all inocula and the control were
rinsed thoroughly in sterile water to remove
unassimilated nutrients. Two to five isolates
were used per species of Phytophthora in
each experiment. In experiments 1 through 3
and 5, isolates of the same species were
pooled just before addition to soil. In exper-
iment 4, isolates were kept separate as treat-
ments.

Greenhouse evaluations of resistance to
Phytophthora. For trial 1, hardwood cuttings
rooted in the lathhouse during the winter and
spring were transplanted the following June
into 9 · 9 · 23 cm pots with either non-
infested UC potting mix or UC potting mix
infested with isolates of P. cactorum, P.
citricola, or P. megasperma. One plant was
transplanted into each pot. The ‘‘root ball’’
and surrounding potting soil of the rooted
cuttings were left intact in the transplanting
process, and 1 L of infested or noninfested
potting soil was added to the pots receiving

the plants. Before the soil was added to the
pots during transplanting, it was mixed with
the appropriate amount of inoculated or
sterile substrate to achieve a rate of 40 mL
of substrate per liter of total soil volume in
pots. Combinations of inoculum and soil
flooding treatments were assigned to main
plots that were randomized in four complete
blocks. Rootstocks were assigned to sub-
plots within the main plots; there were two
plants per rootstock in each main plot.
Control main plots were flooded for 0 h,
24 h once every week, or 48 h once every
2 weeks. Main plots inoculated with
P. cactorum, P. citricola, or P. megasperma
were flooded for 24 h (weekly) or 48 h
(biweekly). Three months after transplant-
ing, plants were washed free from their
potting soil, and resistance to the pathogens
was assessed based on the severity of crown
and root rot.

For crown rot assessment, the root crown
was considered to be the central root system
axis and lower stem, starting from the point
of main root convergence and extending to 3
cm above the soil surface. On each diseased
root crown, a knife was used to reveal
boundaries of healthy bark (white under the
outer corky layer) and necrotic bark (black to
brown). The rotted and total lengths of each
root crown were measured, and rotted crown
length was expressed as a percentage of total
crown length. The percentage of root length
rotted was estimated visually; root length was
considered rotted when the cortex and stele
were necrotic (brown to black) as compared

Table 1. Trials and plant materials

Trial Propagation source Rootstock groupingz Rootstock name Genetic background

1, 2, and 3 D.W.y Pe Lovell P. persica
Nemaguard P. persica · P. davidiana

Pe · Al Hansen 536 [P. persica ‘Okin.’ · (P. davidiana · Pe ‘PI 6582’)] · P. dulcis
Pe · Al · Pl · Ap Atlas (P. persica · P. davidiana) · (P. dulcis ‘Jordanolo’ · P. blireiana)

Viking (P. persica · P. davidiana) · (P. dulcis ‘Jordanolo’ · P. blireiana)
Pe · Pl Citation P. salicina · P. persica
Pl hybrid Marianna 2624 P. cerasifera · P. munsoniana

4 and 5 D.N.x Pe HBOK1 P. persica ‘Har. Bl.’· P. persica ‘Okin.’
HBOK 10 (Controller 8) P. persica ‘Har. Bl.’· P. persica ‘Okin.’
HBOK 28 P. persica ‘Har. Bl.’· P. persica ‘Okin.’
HBOK 32 (Controller 7) P. persica ‘Har. Bl.’· P. persica ‘Okin.’
HBOK 50 (Controller 9.5) P. persica ‘Har. Bl.’· P. persica ‘Okin.’
Lovell P. persica
Nemaguard P. persica · P. davidiana
*Empyrean 1 (Barrier 1) P. persica · P. davidiana

Pe · Al Bright Hybrid 5 P. persica · P. dulcis
Bright Hybrid 106 P. persica · P. dulcis
Garnem (GxN 15) P. dulcis · P. persica ‘Nemared’
Hansen 536 [P. persica ‘Okin.’ · (P. davidiana · Pe ‘PI 6582’)] · P. dulcis

Pl hybrid Controller 5 (=K146-43) P. salicina · P. persica
Krymsk 1 (VVA 1) P. tomentosa · P. cerasifera
Krymsk 2 P. incana · P. tomentosa
Krymsk 9 P. armeniaca · P. cerasifera
Krymsk 86 (Kuban 86) P. persica · P. cerasifera
Myrobalan P. cerasifera
Marianna 2624 P. cerasifera · P. munsoniana

N.A.P. w (Pe · Al) · Pe Tempropac (P. dulcis · P. persica) · P. persica
PAC 9908-02 (P. dulcis · P. persica) · P. persica

Pl hybrid Rootpac-R P. cerasifera · P. dulcis
Krymsk 86 (Kuban 86) P. persica · P. cerasifera

zPe = peach; Al = almond; Pl = plum; Ap = apricot.
yDave Wilson Nursery; Hickman, CA, nursery 1.
xDuarte Nursery, Hughson, CA, nursery 2.
wNorth American Plants, Inc., Lafayette, OR, nursery 3.
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with healthy, light-colored tissues. Isolations
were conducted from most plants to confirm
the presence of the appropriate pathogen in
inoculated treatments and the absence of the
pathogen in control plants.

For trials 2 and 3, the plant materials were
from the same set that supplied trial 1, but
they were 8 and 13 months older, respec-
tively, at the time of trial establishment.
During the extra 8–13 months, trials 2 and 3
plants were kept in a greenhouse in spring
and summer months and in a lathhouse in
winter months. Before placement in the lath-
house for the additional winter, each plant pot
received �15 mL of Osmocote slow-release
fertilizer (The Scotts Company, Marysville,
OH; N–P–K 18–6–12) on the soil surface.
The plants were returned to the greenhouse
for trials in February. Subsequent procedures,
treatments, and the experimental design used
for trials 2 and 3 were the same as those used
for trial 1, except as follows: soil given the
control inoculation treatment received only
nonflooded and 48-h flood treatments; only
P. cactorum and P. megasperma were used
as challenging pathogens; and only 48-h
flood treatments were used for the soil
treatments that received a species of Phy-
tophthora. In addition, trials 2 and 3 included
five replicate blocks per main plot treatment,
and trial 2 had only one plant per rootstock
per main plot.

Trial 4 was established with active micro-
propagated plants from nurseries 2 and 3 in
late May. The rootstocks were transplanted
into 600-mL pots (one plant per pot) using
UC potting mix. Three different inoculum–
substrate treatments were added to the soil
during the planting process: 1) sterile sub-
strate (the control), 2) substrate permeated
with an isolate of P. niederhauserii from an
almond tree near Shafter, CA (isolate 1), and
3) substrate permeated with a P. niederhau-
serii isolate from an almond tree near Sanger,
CA (isolate 2). All substrate treatments were
added at a rate of 40 mL ·L–1 of final soil
volume. The plants were allocated to main
and subplots according to a split-plot design;
main plots received the inoculum treatments
and subplots received the different root-
stocks. The main plots were randomized in
five complete blocks, and each main plot
included two plants per rootstock. Thus, there
were 10 plants per combination of inoculum
and rootstock treatment. One week after
transplanting, and once every 2 weeks there-
after, all of the plants were subjected to 48 h
of soil flooding. Two months after trans-
planting, all of the plants were washed free
from their soil and rated for severity of crown
and root rot as described for trial 1.

Plants used for trial 5 were micropropa-
gated and provided 1 year later than those
used for trial 4. In addition, the plants were
transplanted into 0.7-L pots and went through
the summer and winter in a lathhouse before
use in trial 5. In June, the 1-year-old plants
were moved to a greenhouse for inoculation
treatments. Soil inoculation treatments in-
cluded a control, administered by inserting
10 mL of sterile inoculum substrate on two

opposite sides of each plant pot (i.e., 20 mL
total per pot per plant), and a P. niederhau-
serii treatment, administered by inserting
10 mL of the substrate colonized by five
isolates of the pathogen on two opposite sides
of each plant pot. There were six plants per
rootstock per inoculum treatment. Again,
a split-plot design was used, with inoculum
treatments allocated to main plots and root-
stocks allocated to subplots. The main plots
were randomized in three complete blocks.
Each main plot had two plants per rootstock
subplot. All of the plants were subjected to
48 h of soil flooding once every 2 weeks. Two
months after inoculation, the plants were
washed free from their soil, weighed, and
rated for severity of crown and root rot as
described for trial 1.

Data analyses. Data from each green-
house trial were subjected to analysis of
variance (ANOVA) using the MIXED pro-
cedure of SAS software Version 9.4. In
preparation for ANOVA, the MEANS pro-
cedure of SAS was used to generate a mean
for each combination of block, rootstock
selection, soil flooding treatment, and disease
assessment variable. ANOVAs were con-
ducted separately for data from control (no-
Phytophthora) treatments and data from
treatments including Phytophthora because
of greater variance in the latter grouping
compared with the former. For ANOVAs
within these groupings, inoculum–flood treat-
ment combinations and rootstock were spec-
ified as fixed effects in theMIXEDmodel, and
block and block · main plot treatments were
specified as random effects, as appropriate.

Treatment means were separated according to
95% confidence intervals.

Results

In trial 1, conducted in June through early
August with hardwood cuttings rooted the
previous winter and spring, noninoculated
controls developed negligible levels of root
rot and no crown rot, regardless of the soil
flooding treatment (Fig. 1A and B). By
contrast, rootstocks exposed to Phytophthora
developed varying severities of root and
crown rot, depending on the species of
Phytophthora and the soil flooding treatment.
Significant statistical interaction occurred
among Phytophthora · flooding treatments
(P < 0.0001 for both root and crown rot). In
soil infested with P. cactorum, rootstocks
developed negligible to moderate severities
of root and crown rot (0% to 38%, depending
on rootstock and flood duration; Fig. 1A and
B); ‘Hansen 536’ developed more root rot
than some of the other rootstocks in soil
infested with the pathogen and flooded bi-
weekly for 48 h. In soil infested with P.
citricola, ‘Hansen 536’ developed severe
root and crown rot (mean 71% to 100%),
more than any of the other rootstocks (0% to
39%), whether the soil was flooded for 24 h
weekly or 48 h biweekly (Fig. 1A and B).
Phytophthora megasperma caused moderate
to high severities of root rot (42% to 92%)
and negligible to moderate levels of crown
rot (0% to 39%) in ‘Lovell’, ‘Hansen 536’,
‘Atlas’, and ‘Viking’; on some of the stocks,
the root rot severity was greater following

Fig. 1. Relative resistance of rootstocks in trial 1 to (A) root rot and (B) crown rot caused by three species of
Phytophthora. The rootstocks were transplanted into noninfested soil (control) or soil infested with the
indicated species of Phytophthora. Depending on the inoculum treatment, plants were either subjected
to no soil flooding (0 h), weekly soil flooding for 24 h, or biweekly soil flooding for 48 h. Three months
after transplanting, the rootstocks were washed free from the potting soil and evaluated for severity of
root and crown rot. Error bars are 95% confidence intervals.
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48-h biweekly flooding than 24-h weekly
flooding. Phytophthora megasperma caused
relatively low severities (<22%) of root and
crown rot in ‘Nemaguard’, ‘Citation’, and
‘Marianna 2624’. ‘Marianna 2624’ developed
only negligible levels of root and crown rot,
regardless of inoculant or soil flooding treatment.

In trial 2, which inoculated an additional
set of plants from hardwood cuttings in
spring, when they were 8 months older than
those used for trial 1, plants in noninfested
soil, whether flooded for 0 or 48 h, developed
only low levels of root rot and no crown rot
(Fig. 2A and B). Again, as in trial 1, in soil
infested with P. cactorum, only ‘Hansen 536’
developed severe levels of root or crown rot;
‘Atlas’ and ‘Viking’ developed less disease;
and ‘Lovell’ and ‘Nemaguard’ developed neg-
ligible levels of root and crown rot with P.
cactorum. Phytophthora megasperma caused
high levels of root rot in all rootstocks except
‘Citation’ and ‘Marianna 2624’. Phytophthora
megasperma completely rotted the length of
‘Hansen 536’ root crowns, yet it caused only
low to moderate amounts of crown rot on
‘Lovell’, ‘Nemaguard’, ‘Atlas’, and ‘Viking’.
Neither ‘Citation’ nor ‘Marianna 2624’ devel-
oped significant levels of root or crown rot in
trial 2.

Results of trial 3, which inoculated a final
subset of rooted hardwood cuttings in mid-
summer, when they were 13 months older
than the rootstocks tested in trial 1, were
similar to those of trial 2 with respect to P.
megasperma, but P. cactorum caused little
disease in trial 3 (Fig. 3A and B).With 48 h of
soil flooding, P. megasperma again caused
severe root rot in all tested rootstocks except
‘Citation’ and ‘Marianna 2624’ (‘Lovell’ was
not included in trial 3). Negligible root rot
and no crown rot were caused by either P.
cactorum or P. megasperma in ‘Citation’ and
‘Marianna 2624’.

In trial 4, which involved the early sum-
mer inoculations with isolates of P. nieder-
hauserii, there was no significant isolate ·
rootstock interaction (P = 0.42 to 0.72 with
control data excluded), so mean separations
were performed after combining data from
the two isolates. Phytophthora niederhau-
serii caused relatively severe root rot in all
rootstocks except ‘Controller 5’ and ‘Marianna
2624’ (Fig. 4A and B). The pathogen caused
moderate to severe crown rot in selections
without plum parentage (i.e., rootstocks HBOK
1, 10, 28, 32, 50; Lovell; Nemaguard; Empy-
rean 1; Bright Hybrid 5 and 106; Garnem;
Hansen 536; Tempropac; and PAC 9908-02).
Phytophthora niederhauserii caused little
crown rot among the plum hybrids (i.e.,
rootstocks Controller 5; Krymsk 1, 2, 9,
and 86; Myrobalan; Marianna 2624; and
Rootpac-R).

In trial 5, rootstocks Krymsk 1, 2, 9, and
86, and Myrobalan, which had all developed
moderate to severe root rot in trial 4, de-
veloped little root rot (Fig. 5A and B). In
addition, low to moderate crown rot severity
generally developed in trial 5 for the selec-
tions of peach (i.e., rootstocks HBOK 1, 10,
28, 32, and 50; Lovell; Nemaguard; and

Empyrean 1), peach · almond (i.e., rootstocks
Bright Hybrid 5 and 106; Garnem; and Hansen
536), (peach · almond) · peach (i.e., rootstocks
Tempropac and PAC 9908-02), and plum ·
almond (i.e., rootstock Rootpac-R). As in trial 4,
the other plum hybrids (rootstocks Controller 5;
Krymsk 1, 2, 9, and 86; Myrobalan; and

Marianna 2624) developed negligible crown
rot in trial 5.

Discussion

This study examined resistance to Phy-
tophthora species among multiple sets of

Fig. 3. Relative resistance of rootstocks in trial 3 to (A) root rot and (B) crown rot caused by two species of
Phytophthora. The rootstocks were transplanted into noninfested soil (control) or soil infested with the
indicated species of Phytophthora. Depending on the inoculum treatment, plants were either subjected
to no soil flooding (0 h) or biweekly soil flooding for 48 h. Three months after transplanting, the
rootstocks were washed free from the potting soil and evaluated for severity of root and crown rot.
Error bars are 95% confidence intervals.

Fig. 2. Relative resistance of rootstocks in trial 2 to (A) root rot and (B) crown rot caused by two species of
Phytophthora. The rootstocks were transplanted into noninfested soil (control) or soil infested with the
indicated species of Phytophthora. Depending on the inoculum treatment, plants were either subjected
to no soil flooding (0 h) or biweekly soil flooding for 48 h. Three months after transplanting, the
rootstocks were washed free from the potting soil and evaluated for severity of root and crown rot.
Error bars are 95% confidence intervals.
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rootstocks for almond and other stone fruit
trees. The sets included widely used stan-
dards, such as ‘Nemaguard’, ‘Lovell’, ‘Hansen
536’, ‘Marianna 2624’, and ‘Myrobalan’, as
well as less used or relatively new root-
stocks. In each of the five trials, the root-
stocks tested represented diverse genetic
backgrounds, e.g., with almond, peach, plum,
and hybrids of these species as parents. In the
evaluations of resistance, an effort was made
to represent species of Phytophthora that
have been prevalent as root and crown rot
pathogens of cultivated Prunus species in
California. Large differences in resistance of
the rootstocks to the Phytophthora species
were detected. The results of the testing have
immediate implications for orchard-based
rootstock selection and testing as well as
long-range implications for rootstock breeding
and genetics.

Among the findings with immediate im-
plications, it was determined that ‘Hansen
536’ is particularly susceptible to P. cacto-
rum, P. citricola, and P. megasperma. In-
deed, as the almond industry has shifted
toward the use of ‘Hansen 536’ rootstock,
early observations suggesting such suscepti-
bility (Kester and Grasselly, 1987) have been
borne out, especially in young orchards. Our
results suggest that in orchards with a persis-
tent history of tree losses due to crown and
root rot associated with these species of
Phytophthora, growers may reduce the dis-
ease incidence by using an acceptable root-
stock with lower susceptibility to the
pathogens. However, in trials 4 and 5, which
evaluated resistance to the newly reported
pathogen P. niederhauserii, rootstocks with
peach and peach · almond backgrounds were
all highly susceptible to the pathogen. It is too
early to tell whether this broad susceptibility
to P. niederhauserii among the tested peach
and peach · almond hybrids will be man-
ifested in California orchards, but our results
suggest that this is important to monitor. To
date, reported detections of the pathogen
have been limited to peach · almond hybrid
rootstocks and almond rootstock (Browne
et al., 2015a; Kurbetli;̇ and De�giṙmenci,̇
2012; P�erez-Sierra et al., 2010).

The high levels of resistance we detected
among plum hybrid rootstocks to Phytoph-
thora species may have long-range implica-
tions for rootstock breeding. ‘Marianna
2624’ was unique in these trials, being the
only rootstock that developed no significant
levels of root or crown rot with any of the
Phytophthora species tested. Although
‘Marianna 2624’ is known for its partial
resistance to Armillaria, tolerance of poorly
drained soils, and good anchorage in addition
to its resistance to Phytophthora species, it
has horticultural drawbacks, including graft
incompatibility with ‘Nonpareil’ almond and
propensities for suckering, low tree vigor,
and poor performance at some Prunus replant
sites (Browne et al., 2006; Kester and
Grasselly, 1987). Our findings suggest that
it may be rewarding to examine the genetic
basis of resistance to Phytophthora spp in
‘Marianna 2624’; the resistance may be

Fig. 5. Relative resistance of rootstocks in trial 5 to (A) root rot and (B) crown rot caused by Phytophthora
niederhauserii. The rootstocks were transplanted into noninfested soil (control) or soil infested with
the pathogen. All plants were subjected to biweekly soil flooding for 48 h. Two months after
transplanting, the rootstocks were washed free from the potting soil and evaluated for severity of root
and crown rot. Error bars are 95% confidence intervals.

Fig. 4. Relative resistance of rootstocks in trial 4 to (A) root rot and (B) crown rot caused by
Phytophthora niederhauserii. The rootstocks were transplanted into noninfested soil (control) or
soil infested with the pathogen. All plants were subjected to biweekly soil flooding for 48 h. Two
months after transplanting, the rootstocks were washed free from the potting soil and evaluated for
severity of root and crown rot. ‘‘NAP’’ designation after second Krymsk 86 on the x axis indicates
plants supplied by nursery 3 (North American Plants, Inc., Lafayette, OR); plants labeled ‘‘Krymsk
86’’ only were from nursery 2. Error bars are 95% confidence intervals.
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transferable to or obtainable in other root-
stocks that offer horticultural advantages
over ‘Marianna 2624’.

Key features of our results were repeat-
able among trials, including the relatively
high susceptibility of ‘Hansen 536’ to P.
cactorum, P. citricola, and P. megasperma;
the high resistance of ‘Marianna 2624’ to root
and crown rot of all tested species; and the
high levels of resistance of other plum hy-
brids to crown rot caused by all tested
species. However, variation in response of
some rootstocks was also apparent. For ex-
ample, ‘Hansen 536’ expressed higher rela-
tive susceptibility to crown rot incited by P.
megasperma in trial 2 than in trial 1. In
addition, ‘Citation’ developed some crown
rot in soil infested with P. cactorum or P.
megasperma in trial 1 but not in trial 2 or 3.
Conversely, ‘Nemaguard’ developed crown
rot in soil infested with P. megasperma in
trials 2 and 3 but not in trial 1. In soil infested
with P. niederhauserii, several of the plum
hybrid rootstocks that developed moderate
levels of root rot in trial 4 did not do so in trial
5. It is uncertain what contributed to these
variations in apparent susceptibility, but age
of the plants, conditions in the greenhouse,
and seasonal fluctuations in host susceptibil-
ity were likely contributing factors. Previous
studies have reported that such factors can
have large impacts on disease severity
(Browne and Mircetich, 1996; F�elix-
Gast�elum and Mircetich, 2005b, 2005c;
Matheron and Mircetich, 1985). Our results
demonstrate the importance of repeated ex-
periments in assessing the resistance of Pru-
nus rootstocks to Phytophthora species under
various conditions; the approach can facili-
tate discrimination between spurious and
consistent effects.
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