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Abstract
Armillaria and Desarmillaria spp. are causal agents of a devastating root-borne disease of peach. Breeding resistant rootstock
requires a reliable screening tool. An in vitro co-culture screen designed for almond was modified by replacing agar-gelled
mediumwith a more aerated phenolic foam and combining resistant and susceptible rootstocks (i.e., common garden experiment)
andminimizes variation in inoculum pressure or rooting substrate among replicate vessels. Eight Prunus rootstocks tested (peach,
plum, peach × plum, and choke cherry) were rooted and had no decline in health. Susceptible peach rootstock, ‘GF 305’, was
cultured for 15 wk in phenolic foam in the same vessel with a resistant peach × plum hybrid, ‘MP-29’, inoculated with Armillaria
mellea at week 5, that led to more severe shoot symptoms in the former after an additional 8 wk. This method accommodated
peach genotypes that were difficult to root in agar medium. The difference during a uniform challenge with the A. mellea fungus
recapitulates resistant/susceptible reactions. The phenolic foam-based co-culture method will work on many Prunus spp. of
potential use in rootstock breeding.
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Introduction

Armillaria root rot (ARR) is currently the greatest threat to
peach production in the southeastern USA, with devastating
impacts on cherries in Michigan, and sporadic occurrences on
peaches and almond in California. Similar problems afflict
orchards in China, Europe, the UK, and Mexico. The causal
fungi are Desarmillaria tabescens (Scop.) R. A. Koch &
Aime comb. nov (Koch et al. 2017) and multiple Armillaria
species including A. mellea (Vahl.:Fries) Kummer (Wilbur
et al. 1972), A. mexicana R. Elías, Medel, Alvarado, Hanna,
Ross-Davis, Kim, &Klopfenstein sp. nov. (Elías-Román et al.
2018) and A. solidipes Peck (Devkota and Hammerschmidt

2019). They are root-borne rather than soil-borne pathogens
because they survive as saprophytes for many years in
decomposing root matter buried deep in the orchard’s soil.
With the exception of a cultural method that delays the onset
of the disease in peach orchards by about 2 yr (Miller et al.
2020), there are no effective biological or chemical manage-
ment options. New rootstocks with genetic resistance are ur-
gently needed.

Most of the rootstocks for peach that were developed for
resistance to bacterial canker or peach tree short life (PTSL)
were highly susceptible to ARR (Beckman 1998; Beckman
et al. 1998; Beckman and Pusey 2001). Natural genetic resis-
tance to ARR does exist in some germplasms of plum and two
peach × plum hybrids (‘MP-29’ and ‘Sharpe’) (Beckman et al.
2012). Although the mechanisms of resistance are not known
yet, the development of tolerant rootstocks is a priority for
stone fruits in the absence of chemical (Wilbur et al. 1972;
Savage et al. 1974) or biological control options (Schnabel
et al. 2011). Even though there are multiple reports on green-
house and field assays to study the pathogen, the assays re-
producibility has been a challenge and a source of great frus-
tration among Armillaria spp. scientists (Raabe 1979;
Mansilla et al. 2001; Raziq and Fox 2005). An in vitro
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screening method was developed that recapitulated the known
field resistance of rootstocks selected for almond production
in California to A. mellea (Baumgartner et al. 2018). It was
proposed that this assay could be a breeders’ tool to rapidly
identify genetic resistance to ARR. Plantlets of the Prunus
spp. accession rooted in agar were inoculated with A. mellea
in the culture tube–based assay. In the first month, A. mellea
colonized the agar-based medium, and in the second month,
the mortality or survival of the tissue was used to determine
resistance/susceptibility. Prior to inoculation, extra tubes of
plantlets were sorted and rogued to find plants with similar
shoot and root growth to enter the assay.

Peach can be more difficult to micropropagate than
other Prunus spp., and many unique media formulations
were required for rooting peach (Kalinina and Brown
2007; Sadeghi et al. 2015). In the Baumgartner et al.
(2018) tube–based assay, some resistant cultivars
displayed high mortality levels, which were purportedly
due to high inoculum pressure overtaking the plant. Plant
roots in tubes of semi-solid agar medium grown under
anoxic conditions were non-lignified (herbaceous) and
lacked some structures of well-developed root tissues.
Baumgartner et al. (2018) suggested that biological im-
provements to the co-culture assay should include plants
with developed woody roots and control of inoculum den-
sity. In most woody plants, roots in semi-solid agar are
thicker and lack secondary branching resulting in in-
creased mortality as the plant ages (Economou 2013). In
several endemic Australian species of woody shrubs, ox-
ygen in the root zone was increased when switching from
agar to porous agar, to agar/sand mix, to sand/peat/perlite
mixture in a series of experiments that concomitantly in-
creased oxygenation and rooting (Newell et al. 2003). In
Cercis, the anatomy of in vitro roots in agar had swollen
cortical cells and less developed vascular systems com-
pared with roots developed ex vitro in soilless mix
(Hartman et al. 2018). A phenolic foam, Oasis® IVE,
was configured for this purpose and has been shown to
improve rooting in both woody and herbaceous species
(Adelberg et al. 2015, 2017; Nicholson et al. 2020). An
improved assay system would be desirable for testing
germplasm more relevant to peach production in the
southeastern USA.

Our current work advances an ARR co-culture system that
uses an aerated substrate, Oasis® IVE, for improved root cul-
tures prior to inoculation. This study included rooting of peach
and several other Prunus selections that are relevant to ARR
resistance for the southeastern USA in a common rooting
medium. The goal of this experiment was to advance the
methodology suggested by Baumgartner et al. (2018) by (1)
eliminating rouging of large numbers of plants prior to inoc-
ulation, (2) allowing root growth in a more aerated medium
for better root development, (3) growing resistant and

susceptible plants in the same vessel exposed to similar fungal
pressure, and (4) confirming symptom development in known
susceptible rootstock in a time course to establish a correct
timing for assessment.

Material and Methods

This project had two experiments: first, a preliminary experi-
ment observed rooting of a range of rootstocks on the Oasis®
IVE in a common environment, and second was the inocula-
tion experiment of two rootstocks, resistant MP-29 and sus-
ceptible GF305 in a common garden experiment with
A. mellea.

Shoot cultures ofPrunus persica × P. umbellata cv. MP-29
and Prunus maackii 26e (Musser Fruit Tree Research Center,
Seneca, SC) were established from dormant wood of mature
trees collected in January. Stems (20 to 30 cm) were wrapped
in moist newspaper and stored in polyethylene bags at 4°C
until bud sterilization in February and March. Dormant
budwood was washed under running tap water, and single
buds were cut at the internodes, washed with dilute Ivory
liquid detergent, and rinsed twice in tap water. A “chip bud”
was removed by cutting at the base and longitudinally sever-
ing the bud from stem with a small piece of attached wood.
The “chip bud” was dipped in 70% ethanol for 1 min and
rinsed in deionized/distilled water, then immersed in 10%
bleach (6.25% NaOCl, Clorox Company, Oakland, CA) for
10 min, and rinsed twice in sterile distilled water with agita-
tion. Remaining wood, bud scales and outer leaves were re-
moved by peeling back, one-at-a-time, until only a few
primordia were remaining, and the bud was greater than
3 mm in length. Excised buds were placed in 25 × 95-mm
Baxter shell vials containing 20 mL Murashige and Skoog
medium (MS; Murashige and Skoog 1962 Phytotechnology
Laboratories, Shawnee, KS; Table 1). The medium pH was
brought to 6.2 using 1 N NaOH in this and the latter experi-
ments. Shoot tip culture was maintained by monthly transfer
as lateral shoots developed. ‘GF 305’ was prepared in a sim-
ilar manner, except the stock plants were maintained in a
greenhouse and green shoot tips were subjected to bleach
disinfestation procedure.

Aseptic cultures of ‘Guardian®’, P. munsoniana, and
P. cerasifera were established by stratifying and germinating
seeds in embryo culture (Sinclair and Byrne 2003). At least 20
open pollinated fruits per accession were collected and stored
at 4°C until needed. Standard sterilization and culture proce-
dures were applied (Rizzo et al. 1998). In short, fruit was
surface sterilized by soaking for 10 min in each 20% bleach
and 70% ethanol. The sterilized fruit remained in aseptic con-
dition in a laminar flow hood, the ovules were extracted from
the mesocarp, seed coats removed, and the embryos were
placed into shell vials containing 10 mL of Woody Plant
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Medium (WPM; Lloyd and McCown 1981 Phytotechnology
Laboratories). Racks of vials containingmedium and embryos
were placed in cardboard boxes, sealed in large plastic bags,
and stratified in the dark at 4°C for approximately 10 wk, after
which time they were removed and placed under fluorescent
lighting at approximately 115 μmol s−1 m−2 with a 16-h

photoperiod at 28 ± 1°C to induce germination in a laboratory
clean room (positive pressure with HEPA filters constantly
recirculating air within clean room). After approximately
3 wk, plantlets with well-developed shoots and roots were
used for establishment of the agar-based stock plants. Since
each seed of ‘Guardian®’ is a product of open pollination

Table 1. Nutrients in media were based onmodifications ofMurashige and Skoog (MS 1962), half strengthMS, Quoirin and Lepoivre (QL 1977), and
a new Prunus medium (NPM) compared as dissimilar and common nutrient concentrations

MS 19621 One-half MS1 QL1 NPM NPM-
rooting

Nutrient (mM)

NH4 20.6 10.3 5 10 10

NO3 39.4 19.7 33 20 20

K 20 10 19.8 10 10

PO4 1.25 0.63 2 1.3 1.3

Ca 3.0 1.5 5.1 2.6 2.6

Mg 1.5 0.75 1.5 1.5 1.5

SO4 1.7 0.85 1.6 2.75 2.75

Cl 6.0 3.0 0 0.1 0.1

Nutrient (μM)

Mn 100 50 4.5 45 45

I 5 2.5 0.5 5 5

PGR’s (μM)

BA 2.2 2.2 2.2 0 0

IBA 0.025 0.025 0.025 0 15

GA 0.15 0.15 0.15 0 0

Kin 0 0 0 10 0

Sugar (mM)

Sucrose 83.3 83.3 0 0 83.3

Fructose 0 0 83.3 83.3 0

Organic acids (mg L−1)

Ferulic acid 0 0 1 1 1

Ascorbic acid 0 0 2 2 2

Common nutrients (μM)

B 100 50 100 100 100

Cu 0.1 0.5 0.1 0.1 0.1

Co 0.1 0.05 0.1 0.1 0.1

Fe 100 50 100 100 100

Mo 1 0.5 1 1 1

Zn 30 15 30 30 30

Common organic
(mg L−1)

Agar 8000 8000 8000 8000 8000

Inositol 100 50 100 100 100

Glycine 2 1 2 2 2

Thiamine 1 0.5 1 1 1

Nicotinic acid 1 0.5 1 1 1

Pyridoxine 1 0.5 1 1 1

1As modified from Kalinina and Brown (2007) for Prunus spp. and ‘GF 305’ peach

389  SCREEN PEACH ROOT ROT IN VITRO ARMILLARIA



(though primarily self-pollination), micropropagation had to
be op t im iz ed be fo r e t he a cce s s ions w i th be s t
micropropagation ability were chosen for subsequent experi-
ments. Three seedling clones from the same mother tree were
arbitrarily assigned a letter identifier to track performance dur-
ing experimentation (Y, F, and AG). P. cerasifera and
P. munsoniana seedlings were first inoculated in vitro with
A. mellea following Baumgartner et al. (2018) protocol, and
seedlings that exhibited tolerance to ARR, e.g., P. cerasifera
20-3, 20-4 and 14-1, and P. munsoniana 59-1, were used for
establishing agar-based stock plants.

Shoot tips were maintained by transfer every 4 to 8 wk to
40 mL fresh medium in Magenta GA/7 vessels (Magenta
Corp., Chicago, IL) placed under fluorescent lighting at
40 μmol s−1 m−2 with a 16-h photoperiod at 22 ± 1°C in a
laboratory clean room. The choice of media depended on the
species listed in Kalinina and Brown (2007) as follows:
P. persica genotypes were sub-cultured on a modification of
QL (Quoirin and Lepoivre 1977), and other Prunus species
P. maackii, P. munsoniana, and P. cerasifera were sub-
cultured onMS or one-halfMS (Table 1). P. persica remained
on QL, but the other Prunus species were switched to a New
Prunus Medium (NPM; Table 1) to improve shoot quality.

Rooting was induced on shoots with NPM-R medium
(without IAA and Kinetin; Table 1) using a 4-d initiation
culture on 15 μM IBA agar-gelled medium (as in Kalinin
and Brown 2007). After 4 d, shoot tips were transferred to
phenolic foam Oasis® IVE (Smithers-Oasis Company,
Kent, OH), 30 cell blocks infused 150 mL liquid NPM-
R medium without PGRs or agar in the RV 750 rectan-
gular polycarbonate culture vessel (EightomegaFIVE,
Santa Paula, CA). Shoot tips were placed in every other
cell using a fine forceps to carefully insert the shoot into
the dibble hole. The arrangement of genotypes varied in
the two experiments, with two genotypes planted in each
vessel.

Rooting in phenolic foam A preliminary rooting experiment
was conducted with 15 of the 30 cells in the IVE block planted
and the two genotypes divided across the short side of the
rectangular RV 750 (one side of the vessel with seven shoots
and the other side with eight shoots). The pairings of geno-
types were as follows: P. cerasifera 20-4 (DPRU 2101) and
P. maackii 26-e, P. cerasifera 20-3 and ‘MP-29’ ,
P. munsoniana 59-1 and P. cerasifera 14 (DPRU 2314)-1,
P. persica ‘GF 305’ and Guardian® F, and Guardian® Y
and AG. There were two vessels for each pair of genotypes.
After 30 d of growth, the percent of shoots with roots were
scored. The amount of roots was described on a qualitative
score (3—many roots extended outside of the cell, 2—a few
roots were seen at the exterior of the cell, 1—root initials were
found at the base of the plant, 0—no roots were observed).
Roots were fixed, sectioned, and stained for histological

examination. An ‘MP-29’ plant from the agar-based stock
plants was similarly prepared for histology.

Root histology Peach root segments were harvested from non-
inoculated ‘MP-29’ control plants growing in a semi-solid
agar medium and growing in IVE and stored in 1×
phosphate-buffered saline (PBS) (Boston Bioproducts,
Ashland, MA) for processing. Root segments were fixed for
cross-sectioning in formalin–acetic acid–alcohol (FAA) solu-
tion (63% ethanol (Pharmco, Richardson, TX), 5% glacial
acetic acid (Fisher Scientific, Fair Lawn, NJ), 5% formalin
[37% formaldehyde] (MilliporeSigma, Saint Louis, MO))
for 16 h and then transferred to 70% ethanol for another
16 h. Roots were further processed for paraffin-wax embed-
ding using a Leica ASP300 enclosed tissue processor (Leica
Microsystems, Wetzlar, Germany). Processed roots were
placed in embedding cassettes, and molten paraffin wax
(Richard-Allan Scientific, Kalamazoo, MI) was poured into
the cassettes to embed the root sections. Roots were sectioned
to a thickness of 15 μm on a Leica RM 2165 microtome
(Leica Microsystems). Sections were placed, floating, onto
35°C distilled water for 5 min and then transferred to micro-
scope slides. Slides were incubated at 32°C for 24 h with a
Premiere Slides Warmer (model: XH-2001) (C&A Scientific,
Manassas, VA). Slides were deparaffinized and rehydrated by
submergence with the following treatments: (1) 100% xylene
(VWR, Amresco, Solon, OH) for 2 min (repeat three times),
(2) 100% ethanol for 2 min (repeated two times), (3) 95%
ethanol for 2 min (repeat two times), (4) quickly submerged
in distilled water (repeated three times).

Root cross sections were cleaned by submergence in a 3:1
solut ion of 1× PBS and 16% paraformaldehyde
(MilliporeSigma) for 10 min and then rinsed with a 1× PBS
solution. Sections were washed with a 20-mM glycine
(Phytotechnology Laboratories) solution for 15 min. Next,
the samples were washed twice, submerged in a 1× PBS so-
lution, and placed on a Corning orbital shaker (Corning Inc.,
Corning, NY) at 60 RPM for 5 min each. Samples were
stained by submergence in a 1× PBS solution containing 1%
propidium iodide and placed in the dark on an orbital shaker at
60 RPM for 25 min. Sections were washed in 1× PBS for
5 min on an orbital shaker at 60 RPM. Excess PBS solution
was removed, and 25 μL of a 1:1 20 mM glycine to 1× PBS
seating solution was applied directly on top of the samples. A
coverslip was placed over the samples and sealed with a Sally
Hansen Insta Dri, clear fingernail polish (Sally Hansen, New
York, NY). Sections were imaged at the Clemson Light
Imaging Facility on a Leica SPE confocal microscope using
LASX acquisition software (Leica Microsystems).

Fungal inoculation A. mellea was chosen over other species
due to demonstrated suitability to distinguish susceptible from
resistant phenotypes in culture assays (Baumgartner et al.
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2018). Phenolic foam about 1 cm in thickness was cut to fit the
bottom of RV 750 vessel (15 × 10 × 10 cm Oasis®; Smithers-
Oasis Co.), and 12 equally spaced holes were cut into each
foam using a 1-cm cork borer. A total of 70 mL of 3% malt
extract broth (VWR, Amresco) containing 0.9% Bacto
Peptone (Beckton, Dickinson and Co., Sparks, MD), 3% dex-
trose (Fisher Scientific), and half strength Linsmaier and
Skoog nutrients (Caisson Laboratories, Smithfield, UT) were
added to the RV 750 vessels before autoclaving. A. mellea
isolate SCOOi149 (obtained in 2000 from a symptomatic tree
in Cooley Springs, SC, USA) was recovered from filter paper
storage and cultured on 3% malt extract (VWR) containing
0.9% Bacto Peptone (Beckton, Dickinson and Co.), 3% dex-
trose (Fisher Scientific), and 1.5% agar (Beckton, Dickinson
and Co.) for 3 wk. One-centimeter-diameter plugs were recov-
ered from the advancing margins of colonies and placed ‘right
side up’ into the preformed holes of the sterilized foam. RV
750 vessels were sealed using PVC sealing film and incubated
for 3 wk in the dark at 22°C in the laboratory prior to addition
of plants.

Shoot tips of two genotypes (susceptible P. persica ‘GF
305’ and resistant peach × plum hybrid ‘MP-29’; Beckman
et al. 2012) were prepared in the 4-d root initiation culture on
NPM-R. IVE blocks were infused with 150mL of liquid NPM
(without PGRs or agar). ‘GF 305’ and ‘MP-29’ were planted
in the same IVE blocks for inoculation with 12 shoots per
block consisting of six shoots planted every other cell along
the length of the vessel (two rows of three), with the center

row left empty, and the other genotype planted down the other
long side of the vessel. The experiment consisted of eight
vessels, each containing six shoots of each genotype. Four
of the eight vessels were selected at random for inoculation;
the other four blocks of rooted plants were the control.

Five weeks after initiation, the inoculum and rooted plants
were ready to be combined (Fig. 1). The IVEs containing
plants were refreshed by filling the vessel with half strength
MS medium without sugar, organic compounds, or PGRs,
then pouring off the excess liquid. The four IVEs selected
for inoculation were lifted with a steel spatula and placed in
a companion vessel overlaying the solid block IVE infused
with inoculum. The four IVEs containing the control plants
were similarly refreshed. The entire experiment was repeated
twice.

Observations of the experimental vessels were made 4 wk
after inoculation with A. mellea. Shoot survival (number of
live shoots per plant) was scored based on visibly leafy, green
shoots. When the first symptoms appeared at 6 wk after inoc-
ulation, a disease scoring system was initiated. Vessel lids
were removed to closely observe the shoots, and the health
of each plant was assessed as follows: 5—no symptoms of
decline; 4—a few leaves with necrotic tips; 3—half of the
leaves showing necrosis; 2—half of the leaves were dead
and widespread necrosis on the others; 1—almost the entire
plant was dead; and 0—the whole plant was dead. Before
returning the vessel lids, leaves that extended past the outer
perimeter of the vessels were trimmed, and 7 mL of one-half

C

A BFigure 1. ‘GF 305’ and ‘MP-29’
were rooted in the same vessel
(A). After 5 wk, plants rooted well
in Oasis® IVE phenolic foam (B).
During that same time, Armillaria
mellea inoculum was prepared in
phenolic foam wafer in separate
RV 750 vessels (C). At week 5
under aseptic conditions, plants
rooted in phenolic foam (A, B)
were placed to overlay the
inoculum (C) to start 10 wk of
incubation.
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MS medium (without sugar, organic compounds or PGRs)
was added to each vessel. The scoring process, trimming,
and media supplement were repeated 6, 8, and 10 wk after
inoculation. The rooting experiment was a one-way analysis
of percent rooting and the amount of roots (as scored by rat-
ing). In the fungal co-culture, the analysis of variance was
performed on the plant health score and the percent mortality
(no. of dead plants per number of plans survived at time of
fungal introduction) to determine the significance of geno-
type, A. mellea treatment, and the interaction, with repeated
measures on three dates 2 wk apart. Factors with > 95% sig-
nificance are discussed.

Results and Discussion

Rooting All ten genotypes had good rates of survival after
5 wk on the IVE (Table 2). The plums and the one peach ×
plum hybrid rootstock rooted well (80 to 100%) and had a
large amount of roots (2 to 3 on a 3-point scale) in the phenolic
foam with the NPM common nutrient medium (Table 2). The
amount of rooting was described on a qualitative scale be-
cause quantitatively removing roots from the phenolic foam
would cause excessive root loss. Open pollinated seedlings
taken from a single tree of Guardian® peach rootstock rooted
very differently. Guardian® (Y) rooted well (80% with 2.7
score), but Guardian® F and AG rooted at a low rate (13%
and 15%) and AG had a small amount of roots (with score of
1). The chokecherry was intermediate in rooting response to
plums and peaches.

When comparing roots grown in an aerated condition in
phenolic foam, distinct xylem and protoxylem were observed
but were absent in roots grown in anoxic agar (Fig. 2A, B). An
observation of fewer cells with secondary thickenings in root
xylem from foam compared with those grown on agar (Fig.

2C, D) has two possible explanations: (1) there were fewer
vessels with narrowed diameters or (2) fewer of the tapered
end caps were cut in cross section because xylem vessels were
longer. Xylem vessel length is rarely directly measured and
was often the neglected dimension in studies of vessel archi-
tecture (Jacobsen et al. 2012). Either or both interpretations of
altered xylem architecture would allow greater hydraulic con-
ductance by roots grown on foam. In grafted field plants, the
vegetative growth of peaches is often controlled by hydraulic
conductance of rootstock (Tombesi et al. 2010). The phenolic
foam permitted growth of better developed roots than the
semi-solid agar gel. The differentiation of xylem tissues on
phenolic foam better resembled what would be found in
planta (Foster and Gifford 1974).

Inoculation with A. mellea Following 5 wk of in vitro rooting
in the same vessels, 97% of the peach × plum hybrid ‘MP-29’
and 77% ofP. persica ‘GF 305’ had vigorous shoots. ‘MP-29’
leaves were purple, as typical in field culture (Fig. 1). During
the subsequent 6-wk period of fungal co-culture, further losses
in ‘GF 305’ and ‘MP-29’ were insignificant in the control
(Fig. 3). Four weeks after inoculation A. mellea grew upward,
permeating the aerated spaces of the foam matrix containing
the rooted plantlets. Roots grew through the foam matrix into
the aerated spaces surrounding the foam. Leaves on control
‘MP-29’ were now green, and the inoculated shoots were still
purple. It is speculated that at transfer, the anthocyanin pig-
mentation was due to an incipient water stress. At the time, the
plants were inoculated; all of the blocks were soaked in fresh,
one-half strength medium. This may have relieved the water
stress, but in the inoculated foam blocks, the fungus used the
water first (or blocked the water uptake). In ‘GF 305’, shoot
growth was prolific and the large leaves showed some
interveinal yellowing (typical of nutrient deficiency) in both
control and inoculated plants.

Table 2. Rooting percentage of
Prunus genotypes on Oasis® IVE
phenolic foam. The amount of
root growth was scored as
follows: 3—many roots extended
outside each cell; 2—a few roots
at the exterior of each cell; 1—
root initials at the base of the
plant; or 0—rooting was not
observed

Species Genotype Common name Survival
%

Rooting
%

Amount of
roots

Prunus cerasifera 14/4 Myrobalan plum 100a 100a 2.9a

P. persica ×
P. umbellata

‘MP-29’ Peach plum
hybrid

100a 94a 2.7ab

P. cerasifera 20-3 Myrobalan plum 100a 93a 2.0bc

P. cerasifera 20-4 Myrobalan plum 100a 88a 2.4abc

P. munsoniana 59/1 Wild goose plum 100a 80ab 2.4abc

P. persica Guardian® Y Peach 100a 80ab 2.7ab

P. maackii 26e Chokecherry 100a 71ab 1.9bc

P. persica GF 305 Peach 80b 42bc 1.6bc

P. persica Guardian® F Peach 73b 15c 2.5abc

P. persica Guardian®
AG

Peach 100a 13c 1c

Different letters within a column denote mean separation by Tukey’s HSD (P = 0.05)
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Six wk after the inoculation with A. mellea, differences in
response of the two genotypes were measured (Fig. 3). Both
‘MP-29’ and ‘GF 305’ controls had not changed in their ap-
pearance from 4-wk plants. In ‘MP-29’, most of the treated
plants had purple leaves and were vigorous, a few had dead
shoot tips or had lost a leaf, and one had several dead leaves.
All treated ‘GF 305’ plants were showing signs of decline
with more than half being chlorotic and necrotic, a few were
nearly dead, and several had died. The putatively disease re-
sistant ‘MP-29’ had not declined under treatment conditions.
Larger leaves that protruded beyond the edge of the vessel
needed to be removed before closing the vessels’ lids.

The difference between the putatively resistant ‘MP-29’
and the susceptible ‘GF 305’ was visibly apparent after 8 wk
of treatment conditions (Fig. 4). ‘MP-29’ control had not
changed in their appearance from four (or 6 wk) observations,
although one plant had died. At wk 8, most of the control
plants in ‘GF 305’ had not changed their appearance from
wk 6, but a couple had dead shoot tips or had lost a leaf, one
was mostly chlorotic, and one was partly necrotic and nearly
dead. Most of the treated ‘MP-29’ plants were similar to the
week 6 observations, a few had shoot tip dieback or lost a leaf,

a few plants were chlorotic and necrotic, some were nearly
dead, and one had died. At 8 wk after inoculation, symptoms
on ‘MP-29’ became apparent. Most of the ‘GF 305’ plants had
died, a few were plants were mostly chlorotic or necrotic, and
near dead. Roots of both genotypes were clearly visible in
intimate association with A. mellea (Fig. 5). After 10 wk of
co-culture plants were larger, and the ‘MP-29’ and ‘GF 305’
control had not changed very much in appearance from 4- to
8-wk plants. However, the decline of plants treated with
A. mellea continued with many ‘MP-29’ in decline and most
of the ‘GF 305’ were dead.

Mortality Five weeks of rooting in the phenolic resin followed
by 10 wk of fungal treatment is a long time for tissue cultured
plants to remain in vessels without transfer. Adding fresh liq-
uid media every 2 wk and trimming very large leaves was
needed to keep plants within the confines of the large
(750 mL) vessel. None of the ‘MP-29’ control plants died
during the 15 wk, although following 8 or 10 wk of co-
cultivation with A. mellea, approximately 15% loss was doc-
umented (Fig. 6). Peach is more difficult to micropropagate,
and about 10% of the control plants were lost during 5 to

Figure 2. Root sections ‘MP-29’
grown on agar (A) and Oasis
phenolic foam (B) were
anatomically distinct. Xylem (x)
from root on agar lacks the
pentarchal arrangement of proto-
xylem (px) poles observed in root
grown on foam. The endodermis
(en) is plainly visible in an agar-
grown roots, but not distinct in
root grown on foam. Cells of the
cortex (c) were more swollen
when grown on agar then in foam.
Closer examination of the xylem
vessels from root in agar (C) had
internal thickening that was less
prevalent in xylem cells from
foam (D), as indicated by arrows.
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15 wk without transfer. This was very different frommortality
due to a susceptible reaction to Armillaria. Over the same 10-

wk period, mortality in ‘GF 305’ went from approximately
25% at wk 6 to 80% at wk 15.

GF 305

MP-29

Treated Control

A

GF 305

MP-29

Treated Control

B

Figure 4. Co-culture (with vessel
lids removed) shown at week 13
(8 wk after the introduction of
Armillaria mellea). Fungal
mycelium grew upward into the
rooting block, and disease
symptoms and necrosis were
plainly seen on ‘GF 305’. ‘MP-
29’ appeared tolerant to the
disease pressure and produced its
characteristic purple leaves.
Plants in the control vessels were
thriving. In the A figure, ‘MP-29’
was shown in the foreground in
one replication of the experiment;
in the B figure, ‘GF-305’ was
shown in the foreground from the
second replication.

Figure 3. Response of ‘GF 305’
and ‘MP-29’ during 6 to 10 wk
after inoculation with Armillaria
mellea (11 to 15 wk after starting
culture). Each individual plant
was scored as follows: 5—no
symptoms; 4—a few leaves with
necrotic tips; 3—half of the leaves
showing necrosis; 2—half of the
leaves were dead and widespread
necrosis on the others; 1—almost
the entire plant was dead; and 0—
the whole plant was dead. Data
represent mean scores (with 95%
confidence) for 16 vessels, each
containing 12 plants, six plants of
each cultivar with the entire ex-
periment repeated twice.
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Plantlets rooted in the foam after 15 wk in the presence of
fungus were in decline, even the resistant cultivar, but at the
same time, almost all the susceptible plantlets were dead.
Since many putatively resistant plum genotypes rooted well
in the foam matrix, this screening tool will be useful on
broader base of germplasm. This work demonstrates a

scalable format method to test more germplasm against other
causal agents of Armillaria root rot.

Screening germplasm for ARR resistance in tree fruit or-
chards is a very difficult task for several reasons. The exper-
imental site may not have sufficient inoculum (i.e., insuffi-
cient numbers of infected root pieces), and inoculum is not

Figure 6. Response of ‘GF 305’
and ‘MP-29’ to during 6 to 10 wk
of co-culture with Armillaria
mellea (11 to 15 wk after starting
culture). The susceptible ‘GF
305’ rootstock showing consider-
able mortality and a rapid pro-
gression to nearly 100%mortality
following 10 wk of fungal co-
culture. The resistant peach plum
rootstock ‘MP-29’ had no losses
after 6 wk of fungal culture and
had little mortality at 10 wk.
Means are shown bound with
95% confidence.

Figure 5. A closer look at shoots
(A) of inoculated plants showing
five of the the ‘GF 305’ plants had
died, although one was still living.
Five of the six ‘MP-29’ plants
were still alive, and four were
without symptoms. A side view
of the vessel with ‘GF 305’
showed both plant roots and
Armillaria mellea permeated the
phenolic foam matrix (B). The
reverse side of the vessel showed
‘MP-29’ with new white roots
actively growing while the fungus
is rampant (C).
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uniformly distributed in the soil. Even large numbers of plant
replicates may not be adequate to overcome these limitations.
Artificial inoculation with lab-generated inoculum has not
proven reliable in the field either (Shaw and Kyle 1991).
Therefore, it is critical for breeding programs to adopt and
use an assay-based system to screen large numbers of root-
stock candidates. But in vitro assay–based approaches do have
problems on their own. The fungus and plant cultures were
grown together for short periods of time with sucrose as the
energy source. It is not yet known if novel germplasm that is
selected as resistant during the in vitro screen will confer re-
sistance over years of fungal contact in the orchard. This could
only be exacerbated by other stress factors the crop might
encounter in the orchard.

Mortality is one clear measure for resistance in assay-based
screens, but subjective scales are also useful to follow a path-
ogen’s progression on its host when cultured in artificial me-
dium. Differential responses in shoot quality and mortality
were documented over the entire 10 wk of Armillaria treat-
ments. Assaying for resistance should be performed after 8 wk
under treatment conditions to see the most pronounced differ-
ences in shoot quality and mortality (Fig. 3). This is a similar
time frame suggested by Baumgartner et al. (2018) for agar-
based test tube assays.

One difficulty in performing this type of work is the unique
medium requirements for Prunus spp. and the peach
rootstocks in this study. Kalinina and Brown (2007) experi-
enced a similar problem when they tested over a dozen media
to develop a screen for viral transmission in ornamental
Prunus spp. using ‘GF 305’ as a host. Using the in vitro
screening technique of Baumgartner et al. (2018), only plants
with similar levels of growth were used and many others were
rogued. The method described in this manuscript, with 12 to
15 plants per vessel produces good data from each vessel
without sorting. Other researchers have attempted uniquemul-
tifactor designs and dozens of media formulations to resolve
p r ob l ems i n m in e r a l nu t r i e n t compo s i t i o n o f
micropropagation medium for peach rootstock (Alanagh
et al. 2014; Kovalchuk et al. 2018). We started with modified
media of Kalinina and Brown (2007), but genotypes of inter-
est required further nutrient formulation. The NPM medium
was useful for rooting plums, the peach × plum hybrid, and
some peach genotypes. One oddity that stands out was seed-
ling variation in ‘Guardian®’. Some vessels appeared to have
more or less fungal growth. Having the resistant and suscep-
tible plant genotypes in the same vessel created paired com-
mon garden tests of resistance or susceptibility at varying
levels of inoculum.

Roots grown in agar are often brittle and do not have ade-
quate water or nutrient uptake (Newell et al. 2003). The foam
allowed for better quality root development than roots grown
on agar. A variety of porous substrates infused with liquid
media have been used for rooting (sand, rockwool, perlite,

vermiculite, cellulose plugs, and Floralite plugs). Hypoxia is
avoided in a more oxygenated environment resulting in better
physiologic functions (Kirdimanee et al. 1995; Afreen-
Zobayed et al. 1999; Newell et al. 2003). Transferring groups
of plants to a vessel containing the inoculum requires the plug
to remain intact so loose fill material like sand, vermiculite or
perlite would not work, and furthermore, these bulk materials
can be difficult to sterilize in the autoclave. Rockwool plugs
are too large for most applications in tissue culture. Sorbarod
cellulose plugs and Floralite cellulose/vermiculite plugs are no
longer commercially available. In previous works in our
micropropagation program, we have tried all of these mate-
rials, including the phenolic foam matrix, and selected Oasis
IVE for its ease of use, cleanliness, and sizing considerations.
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