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Abstract To study inheritance of Malus sieboldii-de-
rived apple proliferation resistance, 14 cross combina-
tions were performed with the tetraploid apomictic
M. sieboldii and first and second generation parental lines
as donor of resistance and Malus x domestica scion
cultivars and apple rootstocks as donor of pomological
traits. In the progeny examined mainly three classes were
present consisting of mother-like plants with the allele
composition of thematernal apomict (ML), hybrids based
on fertilization of an unreduced egg cell (hybrid I), and
fully recombinant plants (hybrid II). Two-year screening
of inoculated plants in the nursery revealed that progeny
classes ML and H I responded similarly to infection and
that about half of the progeny showed satisfactory resis-
tance. No appropriate resistance was identified in proge-
ny class H II. This might be due to the fact that in fully
recombinant offspringM. sieboldii haplotypes have been
reduced from 4n to 1-2n or were entirely lost. Following
nursery-growing, promising trees were evaluated for six
more years in the orchard. Nearly all of them showed
satisfactory resistance but were mostly less productive
andmore vigorous than trees on clonal standard rootstock
M9. However, mainly among the offspring of progeny

4608 × M9, resistant genotypes were identified showing
pomological properties similar to M9.

Keywords ‘Candidatus Phytoplasmamali’ . Genetic
resistance . Latent apple viruses .Malus x domestica .

Pomological traits . Resistance screening

Introduction

Apple proliferation (AP) disease is caused by the
uncultured wall-less bacterium ‘Candidatus (Ca.)
Phytoplasma mali’ of the class Mollicutes. The path-
ogen induces a range of symptoms including
witches’ brooms, enlarged stipules, rosetting, foliar
reddening or yellowing, growth suppression and un-
dersized, unmarketable fruits. Due to crop losses and
severely affected fruit quality, AP is of considerably
economic importance in several major apple grow-
ing areas of Europe. The causal phytoplasma is
mainly spread by the psyllids Cacopsylla picta and
C. melanoneura (Frisinghelli et al. 2000; Tedeschi
and Alma 2004) and may also be transmitted by root
bridges from neighboring trees (Ciccotti et al. 2007).
The disease is difficult to control as there is no
direct treatment of the phytoplasma in infected trees.
The recommended preventive measures such as the
use of healthy planting material, uprooting of dis-
eased trees to reduce infection sources, and control
of insect vectors can reduce AP incidence but their
effect is often not satisfactory.
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A more promising approach to control AP would be
the use of resistant rootstocks. Previous work showed
that ‘Ca. P. mali’ is eliminated in the aerial parts during
winter due to degeneration of phloem sieve tubes on
which the pathogen is depending. Overwintering occurs
in the roots where functional sieve elements are present
throughout the year. From the roots, the aerial parts are
recolonized in spring when new phloem is being formed
(Schaper and Seemüller 1982, 1984; Seemüller et al.
1984). This fluctuation in colonization pattern has led to
the presumption that growing the usually susceptible
scion cultivars on resistant rootstocks may prevent dis-
ease or reduce its impact. However, examination of
many established and experimental stocks has shown
that there is no satisfactory resistance in this group
(Kartte and Seemüller 1991). Screening of a large num-
ber of Malus taxa not used as rootstocks revealed that
they often are more susceptible to infection than the
rootstocks examined. Many of them showed a high
mortality rate. However, satisfactory resistance was ob-
served in some experimental rootstock selections
consisting of a specific genotype of apomictic Malus
sieboldii and interspecific hybrids of this type with the
nonapomictic speciesM. x domestica orM. x purpurea.
Resistant plants either never developed symptoms or
recovered from the mild symptoms in the following
season. Few hybrids of apomictic species M. sargentii
showed a similar feature while others were severely
affected (Kartte and Seemüller 1991; Seemüller et al.
1992).

To further examine the M. sieboldii-based AP resis-
tance, progeny derived from open pollination of
M. sieboldii and 15 M. sieboldii-derived experimental
rootstock selections were compared in several long-term
field trials with 10 established clonal rootstocks,
consisting mainly of hybrids ofM. x domestica. Similar
results were obtained in all trials, regardless whether the
plants were grown under natural infection conditions
only or whether they were artificially inoculated prior
to the field trial. Satisfactory resistance was shown by
progeny ofM. sieboldii and by 11 of the 15M. sieboldii
hybrid progeny tested. Within progeny, considerable
differences in resistance were observed. However, the
number of severely affected trees was low in the prog-
eny of resistant seed parents and high in the progeny of
susceptible seed parents (Bisognin et al. 2008;
Seemüller et al. 2008). The variability in the progeny
of apomictic seed parents is mainly due to the fact that
apomixis is not obligate in the genus Malus. Thus,

progeny may contain a variable percentage of hybrids
from reduced and unreduced maternal gametes. Their
resistance is influenced by recombination events and the
genetic background of the unknown pollen parent asso-
ciated with open pollination (Seemüller and Harries
2010).

From the above it is evident that there is satisfactory
AP resistance in parental lines of M. sieboldii and to a
lesser extent ofM. sargentii. However, under the aspect
of commercial apple growing, most M. sieboldii lines
are inferior to dwarfing standard stock M9 as they are in
most cases more vigorous and have a lower yield po-
tential. Another problem is the sensitivity of some
M. sieboldii genotypes and particular of M. sargentii
and derived hybrids of these species to infection by
latent apple viruses. Symptoms ranging from mild to a
high mortality rate induced by these groups that include
apple chlorotic leaf spot virus (ACLSV), apple stem
pitting virus (ASPV) and apple stem grooving virus
(ASGV) have been reported (Schmidt 1972; Seemüller
et al. 2008). To improve pomological needs and to select
virus-tolerant offspring, a breeding program was initiat-
ed in 2001. In this project,M. sieboldii and first, second
and third generation M. sieboldii hybrids were selected
that showed resistance to AP disease in previous work.
Information on the first part of the results of this project
consisting of the description of the parental lines used,
the crossing procedure and the use of simple sequence
repeat (SSR) markers to identify each progeny class
were reported previously (Bisognin et al. 2009). The
SSR markers were applied to infer mode of reproduc-
tion, genomic constitution, and ploidy level of the prog-
eny. In addition, ploidy data were confirmed by flow
cytometry. Furthermore, information on the number of
seedlings obtained in the various cross combinations
and their assignment to each progeny class was provided
(Bisognin et al. 2009). In focus of the current work was
to analyze in nursery and field trials the resistance of the
breeding products to AP disease and their suitability for
commercial apple growing.

Materials and methods

Plant material

TheM. sieboldii selection used, first generation hybrids
4551 and 4608, and second generation hybrids C1907,
D2118, D2212, H0801 and H0909 of this genotype
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were provided by late Hanna Schmidt, formerly Federal
Research Station for Horticultural Plant Breeding,
Ahrensburg (Germany) (Schmidt 1964). The
M. sieboldii genotype and the hybrids listed above de-
rive from a single accession originating from Japan and
grown in the botanical garden of Lund (Sweden) (Oldén
1953; Schmidt 1964). Flowers of rootstock P22 and cv.
Gala were provided by Bundessortenamt, Wurzen (Ger-
many). Rootstocks Supporter 1 and M9 were obtained
from commercial nurseries and were grown at the
Dossenheim institute. From 2001 to 2005, 14 successful
cross combinations were carried out with these geno-
types (Table 1). As described above, the resulting seed-
lings were characterized and classified by simple se-
quence repeat (SSR) genotyping (Bisognin et al. 2009).

Screening for resistance and pomological traits

The seedlings were grown in pots and were graft-
inoculated in late summer of the first year with cv.
Golden Delicious scions taken from symptomatic trees
infected by isolates GDH, 3/93, 12/93, 14/93 and 3/4 of
‘Ca. P. mali’ that proved highly virulent in previous
work (Seemüller and Schneider 2007). The grafted
plants were grown for another year in pots and were
then transplanted to the nursery where they were main-
tained for one more year. In the two years after inocula-
tion, resistance was estimated by recording foliar symp-
toms and terminal growth in early fall using a rating
scheme from 0 to 3. Symptom rating categories were:
slight reddening or mild yellowing = 0.5; severe redden-
ing or yellowing, premature leaf drop, leaf roll, and
enlarged stipules = 1; reduced vigor or rosetting = 2;
witches’-broom or severe stunting = 3. Ratings of the
two years were added to obtain the cumulative disease
index (CDI).

Following nursery growing, plants showing no or
only very mild symptoms were selected and
transplanted to the field where they were maintained
under standard growing conditions for six years. In this
period, the trees were observed for foliar symptom
appearance as described above. In addition, fruit symp-
toms were recorded applying a scheme from 1 to 3 for
the reduction of fruit size. At the end of the observation
period, the annual ratings were added to obtain the CDI
over the entire observation period of eight years. In
addition, the vigor of the trees and the effect of infection
on vegetative growth were determined by measuring the
trunk diameter 40 cm above ground. Furthermore, to

assess the production potential, the relative yield was
determined by dividing the total yield of each tree by the
cross section value (cm2) of the trunk.

Determination of phytoplasma titer

Offspring of selected progeny were examined at the end
of the field evaluation period for phytoplasma titer.
Shoots and roots of the trees (three samples of each
location per tree) were sampled in autumn when the
phytoplasma titer is highest (Baric et al. 2011). Total
DNA was extracted from shoot and root phloem as
described byAhrens and Seemüller (1994). Quantitative
real-time PCR was performed according to the proce-
dure described by Bisognin et al. (2008). The results
were expressed as phytoplasma cells per gram of ex-
tracted phloem tissue.

Detection of latent apple viruses

When it became evident that some of the resistent lines
respond highly sensitive to latent apple virus infection
(Seemüller et al. 2008), the virus status of the inoculum
was determined using the procedure described by Rott
and Jelkmann (2001). The isolates used for inoculation
were examined for the presence of ASPV, ASGVor/and
ACLSV. Clearly affected progeny were excluded from
screening for AP resistance and pomological traits. In
the following, virusfree isolates were used for inocula-
tion. However, all progeny inoculated with such inocu-
lum were in parallel also examined for virus sensitivity
to ensure that only virus-tolerant progeny were exam-
ined for AP resistance and pomological traits.

Statistical analysis

Linear models (LM) were used to analyze the effect of
progeny classes from different cross combinations inoc-
ulated with strains of ‘Ca. P. mali’ on disease severity,
yield and tree vigor. The combination of progeny class,
cross combination and inoculum was used to define
groups which were compared using the lsmeans func-
tion from lsmeans package (Lenth 2016). For multiple
comparisons, P values were adjusted by the method of
Bonferroni. Resistance values were log transformed to
achieve normal distribution of residuals. Statistical anal-
yses were performed using R (R Core Team 2016).
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Results

Progeny classes and inoculation

As reported in the previous publication on this breeding
program, the offspring of the 14 progeny examined are
composed of up to four different genetic classes
(Bisognin et al. 2009). They consist of: (1) tri- or tetra-
ploid mother-like plants having the same set of SSR
alleles as the seed parent; (2) tetra- or pentaploid H I
hybrids deriving from tri- or tetraploid apomictic seed
parents and include the whole marker profile of the seed
plant plus one allele of the diploid pollen parent; (3)
fully recombinant triploid hybrids H II that exhibit half
of the specific alleles of both seed and pollen parent; and
(4) plants that putatively derived from autopollination.
These tetraploid individuals, which mainly occur in
progeny W, may represent new genetic recombinations
of the maternal genome. Most or all of the breeding
products that were classified as hybrid I and hybrid II
and a subset of mother-like offspring and seedlings
derived from autopollination were examined for AP
resistance. Table 1 shows the cross combinations includ-
ed in the works, the number of plants examined and the
progeny class they were assigned to.

Examining graft-inoculation efficiency by symptom
assessment on AP-sensitive plants revealed that nearly
100% of them were infected. Similar results were ob-
tained by random PCR testing of non-symptomatic re-
sistant plants after nursery growing. Evidence of the
high inoculation efficiency is also provided in Table 5
which shows the results of PCR detection 8 years post
inoculation. Also, all inoculated M9 controls developed
symptoms and remained symptomatic during the entire
observation period.

Virus sensitivity

When it became evident that inoculated offspring of
a few progeny are highly susceptible to latent apple
virus infection, the virus status of the different phy-
toplasma inocula was tested. It turned out that the
inoculum 14/93 was contaminated by ASPV, inocu-
lum 3/93 by ASPV and ACLSV, and incolum GDH
by ASGV, ASPV and ACLSV. Nearly 100% of the
offspring of cross combinations 4551 × M9 and M9
× 4551 died following inoculation with phytoplasma
isolates contaminated with ASGV, ASPV and/or
ACLSV. The plants of cross combination M9 ×

D2212 inoculated with isolate GDH showed a mor-
tality rate of about 50%. In addition, most of the
remaining plants were severely affected. In contrast,
the reciprocal cross D2212 × M9 inoculated with the
same isolate was not affected by the virus contami-
nation. No or only insignificant effects of latent
apple viruses were observed in other crosses. This
is evidenced by the finding that progeny I, Y and
BB, which were inoculated both with virus-free and
virus-contaminated isolates did not differ signifi-
cantly in the response to infection (Table 2). Be-
cause AP resistance of progeny severely suffering
from virus infection cannot be evaluated when inoc-
ulated with virus-contaminated inoculum, progeny N
and M were excluded from further examination.

Assessing resistance in nursery

The resistance of the remaining 12 breeding products
was examined using the five highly virulent isolates
3/4, 3/93, 12/93, 14/93 and GDH of ‘Ca. P. mali’
(Table 2). In the two years of pot and nursery screen-
ing, similar average values were observed in progeny
classesML andHI of the same crosswhereas this value
was distinctly higher in classH II. The resultswere also
similar, when the same progeny was inoculated with
two different isolates. In contrast, the inoculated seed-
lings of the 12 crosses responded differently to infec-
tion and showed highly variable results. Despite this
variability, it could be shown that ML offspring of
progeny B (inoculum 3/93) and L, and H I offspring
of progeny B (both inocula) had significantly lower
CDI values (P ≤ 0.5) than most other groups. Only the
CDI values of ML offspring of progeny A, B (inocu-
lum GDH), C, AA, CC and EE, and H I offspring of
progeny A, I, and L (Table 2) were not statistically
different. A largely similar evaluation of the results
was obtained when highly resistant genotypes were
distinguished from less resistant groups by a CDI me-
dian threshold of about 1 in the graphical data presen-
tation (Fig. 1). This threshold was chosen as it applies
for plants showing no or only very mild symptoms in
the first two years. As the median of 1 signifies that
50% or more of the progeny population exhibits a CDI
between 0 and 1, it was chosen as criterion of selection.
This requirement is fulfilled by ML offspring of prog-
enyA,B (inoculum3/93) andL, and byH I offspring of
progeny A and B (both inocula), L and I. In these
progeny, the majority of seedlings were not or only
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little affected. No satisfactory resistancewas identified
in H II offspring where the CDI means in particular of
progeny W, AA and BB were close to the mean CDI
value of the infected M9 control. Even higher CDI
values showed autopollination-derived offspring of
progeny W (Table 2).

Resistance in orchard growing and pomological traits

Offspring of promising resistancewere selected from six
cross combinations after two years of pot and nursery
growing. These trees showed this trait also in six years
of orchard growing. This is evidenced by the fact that

Table 2 Evaluation of apple proliferation resistance on offspring of the various progeny classes after nursery growing

Progeny
code

Cross
combination

Offspring
No.

Inoculum and
virus status

MLa

No.
Mean
CDIb ML

H Ic

No.
Mean
CDI H I

H IId

No.
Mean
CDI H II

Auto-
pollination
No.

Mean CDI
autopoll.

1st generation progeny

I M. sieboldii
x M9

42 GDH (vce) 24 2.92 18 1.58 0 – 0 –

28 12/93 (vff) 5 2.90 23 2.02 0 – 0 –

Y Gala x
M. siebol-
dii

90 GDH (vc) 0 – 0 – 90 2.43 0 –

17 12/93 (vf) 0 – 0 – 17 3.18 0 –

2nd generation progeny

A 4551 × M9 65 12/93 (vf) 17 1.41 48 1.66 0 – 0 –

B 4608 × M9 124 GDH (vc) 19 1.29 105 1.03g 0 – 0 –

88 3/93 (vc) 25 0.40g 63 0.18g 0 – 0 –

3rd generation progeny

C H0909 ×
P22

24 GDH (vc) 16 2.56 6 2.17 2 2.50 0 –

L D2212 × M9 44 GDH (vc) 27 0.83g 17 1.09 0 – 0 –

W H0909 × M9 381 GDH (vc) 79 2.22 92 2.52 150 3.58 60 4.83

AA D2118 × M9 53 GDH (vc) 14 2.07 20 3.55 19 3.61 0 –

42 14/93 (vc) 0 – 24 4.21 18 3.19 0 –

BB D2118 ×
Supporter
1

17 GDH (vc) 9 2.44 0 – 8 3.56 0 –

22 3/4 (vf) 6 4.33 0 – 16 3.50 0 –

CC C1907 × M9 49 GDH (vc) 9 1.72 28 3.09 11 2.95 1 2.00

DD C1907 ×
Supporter
1

19 GDH (vc) 9 2.89 4 2.67 2 1.67 4 3.25

EE H0801 × M9 15 GDH (vc) 10 2.15 0 – 5 1.90 0 –

Rootstock M9 controls

M9 3/4 (vf) 30 3.88

M9 Healthy 30 0

aMotherlike due to apomixis
b Cumulative disease index over 2 years
c Contain the whole marker profile of seed plant at each locus plus one paternal allele
d Exhibit half of the alleles of both seed and pollen parent
e Virus-contaminated
f Virus-free
g These values differ significantly from most others at P = 0.05
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there was no or only a slight increase of the CDI values
during this period (Table 3). In addition, the majority of
CDI values over all progeny classes did not differ sig-
nificantly from each other, indicating satisfactory resis-
tance throughout the selected progeny. The lowest value
(0.8) was shown by H I hybrids of progeny B exhibiting
a significantly lower average value than several other
groups. On the other hand, the H II hybrids of progeny
W showed a significantly higher value than the majority
of the other groups. However, the average CDI value of
11.6 of infected trees on standard stock M9 was still
significantly higher than the CDI of all progeny exam-
ined (average value 2.7 ranging from0.8 to 6.1) (Table 3,
df = 12; F value = 26.5; p < 0.05; r2 = 45.6%).

The productivity of the breeding products differed
also distinctly. The average relative yield over the vari-
ous crosses and progeny classes ranged from 1.83 to
2.97 kg/cm2. However, the differences between these
values were in most cases statistically not significant
(Table 3, df = 14; F value = 15.0; p < 0.05; r2 = 41.9%).

Such differences occurred mainly between the low-
yielding trees on mother-like and H I roots of progeny
A and the significantly higher values on H I rootstocks
of progeny B. However, the average yield of trees on
these latter rootstocks was significantly lower than that
of trees on standard stock M9 (2.97 versus 4.45 kg/cm2)
(Table 3, df = 14; F value = 15.6; p < 0.05; r2 = 42.8%).
This high value of trees onM9 roots was associated with
low vigor, expressed by trunk diameter. While healthy
trees on M9 showed an average trunk diameter of
4.9 cm, the average diameter of the inoculated breeding
products ranged from 5.1 to 8.3 cm (Table 3).

To analyze the pomological potential of the breeding
products, the range of variation of both yield and vigor
was determined (Table 4). Considering only not or
scarcely affected trees (CDI ≤ 3.0), the most promising
genotypes were mainly identified in progeny B. Among
the trees on ML and H 1 roots of this progeny, three and
six individuals were identified showing an average rel-
ative yield of 6.81 and 4.67 kg/cm2, respectively, and a

Fig. 1 Cumulative disease index of offspring of the progeny
classes used as rootstock in nursery growing. Box and whisker
plots with median as line, interquartile ranges are represented by
boxes, whiskers extend to samples laying within 1.5 times the
interquartile range and dots represent outliers. 1 Mother-like due to

apomixis. 2 Contains the marker profile of seed plant plus one
paternal allele. 3 Exhibits half of the alleles of both seed and pollen
parent. 4 Number of trees examined. 5 Inoculum: a = 3/93; b = 14/
93; c = 12/93; d = GDH; e = 3/4. 6 Progeny code. 7 Cumulative
disease index
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trunk diameter ranging from 3.8 and 5.6 cm. These
values are close to the data for healthy trees on M9. In
trees on rootstocks of other progeny, in particular on
offspring of progeny W, individuals were identified
showing a similar yield potential. In this case, however,
the high yield was mostly associated with higher CDI
scores that resulted in reduced vigor and was associated
with a reduced fruit size. Related to these findings on the
effect of infection on vigor and yield is the comparison
of healthy trees with infected trees on susceptible root-
stock M9 and class ML of fairly resistant progeny W.
Whereas the vigor of infected trees was reduced by 22
and 11%, respectively, the effect on yield is much more
pronounced by being 52% for infected trees on M9
whereas the yield of trees on mother-like roots of prog-
eny W was not affected by the infection (Table 3).

Phytoplasma concentration

Quantitative real time PCR was employed to determine
presence and concentration of ‘Ca. P. mali’ in the taxo-
nomically different plant tissues and plant parts. Of the
M. sieboldii-related progeny examined, six groups of
samples from roots and four groups from shoots were
selected to be compared with samples from trees grown
on standard stock M9 (Table 5). Of these selections,
trees on M9 showed the highest titer that was similar

in roots and the cv. Golden Delicious top. In contrast, in
trees on M. sieboldii-related stocks a great variation of
the phytoplasma titer was identified. It was low in
progeny CC and Y and highest in hybrids II of progeny
W. The phytoplasma concentration in the roots affected
in most cases also the titer in the shoots. Another finding
was that mainly in resistant rootstocks of progeny B the
pathogen was not detectable, supposedly because of too
low titer or phytoplasma eradication.

Discussion

In Europe, almost all rosaceous fruit trees are prone to
phytoplasma infection. Particularly apple, pear, apricot,
peach and Japanese plum can severely be affected by
apple proliferation, pear decline and European stone
fruit yellows (ESFY) caused by ‘Ca. P. mali’, ‘Ca. P.
pyri’ and ‘Ca. P. prunorum’, respectively. It has been
observed that species within the genus of the impaired
host differ considerably in susceptibility to the corre-
sponding pathogen. Distinct differences also occur with-
in the same species. For instance, Pyrus betulifolia,
P. elaeagrifolia and some genotypes of P. communis
were little affected while P. ussuriensis and P. pyrifolia
are very susceptible (Batjer and Schneider 1960;
Seemüller et al. 2009; Westwood and Lombard 1982).

Table 4 Range of variation of relative yield and vigor of trees on selected progeny

Progeny
code

Cross
combination

Motherlike Hybrid I Hybrid II

Treea

(No.)
Relative yield
(kg/cm2)

Trunk
diameter
(cm)

Tree
(No.)

Relative yield
(kg/cm2)

Trunk
diameter
(cm)

Tree
(No.)

Relative yield
(kg/cm2)

Trunk
diameter
(cm)

I M. sieboldii
x M9

6 1.55–3.07 6.2–8.3 6 2.04–2.94 4.4–7.8

Y Gala x
M. siebo-
ldii

15 1.42–3.29 5.4–8.9

A 4551 × M9 15 0.94–3.41 5.5–10.1 29 1.1–2.83 5.7–9.8

B 4608 × M9 6 1.35–6.81 3.8–7.1 64 1.35–5.45 5.2–8.8

L D2212 ×
M9

11 1.63–3.20 6.3–9.9 6 1.96–3.27 5.5–7.8

W H0909 ×
M9

25 1.41–4.80 5.1–9.6 10 1.29–3.46 5.9–7.7 2 1.43–3.37 4.7–7.3

Controls

M9 diseased 0 – –

M9 healthy 30 2.80–7.21 3.2–6.9

a Only not or slightly affected trees (CDI score ≤ 3) were included in this presentation
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Within the genus Prunus, sweet cherry, sour cherry and
their rootstocks are not or little affected, like plums on
Prunus domestica stocks such as Ackermanns and
Brompton and on P. cerasifera stocks. In contrast, peach
trees on peach rootstocks Montclar, Rutgers Red Leaf
and St. Julien 2 (P. insititia) showed high susceptibility
with up to 100%mortality (Dosba et al. 1991; Kison and
Seemüller 2001; Morvan 1977). Similar differences in
susceptibility of stone fruit scion cultivars have been
reported (Dosba et al. 1991; Jarausch et al. 2000).

As described in the introductory section, our previous
work revealed that there is no satisfactory AP resistance
inM. x domestica, the culinary apple. The same applies
for most or all established apple rootstocks, which often
are interspecific hybrids of M. x domestica, and the
majority of wild and ornamental Malus species exam-
ined. Satisfactory resistance was mainly identified in
apomicticM. sieboldii and experimental apomictic root-
stock selections consisting of interspecific hybrids of
M. sieboldii with the nonapomictic taxaM. x domestica
orM. x purpurea ‘Eleyi’. They include selections 4551,
4608, C1907, D2118, D2212, H0801, and H0909 that
were also included in this study. The resistance level of
this group was usually significantly higher than that of
trees on M. x domestica-related stocks (Bisognin et al.
2008; Seemüller et al. 2008). These data indicate that the
M. sieboldii-based resistance is well established and a
segregating trait. However, AP resistance is not a uni-
versal feature of M. sieboldii as shown by a second
genotype of M. sieboldii that was examined in parallel

to this study and proved highly susceptible to AP infec-
tion following inoculation with a virus-free isolate (data
not shown). High susceptibility was previously also
identified in a different genotype of M. sieboldii
(Kartte and Seemüller 1988).

The resistance to ‘Ca. P. mali’ is provided by a
defined tetraploid and apomictic accession of
M. sieboldii (Oldén 1953; Bisognin et al. 2009). These
features made it difficult to develop an AP-resistant
rootstock with agronomic value by classical breeding.
However, the apomixis of the tetraploid M. sieboldii is
not complete but facultative and may vary from year to
year according to climatic influences (Schmidt 1964).
Therefore, a certain number of hybrids are being formed
after pollination, the products of which can easily be
distinguished from motherlike offspring by their pheno-
type (Schmidt 1964). Facultative apomixis was also
inherited to varying degree to first and second genera-
tion hybrids produced between the 1950s and 1970s
(Schmidt 1964, 1977). The application of SSR markers
by Bisognin et al. (2009) confirmed these data and
revealed three classes of recombinants: hybrids I and II
as well as a rearrangement of the tetraploid genotype by
autopollination. These recombinants are characterized
by a varying number of M. sieboldii haplotypes which
ranges from 0 to 2. Thus, a certain number of H II and
autopollinated offspring has entirely lost theM. sieboldii
genome. Although the SSR analyses allowed no precise
assignment of allelic configuration, the data indicated a
free pairing of the chromosomes in the recombinant

Table 5 Presence and concentration of ‘Candidatus Phytoplasma mali’ in roots and annual shoots of trees grown on Malus sieboldii-
derived rootstocks 8 years post inoculation

Roots
(M. sieboldii hybrids)

Shoots
(cv. Golden Delicious)

Progeny Phytoplasma
detection/ trees analyzed

Phytoplasma
cells/g phloem

Phytoplasma
detection/ trees analyzed

Phytoplasma
cells/g phloem

A (4551 × M9) 8 /10 2.8 × 106 bc 14 / 14 2.3 × 105 b

B (4608 × M9) 17 /37 4.1 × 106 b 9 / 29 1.6 × 105 b

W (H0909 × M9) H Ia 25 / 25 1.2 × 105 ab 20 / 24 9.8 × 103 a

W (H0909 × M9) H IIa 86 / 86 3.2 × 107 b 72 / 78 1.8 × 107 c

Y (Gala x M. sieboldii) 18 /18 7.8 × 104 a ndb –

CC (C1907 × M9) 12 / 12 8.7 × 103 a nd –

M9 (infected control) 20 / 20 5.1 × 108 c 20 / 20 7.8 × 108 d

a Two classes of sexual offspring
bNot done
c Values with the same letter do not differ significantly from each other at P ≤ 0.05
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offspring (Bisognin et al. 2009). It can therefore be
assumed that the breeding progeny received different
parts of the tetraploid genome ofM. sieboldii. This is of
great importance for the interpretation of the data re-
garding the inheritance of AP resistance. However, the
relatively low number of recombinant offspring due to
apomixis and their varying degree of ploidy limited a
deeper analysis of the inheritance of the resistance.

From the first screening step at nursery scale it is
evident that the resistance of mother-like and hybrid I
progeny of most crosses is distinctly higher than that of
theM9 controls whereas comparable levels of resistance
are rare in progeny class hybrid II. This may be ex-
plained by the fact that hybrids I contain two haplotypes
of theM. sieboldii genome whereas hybrids II may have
only one or even no haplotype of M. sieboldii. This
indicates that AP resistance is a quantitative trait. Fur-
thermore, different resistance levels were also found
among second and third generation hybrids which pos-
sess in addition to two haplotypes of the tetraploid
M. sieboldii genome one or two haplotypes of the sus-
ceptibleM. x domestica genome. One important excep-
tion is the parental genotype 4608which is a hybrid with
M. purpurea ‘Eleyi’ whose AP susceptibility is un-
known but whose H I progeny showed the highest
resistance regardless of the inoculum used.

The data of mother-like progeny confirm previous
rankings of resistance levels for parental M. sieboldii
hybrids (Seemüller et al. 2008) where 4608, 4551 and
D2212 were found to be highly resistant. These ML
genotypes and also their H I progeny showed in our
study a higher resistance than the tetraploidM. sieboldii
ML genotype as well as some ML genotypes of third
generation parentals, e.g. BB and CC. This indicates that
AP resistance may be linked to specific M. sieboldii
alleles, combination of alleles or recombination events.
This question can only be answered when molecular
markers for the resistance trait or resistance genes are
identified. However, the variability in disease response
in combination with the different ploidy levels of the
material hampered up to now the development of mo-
lecular markers for AP resistance (Moser et al. 2011).
Thus, classical resistance screening in the field is still the
only way to select suitable resistant genotypes.

Extending the screening of six progenies by growing
for six more years under orchard conditions confirmed
the high level of resistance of the selected trees by
showing significantly lower CDI values than trees on
M9. In most cases the average value of M9 trees was

three or more times higher than the means of most
breeding products. These data confirm previous results
(Bisognin et al. 2008; Seemüller et al. 2008) that AP
resistance is stable after experimental inoculation aswell
as under natural infection condition.

Resistance is usually defined by no symptom appear-
ance and low titer of the pathogen (Cooper and Jones
1983). This was confirmed for most of the selected
genotypes which had after eight years of observation
low CDI values and low phytoplasma concentrations.
Both features are confirming the results obtained in
previous work (Bisognin et al. 2008) where similar
low phytoplasma concentrations were found for parental
genotypes D2212, 4608 and 4551. As shown by prog-
eny B, the phytoplasma titer in resistant plants can be
reduced below the detection level or to the elimination
of the pathogen.

Our results confirm previous findings that
M. sieboldii genotypes may respond highly sensitive to
latent apple virus infection (Schmidt 1972). This aspect
was studied recently in more detail using in vitro plants
(Liebenberg et al. 2013). This work showed that ASGV
and ASPV are causing hypersensitive reactions in spe-
cific M. sieboldii hybrids like 4551. The high virus
susceptibility of the progeny of 4551 has been con-
firmed in parallel work with micropropagated ex vitro
plants (Ciccotti et al. 2011). On the other hand, these
studies and our screening data confirmed that 4608 and
its progeny are virus-tolerant exhibiting no hypersensi-
tive reactions to virus inoculation. This has also been
reported for genotype 4608 by Schmidt (1972) and
Seemüller et al. (2008).

Our data indicate that the M. sieboldii-based AP
resistance works efficiently. Of similar importance is
the effect of the rootstocks on productivity and vigor.
Thus, the objective of the breeding program started in
2001 was to introduce these agronomic traits into AP-
resistant genotypes by crossing themwith rootstockM9.
It was expected that recombinant offspring with a vari-
able contribution of the M9 genome will offer a good
basis for the selection of the best performing resistant
rootstock genotype (Bisognin et al. 2009). However, our
results demonstrate that sufficient AP resistance is only
maintained in H I offspring that have two M. sieboldii
haplotypes. Therefore, mainly these genotypes were
examined further for their pomological traits. This may
explain why the average data of the progeny examined
are in general significantly inferior to M9 as far as yield
potential and dwarfism are concerned. However,
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analysis of the data of individual trees revealed that
mainly in progeny B selections occur with pomological
traits comparable with M9. Therefore, the nine selec-
tions of progeny B described in the result section are
under further evaluation in field trials at different sites.
Other genotypes are under examination for purposes
where more vigorous rootstocks are needed as, for ex-
ample, in processing.

Another criterion of selection is the ability for multi-
plication by routine methods. However, attempts to
propagate these genotypes by standard methods were
not successful. By contrast, micropropagation as
established by Ciccotti et al. (2008) has been experi-
enced to be the most efficient way for propagating these
M. sieboldii hybrids.

In conclusion, our results are one of the rare exam-
ples of successful breeding for genetic resistance to
phytoplasma diseases (Seemüller and Harries 2010).
However, and despite considerable efforts, the basis of
this resistance is not well understood and further funda-
mental research is needed to elucidate the mechanism of
the resistance. Our results have provided the first select-
ed AP-resistant genotypes for further pomological eval-
uation. In addition, the data indicate which progeny can
be used for further breeding: H I offspring of progeny B
exhibits the highest resistance levels, the best pomolog-
ical traits, is virus-tolerant and is tetraploid which favors
a high amount of recombinant offspring.
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