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Abstract In three trials carried out over a period of
24 years, open-pollinated seedlings of Malus sieboldii
and M. sargentii and 22 apomictic rootstock selections
with either M. sieboldii, M. sargentii or M. hupehensis
in their parentage were examined for apple prolifera-
tion (AP) resistance in comparison to clonal M. x
domestica-based rootstocks M 9, M 11, M 13, stocks
of the B (Budagovski) and the Polish P series and
M. robusta seedlings. Following experimental inocula-
tion or natural infection the Golden Delicious-grafted
trees on most of the M. sieboldii-derived progenies
showed a high level of AP resistance expressed by low
cumulative disease indices, a high percentage of non or
little affected trees, low incidence of the small fruit
symptom and non or little effect on vigour. Trees on M
9 and M 11, B 118 and M. robusta seedlings were
moderately susceptible while trees on progenies with
M. sargentii and M. hupehensis parentage, rootstocks
of the P series, B 9, B 490 and M 13 proved highly
susceptible. The screening also showed that rootstocks
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with M. sieboldii and M. sargentii parentage are often
highly susceptible to latent apple viruses. Trees on
most of the M. sieboldii-based progenies were more
vigorous than trees on standard stock M 9, whereas the
vigour of some progenies from selections with
M. sargentii parentage was in the range of M 9 or
even lower. Productivity was often correlated with the
vigour.
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Abbreviations

ACLSV  Apple chlorotic leaf spot virus
AP apple proliferation

ASGV  Apple stem grooving virus

ASPV Apple stem pitting virus
DAPI 4'-6-diamidino-2-phenylindole
PCR polymerase chain reaction
Introduction

Phytoplasmas are wall-less bacteria of the class
Mollicutes that cause diseases in more than a
thousand plant species (Seemiiller et al. 2002). Many
of these diseases are of great economic importance. In
Europe, one of the most damaging phytoplasmal
diseases is apple proliferation (AP). This disease is
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present in several major fruit growing areas of
western and central Europe and is caused by
‘Candidatus Phytoplasma mali’ (Seemiiller and
Schneider 2004). The pathogen induces a range of
symptoms that are either specific such as witches-
brooms, enlarged stipules and rosettes, or non-specific
such as foliar reddening, yellowing and growth
suppression. Economically most important is the
deleterious effect of the disease on size, colour and
taste of the fruits, which often makes the crop
unmarketable. The AP pathogen is mainly spread by
two psyllids, Cacopsylla picta and C. melanoneura
(Frisinghelli et al. 2000; Tedeschi and Alma 2004).
The leathopper Fieberiella florii is also reported to
vector the pathogen (Krczal et al. 1988; Tedeschi and
Alma 2006). Furthermore, infection via natural root
grafts has been demonstrated (Ciccotti et al. 2005).

AP is difficult to control. Phytosanitary measures
such as the use of healthy planting material and
uprooting of diseased trees are often unsatisfactory,
because infections by insect vectors are difficult to
prevent. Currently, spraying against the vectors is the
most promising method to reduce infection. However,
sprays cannot always be applied, for example during
flowering, so that insecticide treatment is often not
fully efficient. The most promising approach to
control AP would be the use of resistant plants.
Previous work has shown that ‘Ca. P. mali’ is
eliminated in the aerial parts during winter due to
degeneration of phloem sieve tubes on which the
pathogen depends. Overwintering occurs in the roots
where intact sieve tubes are present throughout the
year. From the roots the stem may be recolonized in
spring when new phloem is being formed (Schaper
and Seemiiller 1982, 1984b; Seemiiller et al. 1984).
This fluctuation in the colonization pattern has led to
the presumption that growing scion cultivars on
resistant rootstocks can prevent the disease or reduce
its impact.

However, extensive studies with many established
and experimental rootstocks, which were mainly
based on Malus x domestica, have shown that there
is no satisfactory resistance in this group. They
frequently develop symptoms, remain permanently
infected and show, as estimated by DAPI (4'-6-
diamidino-2-phenylindole) fluorescence staining and
quantitative real-time PCR, high phytoplasma titers
(Bisognin et al. 2008; Seemiiller et al. 1992).
Screening of a large number of wild and ornamental

@ Springer

Malus taxa revealed that they often are more
susceptible to infection than M. x domestica geno-
types. Many of them showed a high mortality rate.
Resistance was observed in some experimental
apomictic rootstock selections derived from crosses
between the apomictic species M. sieboldii and
genotypes of the non-apomictic species M. x domes-
tica or M. purpurea. Resistant plants either never
developed symptoms or temporarily only mild symp-
toms. The pathogen was difficult to detect in these
genotypes by fluorescence microscopy, indicating a
low phytoplasma titer (Kartte and Seemiiller 1991;
Seemiiller et al. 1992). The low phytoplasma concen-
tration in apomictic rootstocks was recently con-
firmed in a real-time PCR study (Bisognin et al.
2008).

Apomixis is a form of asexual reproduction
characterized by the formation of seeds that are
genetically identical to the usually female parent. It
occurs in several plant families including the Rosa-
ceae. In the genus Malus apomixis is, among others,
present in the Asian tetraploid species M. sieboldii
and M. sargentii and in the triploid species M.
hupehensis. However, apomixis is not obligate in
these species. Progenies from open pollination con-
tain a variable percentage of hybrids from unreduced
and reduced maternal gametes. For example, from a
tetraploid apomictic female parent and a diploid non-
apomictic male parent, pentaploid hybrids are obtained
from unreduced female gametes by having an allele at
each locus segregating from the male parent. Triploid
recombinants result when both gametes are reduced
(Bisognin et al. 2004; Schmidt 1988). Attempts to
develop apomictic apple rootstocks were undertaken
for easy propagation by seeds, virus-free plants, better
anchorage and higher resistance to some fungal and
bacterial diseases than dwarfing M. x domestica-
derived stocks (Schmidt 1988).

In our previous work on AP resistance the
appearance of foliar symptoms, mortality, phyto-
plasma titer and phytoplasma persistence in trees on
apomictic rootstock selections were compared with
trees on standard and experimental rootstocks (Kartte
and Seemiiller 1988, 1991; Seemiiller et al. 1992). In
extending this work, three field trials were estab-
lished. In these not only apomictic and non-apomictic
genotypes were included that were not tested previ-
ously but also other traits such as the incidence of
undersized fruits, vigour and the effect of the disease
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on vigour, and productivity were evaluated. Further-
more, tests were carried out under both experimental
inoculation and natural infection conditions.

Trials under natural infection conditions cover
several aspects that cannot be investigated when
inoculation occurs by grafting. These include expo-
sure of the trees to a wider virulence spectrum of the
pathogen. Also, the inoculum dose is much lower
which may affect the response of the host. In addition,
infections by latent apple viruses, to which some
apomictic rootstocks respond very sensitively
(Schmidt 1972, 1988), can be excluded under natural
infection conditions because these viruses are not
insect-transmissible (Fridlund 1989).

Materials and methods

Plant material

Open-pollinated seedlings from 22 apomictic root-
stock selections and the apomictic parents M. sieboldii

and M. sargentii were obtained from H. Schmidt,
formerly Bundesanstalt fiir Ziichtungsforschung an
Kulturpflanzen, Ahrensburg, Germany. The apomictic
seed parent selections, their parentage and ploidy
level are listed in Table 1. Seedlings that phenotyp-
ically differed from their mother’s phenotype were
rogued. Clonal rootstocks of the Budagovsky series B
and Polish series P were obtained from T. Orlikowska,
Research Institute of Pomology and Floriculture,
Skierniewice, Poland. Clonal rootstock M 13 and
seeds from M. robusta were provided by R. A. Smith,
Horticulture International, East Malling, UK. Standard
stocks M 9 and M 11 were propagated at Dossenheim.

Inoculation and disease rating

For experimental inoculation, seedlings or clonal
rootstocks were grown in pots and inoculated in July
or August of the first or second year by top-grafting
scions from symptomatic current season’s shoots of
cv. Golden Delicious. Only when enlarged stipules as

Table 1 Parentage and ploidy level of the apomictic seed parents of the rootstocks examined

Rootstock Parentage Probable
ploidy level®
3432 (M. sieboldii x M. x domestica cv. Husmoder) x M. sargentii 4n
4551 M. x domestica cv. Laxton’s Superb X M. sieboldii 3n
4556 M. x domestica cv. Laxton’s Superb X M. sieboldii 3n
4608 M. purpurea cv. Eleyi x M. sieboldii 3n
4637 M. sieboldii x M. x domestica cv. Husmoder 3n
20186 M. purpurea cv. Eleyi x M. sieboldii 3n
C0725 (M. sieboldii x M. x domestica cv. Husmoder) x M. sargentii 4n
Cl1812 M. sargentii open-pollinated 3n
C1825 M. sargentii x M. pumila niedzwetzkyana 3n
C1828 M. sargentii X M. pumila niedzwetzkyana 3n
C1907 4608 open-pollinated 4n
D1105 M. sargentii x M. x domestica cv. Golden Delicious 3n
DI1111 M. sargentii x M. x domestica cv. Filippa 3n
D1131 (M. sieboldii x M. x domestica cv. Pigeon), open-pollinated 4n
D1718 M. hupehensis x M. x domestica cv. Golden Delicious 4n
D2009 M. hupehensis x M. x domestica cv. Golden Delicious 4n
D2118 4556 open-pollinated 4n
D2212 (M. x domestica cv. Laxton’s Superb x M. sieboldii), open-pollinated 4n
Gi477/4 4808 open-pollinated 4n
HO0801 4556 open-pollinated 4n
H0901 4556xM 9 4n
H0909 4556xM 9 4n

?Data from H. Schmidt (personal communication). The ploidy status of several selections was confirmed by C. Bisognin and S.

Citterio (unpublished results).
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specific symptom developed on the growing scion,
was inoculation considered to be successful and the
trees were used further. In the spring of the following
year the plants were transferred to the nursery where
they were kept for 2 years. Non-symptomatic and
slightly to moderately affected plants were then
transplanted to the field at standard spacing for
further observation. Severely affected and declining
plants were discarded. Plants to be used as healthy
controls or to be evaluated under natural infection
conditions were grown in the nursery and budded
with healthy Golden Delicious in the same year the
other tests plants were inoculated. For evaluation
under natural infection conditions in trial II (see
below), a subset of the plants of most rootstocks were
budded with cv. Elstar. Two years after budding
suitable plants were transferred to the field as
described.

Over the entire observation period, foliar symp-
toms (reddening, yellowing, enlarged stipules,
witches-brooms, rosettes), terminal growth and fruit
size of the trees were recorded annually in the late
summer/early fall using a rating system from 0 (no
symptoms) to 3 (severe symptoms). Symptom rating
categories were: slight reddening or mild yellowing=
0.5; enlarged stipules, premature leaf drop or severe
reddening or yellowing=1; reduced vigour or roset-
ting=2; witches-brooms, undersized fruits, or severe
stunting=3. Mortality was rated as a 10. Incidence of
the small fruit symptom was also recorded separately.
At the end of the observation period the annual rating
values were added so that accumulated disease
indices were obtained. Yield was either estimated
using a rating system from 0 to 3 or was determined
by weighing the fruits. Trunk diameters were mea-
sured 40 cm above ground at the end of the
observation period. For statistical analysis the differ-
ences between means were tested for significance
using the Tukey-Kramer test with a significance level
of P=0.05.

Trials

Three trials were carried out. In trial I the plants were
graft-inoculated between 1982 and 1985 and were
observed until the fall of 1999. Trial II was carried out
under natural infection conditions. Nursery trees were
transplanted to the field in spring of 1993 where they
were observed until the fall of 2005. In trial III
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evaluation was performed under both experimental
inoculation and natural infection conditions. Inoculat-
ed and non-inoculated trees were transplanted to the
field in the spring of 1997 where they were observed
until the fall of 2006. In trials I and III, for each
inoculated rootstock—scion combination 4 to 6 non-
inoculated trees were planted as healthy controls.
Maintenance of the trials including plant protection
measures was similar to that of commercial orchards.

Nucleic acid extraction and PCR assays

To examine presence and persistence of the AP
phytoplasma, root samples were collected at the end
of the trials. Phloem was prepared as described
(Ahrens and Seemiiller 1994) and DNA was extracted
from 0.2 to 0.8 g of phloem tissue according to Doyle
and Doyle (1990). PCR amplification was performed
using AP phytoplasma group-specific primers fO1/
rO1 or fAT/rAS as previously described (Marcone et al.
1996; Smart et al. 1996).

For the detection of Apple chlorotic leaf spot virus
(ACLSYV), Apple stem grooving virus (ASGV) and
Apple stem pitting virus (ASPV) total RNA was
extracted from 300 mg phloem tissue according to a
modified silica-capture method described by Rott and
Jelkmann (2001). Quantity and quality of the total
RNA was verified by agarose gel electrophoresis.
Reverse transcription was performed using the
RevertAid™ H Minus First Strand cDNA Synthesis
Kit (Fermentas) according to the instructions of the
manufacturer. An aliquot (usually 1 pl) of the
transcribed DNA was subjected to PCR amplification
using the following parameters: one cycle at 95°C for
5 min followed by 35 cycles consisting of 1 min at
95°C, 1 min at 62° (for ACLSV 60°C) and 1 min at
70°C. A final step at 70°C for 5 min was added. The
primers for reverse transcription and PCR amplifica-
tion were as described by Menzel et al. (2002).

Results

Verification of infection

Nearly all trees on M. X domestica-based clonal
rootstocks of the B, M and P series and on M.

robusta seedlings showed at least temporarily specific
AP symptoms such as witches-brooms, enlarged
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stipules or rosetting. Thus, from this group, only roots
of a representative number of trees on rootstocks B
118, M 9, M 11 and M 13 were examined for the
presence of the AP pathogen using a PCR assay
(Table 2). All experimentally inoculated trees of this
group tested phytoplasma-positive, such as 14 of 18
trees on M 9 that were grown under natural infection
conditions. Specific symptoms were not developed by
trees grown on progenies of the apomictic selections
with M. sieboldii, M. sargentii or M. hupehensis
parentage. Therefore, between 6 and 18 trees of each
rootstock that was tested in the three trials were
examined for AP phytoplasma infection (Table 2).
Following experimental inoculation 113 out of 121
trees tested phytoplasma-positive. Similarly, 177 of
187 trees grown under natural infection condition
proved to be infected by ‘Ca. P. mali’. In the PCR of
samples from apomictic selections usually faint DNA
bands were obtained, indicating low phytoplasma
concentrations in these stocks. The bands obtained
from clonal stocks were much more pronounced (data
not shown).

AP resistance

The rootstocks examined showed considerable differ-
ences in AP resistance (Tables 3, 4 and 5). Also,
within most apomictic rootstocks and a few clonal
rootstocks, a great variability in resistance was
observed. On all these stocks both no or little, and
severely affected trees occurred. However, there were
great quantitative differences in the occurrence of the
two severity classes among the rootstocks. On some
apomictic selections and most clonal rootstocks, all or
nearly all trees were severely affected. The cumula-
tive disease indices, the percentage of no or slightly
affected trees, the cumulative undersized fruit values,
and the effect of the disease on vigour allowed the
classification of the rootstocks examined into three
resistance groups. Resistant rootstocks were charac-
terized by low disease and undersized fruit values, at
least 80% of no or little affected trees, and a negative
effect on vigour of not more than 10%. The rootstocks
with lower values were divided into a group of
moderately affected trees and a group of severely
affected trees. Both of these were not sufficiently
resistant and will not be further defined here.

In trial I the by far highest level of resistance were
shown by the trees on the progenies of M. sieboldii-

Table 2 PCR detection of Ca. P. mali in trees examined in the
three trials

Rootstock Trial 1 Trial 1T Trial III

3432 8 15/17 -
4551 7/7° 18/18 8/8
4556 5/7 - -
4608 6/7 16/16 -
4637 - - 6/6
20186 - 10/10 -
C0725 5/6 12/15 -
C1812 - - 8/8
C1825 - - 6/6
C1828 - 12/12 -
C1907 - - 6/6
C1907ni® - - 6/6
D1105 - - 6/6
DI111 - 6/6 -
D1131 - 8/8 -
D1718 - - -
D2009 - - 6/6
D2118ni - - 6/6
D2212 4/6 15/15 -
Gid77/4 - - 6/6
HO0801 - - 9/9
HO0801ni - - 4/6
H0901 - - 6/6
H0909 - - 6/6
M. sieb. - 13/14 -
M. sarg. - 8/8 -
M. rob. - 10/10 -
B9 - - -
B 118 6/6 - -
B 490 - - -
M 9ni - 9/10 5/8
M 11 - 8/8 -
M 13 33 - -
Pl - - -
P16 - - -
P 18 - - -
P22 - - -

#Not done or not applicable

® Numerator, number of phytoplasma-positive trees; denomina-
tor, total trees tested

¢Not inoculated

derived selections 4608, D2212, 4551 and 4556
(Table 3). Considerably more affected were trees on
clonal stock B 118 and the C0725 progeny
(M. sieboldii and M. sargentii as parents). Most
susceptible were trees on the rootstocks of the P
series, on B 9, B 490 and M 13 and on seedlings of
the M. hupehensis-based selection D1718.
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Table 3 Apple proliferation resistance, vigour and yield of Golden Delicious trees on various rootstocks following experimental
inoculation (results of trial I)

Rootstock  No. of trees  Cumulative Not or slightly Undersized fruits Trunk Effect on vigour  Cumulative
examined disease index/  affected trees (%)  (cumulative value/  diameter (percent vigour  yield rate®
tree® tree)® (cm) of healthy trees)

4608 19 43 a° 95 0.16 a 10.0 d 95 126 a
D2212 15 55a 87 0.47 a 9.8d 94 12.1a
4551 23 58a 83 0.35a 9.3 cd 84 128 a
4556 21 45a 86 0.10 a 9.2 cd 100 11.2 ab
C0725 16 132b 19 2120 6.3 ab 71 122 a
D1718 16 18.1 be 12 3.15 be 5.7 ab 60 12.1a
P1 10 214 cd 0 3.3 be 6.5 ab 62 11.1 ab

P 16 12 24.1d 0 538 cd 5.8 ab 56 12.1 a
P18 17 248 d 0 5.62d 7.7 be 60 93 b

P 22 12 21.7 cd 0 438 cd 5.7 ab 59 138 a
B9 7 21.1cd 14 3.28 be 6.2 ab 81 129 a

B 118 20 133D 20 2.88 be 7.2 be 79 126 a

B 490 18 17.7b 6 4.01c 52a 61 9.7b

M 13 7 20.5 cd 0 3.86 be 7.3 be 75 9.9 ab

# Annual disease ratings accumulated over 14 years
®Trees with cumulative disease index <8.0.
¢ Occurrence of small fruit symptom accumulated over 7 years

4 Annual yield estimation accumulated over 5 years

¢ Values with the same letter are not significantly different from each other at P=0.05

Under the natural infection conditions of trial II
with Golden Delicious as the scion cultivar, the
differences in the level of resistance were smaller
than in trial I, probably due to the fact that infections
occurred when trees were older and thus less
susceptible. However, the same tendency occurred
(Table 4). Least affected by AP were trees on
progenies of M. sieboldii and selections 4608,
D2212, 4551 and D1131 with M. sieboldii parentage.
The progeny of selections 3432 that has both M.
sieboldii and M. sargentii as parents performed
similarly well. Slightly more suffering from disease
were trees on M. robusta seedlings, M 11 and M 9.
However, trees on M 9 showed significantly higher
incidence of the small fruit symptom than trees on the
resistant M. sieboldii-based stocks. Most severely
damaged were trees on progenies of M. sargentii
and the M. sargentii-derived selections D1111 and
D1828 as well as the selection 20186 with M.
sieboldii parentage. Similarly poor values were shown
by trees on the C0725 progeny.

In trial III, following experimental inoculation,
trees on a group of progenies with M. sieboldii
parentage consisting of selections 4637, 4551,
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Gi477/4, H0909 and C1907 showed a high level of
resistance (Table 5). Trees on M. sieboldii-derived
progenies HO801 were slightly more affected, being
in the range of M. sargentii-derived selection C1812.
Trees on other progenies with M. sargentii parentage
such as C1825 and D1105, M. hupehensis-derived
progeny D2009, and M. sieboldii-based selection
H0901 were most severely damaged in this trial.

Of the non-inoculated trees in trial III, 4 of the 12
trees on M 9 stocks showed foliar reddening for the
first time in 2002 (Table 5). Trees on seedlings of
selections C1907, D2118 and HO801 started to show
symptoms only in 2004. The disease values for trees
on seedlings of C1907 and D2118 were similar to
those of trees on M 9, whereas trees on HO801
seedlings were more affected. This corresponds with
the higher susceptibility of HO0801 than C1907
observed after experimental inoculation.

Sensitivity to latent apple viruses
Under natural infection conditions in trial II, the

plants on most rootstocks budded with cv. Elstar
developed poorly. Most severely affected were seed-
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Table 4 Apple proliferation resistance, vigour and yield of Golden Delicious trees on various rootstocks under natural infection
conditions (results of trial II)

Rootstock No. of Cumulative ~ Not or Undersized Trunk Effect on vigour  Cumulative yield
trees disease slightly fruits diameter (percent vigour of (kg cm ' trunk
examined index/tree® affected (cumulative (cm) unaffected trees)  cross section)

trees (%)° value/tree)®

4608 28 4.0 a° 83 021 a° 10.2 cd 99 1.35d

D2212 35 43 a 80 025a 10.0 ¢ 97 213 ¢

4551 28 49 a 83 028 a 10.5d 98 2.18 ¢

D1131 28 50a 82 0.46 a 6.0a 94 2.35be

M. sieboldii 28 52a 83 0.36 a 8.7 be 94 2790

3432 28 56a 82 0.89 ab 9.6 ¢ 95 1.68 cd

M. robusta 21 6.0 a 83 1.25b 11.2 de 90 2.34 be

M 11 28 7.2 ab 68 0.57 a 122 ¢ 95 0.86 ¢

M9 28 8.3 ab 64 1.46 be 720 89 327a

20186 28 10.3 be 57 1.43 be 7.7b 79 2.46 be

DI111 14 10.8 be 57 1.50 be 6.6 ab 78 2770

M. sargentii 21 11.0 be 43 2.19d 6.2 ab 86 3.09 ab

C1828 21 132 cd 25 1.95 cd 53a 73 374 a

C0725 28 13.5cd 29 2.54d 6.1 ab 76 345a

# Annual disease ratings accumulated over 12 years

® Trees with cumulative disease index <8.0

¢ Occurrence of small fruit symptom accumulated over 10 years

4 Annual yield accumulated over 8 years

¢ Values with the same letter are not significantly different from each other at P=0.05

lings of M. sieboldii and M. sargentii and selections
4551, 20186, C1828 and C0725. On these stocks the
plants developed so poorly that they died in the
nursery or in the orchard or were severely stunted
(Table 6). Less affected were the progenies of D2212,
4332 and M. robusta that also showed mortality and
severe stunting but of which 20 to 26% of the trees
developed well. Seedlings of 4608 were the only
apomictic progeny on which the trees, like those on
M 9 and M 11, did not show any virus-induced
symptoms.

To investigate the reason of this severe problem, 10
affected and 10 unaffected Elstar trees grown on
several rootstocks were examined for the presence of
latent apple viruses. All of them were infected with
ACLSV and most of them also with ASGV or ASPV
or both. The same number of trees with scion cv.
Golden Delicious on the same rootstocks was also
examined. No virus infection was detected in these
trees. These results indicate that the cv. Elstar scion
was infected by latent apple viruses and that these

viruses are responsible for the poor development of
the Elstar trees.

Vigour and productivity

Among the apomictic rootstocks examined, trees on
progenies of M. sieboldii and most apomictic root-
stocks with M. sieboldii parentage were similar in
vigour and were more vigorous than trees on M 9
(Tables 3, 4 and 5). However, the differences were not
always statistically significant. Within the group of
resistant rootstocks only the progeny of selection
D1131 was sufficiently dwarfed for commercial apple
growing. Slightly more dwarfed than the majority of
resistant M. sieboldii-based stocks were trees on the
two selections with M. hupehensis parentage. Dis-
tinctly less vigorous were trees on progenies with M.
sargentii parentage. Several of these stocks can be
classified in the vigour class of M 9 or they induced
even lower vigour such as C1825 or D1105. Most
vigorous were trees on M 11 and M. robusta seedlings.
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Table 5 Apple proliferation resistance, vigour and yield of Golden Delicious trees on various rootstocks following experimental
inoculation and natural infection (results of trial III)

Rootstock No. of Cumulative Not or Undersized Trunk Effect on vigour Cumulative yield/
trees disease index/  slightly fruits diameter (percent vigour  tree (kgem ! trunk
examined tree” affected trees  (cumulative  (cm) of healthy trees)  cross section)®

(%)° value/tree)®
Inoculated trees
4637 20 3.0 a° 95 0.50 a 8.4 be 93 2.55 be
4551 11 31a 92 042 a 9.4 be 100 2.21 be
Gid77/4 21 33a 91 043 a 8.9 be 94 2.65 be
H0909 15 34a 87 0.73 a 8.3 be 91 2.86 be
C1907 18 39a 81 0.61 a 8.8 be 90 2.19 be
C1812 15 5.2 ab 73 1.20 a 5.5 ab 87 3.03 abc
HO0801 16 5.4 ab 78 1.00 a 7.9 be 80 3.06 abe
C1825 19 710 53 1.53 ab 39a 86 2.94 be
D1105 14 8.6 be 50 243D 43 a 84 3.53 ab
H0901 18 11.6 cd 45 133 a 5.5 ab 77 2.39 be
D2009 11 14.0 d 27 3200 4.7 a 59 2.31 be
Non-inoculated trees
C1907 14 04 a 100 0.21 a 95¢ 100 3.05 abc
D2118 15 1.4 a 100 0.27 a 7.6 be 100 3.04 abe
HO0801 15 26a 100 1.00 a 7.1b 81 3.32 ab
M9 12 1.8 a 100 0.25a 69D 100 4.00 a

# Annual disease ratings accumulated over 11 years

® Trees with cumulative disease index <8.0

¢ Occurrence of small fruit symptom accumulated over 11 years

4 Annual yield accumulated over 5 years

¢ Values with the same letter are not significantly different from each other at P=0.05

Table 6 Sensitivity of trees on some rootstocks to latent apple
viruses

Rootstock No. of  Mortality Mortality  No or
trees and and little
examined stunting in stunting in affected

nursery orchard trees
(%) (%) (%)

4608 15 0 0 100

D2212 15 67 7 26

M. robusta 15 54 20 26

3432 15 73 7 20

4551 15 100 0 0

20186 15 80 20 0

M. sieboldii 15 93 7 0

M. sargentii 15 87 13 0

C1828 15 47 53 0

C0725 15 100 0 0

M 11 15 0 0 100

M9 15 0 0 100
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Although the fruits of diseased trees were often
smaller than normal, affected trees were often
heavily-bearing. Thus, there were no significant
differences in the relative yield between infected
and non-infected trees based on cross-section of the
trunk or the estimated fruit set. In productivity there
is a clear correlation between parentage and vigour
within the apomictic rootstocks (Tables 3, 4 and 5).
Among the apomictic rootstocks, trees on the more
dwarfing stocks with M. sargentii parentage showed
productivity similar to M 9 and P 22. The yield of this
group was usually significantly higher than that of
trees on the more vigorous M. sieboldii-derived
stocks. Productivity of trees on the two rootstocks
with M. hupehensis parentage was in the same range
as that of trees on M. sieboldii stocks. Poorest
cropping were trees on M 11, M 13, P 18 and B
490 rootstocks.
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Discussion

In the three trials carried out, different sets of
apomictic seedling rootstocks were examined for AP
resistance in comparison to various non-apomictic
clonal rootstocks. The overall results obtained were
similar. They showed that, depending on the stock,
the resistance of the grafted trees differed greatly. A
high level of resistance was only induced by
progenies of M. sieboldii and most selections with
M. sieboldii in their parentage. They include selec-
tions 3432, 4551, 4556, 4608, 4637, C1907, D1131,
D2212, Gi477/4 and HO0909. Thus, M. sieboldii
appears to be the only resistance source known at
present. More affected were trees on progenies of
apomictic selections H0801, C1812, C1825 and
clonal stocks M 9, M 11 and B 118 and M. robusta
seedlings. High susceptibility was shown by trees on
progenies of M. sargentii, most selections with M.
sargentii parentage, M. hupehensis-derived selections
and clonal stocks of the P series, B 9, B 490 and M
13. In all resistance criteria the group of resistant M.
sieboldii-derived stocks performed better than the
clonal stocks although the differences were not
always statistically significant. Of particular impor-
tance is that the incidence of undersized fruits on trees
on resistant apomicts is significantly lower than of
trees on M 9, the major commercial rootstock in
Europe. The results obtained in this study largely
confirm the data of previous work in which, however,
mainly other criteria including foliar symptoms,
phytoplasma persistence and phytoplasma concentra-
tion were examined (Bisognin et al. 2008; Kartte and
Seemiiller 1988, 1991; Seemiiller et al. 1992).

In most rootstocks considerable differences in
disease severity were observed. In the case of clonal
stocks this variation may be explained by differences
in virulence of the infecting phytoplasma. Recent
work by Seemiiller and Schneider (2007) has shown
that phytoplasma strains differ strongly in this respect.
Of the 24 sources examined, about one third of the
strains were either avirulent to weakly virulent,
moderately virulent, or severely virulent, respectively.
Differences in strain virulence are certainly also
involved in the variability of trees on apomictic
rootstocks. However, in apomictic rootstocks several
combinations of the parental genetic contribution
were deduced from profiles of co-dominant micro-
satellite (SSR) markers (Bisognin et al. 2004, 2008).

These genetic differences appeared to also account for
variation. It could be shown that progenies of the
triploid selections 4608 and 4551 trees on mother-like
plants are more severely affected than trees on hybrids
having one allele at each locus segregating from the
male parent. This phenomenon may be due to the
unknown father’s genetic contribution. On the other
hand, hybrids of selection D2212 that resulted from
two reduced gametes showed a higher susceptibility
than trees on mother-like stocks, indicating segrega-
tion of the resistance trait of a susceptible male parent
(Bisognin et al. 2008). The variation within progenies
from apomict parents shows that such progenies even
from resistant genotypes are unsuitable for being
directly used as rootstocks. Rather, suitable genotypes
have to be carefully selected and then vegetatively
propagated for use in commercial apple growing.

In the screening of apomictic rootstocks the
sensitivity of some to latent apple viruses has to be
taken into account (Schmidt 1988). Such viruses do
not cause recognizable symptoms in most commercial
apple cultivars if the scions are grown on tolerant
rootstocks. According to Schmidt (1972, 1988) some
of the seed parents used in our work are sensitive to
latent apple viruses. For this reason we attempted to
use virus-free scionwood and inoculum. The results
show that the Golden Delicious scion and inoculum
we used were free from viruses whereas the Elstar
scion source was contaminated. This contamination
severely affected the trees on most apomictic root-
stocks used in trial II. The results obtained confirm
the findings of Schmidt (1972, 1988) about the high
sensitivity of M. sargentii, M. sieboldii and selections
4551 and C0725, and the tolerance of selection 4608.
Other sensitive selections used in our work include
4637 and DI1111 whereas selections 4556 and
genotypes with M. hupehensis parentage are reported
to be tolerant (Schmidt 1972, 1988). However, these
selections were not exposed to virus infection in our
screening.

A recent study on possible factors involved in AP
resistance of apple rootstocks revealed that the
phytoplasma titer in established standard stocks based
on M. x domestica is 100 to 5,000 times higher than
in apomictic rootstocks. However, there were no
significant differences in the phytoplasma concentra-
tions between resistant apomicts with M. sieboldii
parentage and susceptible genotypes with M. sargentii
parentage (Bisognin et al. 2008). From these data it
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appears that host suitability per se as expressed in
phytoplasma titer is obviously not the only defining
factor for resistance. However, it could be shown that
only a minority of trees on resistant M. sieboldii-
derived stocks were colonized in the top section, in
contrast to trees on M 11 and some selections with M.
sargentii parentage where most or all trees were
infected in the scion. Also, the phytoplasma titer in
the top-infected scion of trees on resistant rootstocks
was much lower than in top-infected trees on M 9 and
M 11 roots (Bisognin et al. 2008). The low infection
rate and the low titer in the stem of trees on resistant
apomictic stocks seem to result from low phyto-
plasma concentrations in the roots. The low starting
concentration in and poor host suitability of apomictic
rootstocks may have a negative effect on the spread of
the pathogen from the roots into the scion during
recolonization of the stem in spring. Thus, the low
titer in the roots is likely to contribute to the resistance
of M. sieboldii-derived stocks. It is well established
that severe symptoms such as witches-brooms and
undersized fruits only develop when the phytoplasma
concentration in the stem is high (Schaper and
Seemiiller 1984a).

Our results show that trees on most resistant
rootstocks with M. sieboldii in their parentage are
larger and have lower yields than trees on M 9. Trees
on these apomicts were generally similar to M 7 and
M 4 in size and also seem to be similar to these
rootstocks in their yield potential. Our results largely
agree with the findings of Schmidt (1977, 1988) and
Ferree (1998) who examined several of the selec-
tions included in our screening. These drawbacks of
the M. sieboldii-based AP-resistant apomicts will
make it difficult to introduce them into European
apple growing that is dominated by M 9. For this
reason a breeding programme has been initiated with
the aim to reduce vigour and improve yield of trees
on AP-resistant apomicts by crossing such selections
with M 9 and other dwarfing stocks (Jarausch et al.
2005).
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