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Abstract
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Natural resistance to Plum pox virus (PPV), the agent of sharka disease, is one of the most important
traits of interest to stone fruit breeders, although few sources of resistance have been identified. One
of the few apricot cultivars which does show resistance, ‘Harlayne’, was chosen for a study of the ge-
netics of PPV resistance. Tt was crossed with three different cultivars, two susceptible (‘Vestar’ and
‘Strepet’) and one immune (‘Orangered’). Four different lines (since there was one reciprocal combi-
nation) were established and the F1 crosses were subsequently inoculated with the PPV-M and PPV-D
strains by grafting infected buds. A woody indicator Prunus persica ‘GF 305’ was then also top-grafted
onto the plants of three of these F1 populations. The observations of leaf symptoms and accompany-
ing ELTSA tests were performed over three, or in one case five, growing seasons and then hybrids were
classified accordingly, as either resistant or susceptible. The resistant : susceptible ratios were calcu-
lated and compared with expected theoretical ratios using the y?-test. The ratios of resistant to suscep-
tible plants in the progeny derived from the four apricot crosses are compatible with the hypothesis
of three dominant genes being responsible for PPV resistance, with ‘Harlayne’ being heterozygous for
all three genes. However, the possibility that resistance is controlled by just two dominant genes can

not be ruled out just yet.

PPV, sharka disease, Prunus armeniaca L., segregation ratio, breeding

Apricot belongs to the genus Prunus and is one of
the most important species among the stone fruit
crops, and sharka disease is considered to be one
of the most devastating viral diseases of fruit tree
species in the subfamily Prunoideae. Tt reduces qua-
lity by increasing acidity in the fruits and increasing
the percentage of deformed fruits, and causes pre-
mature fruit drop, so that the economic losses are
considerable (Cambra et al., 2006).

Sharka disease is caused by the Plum pox virus (PPV),
in the Potyvirus genus of the family Potyviridae. It was
first described in Bulgaria (Atanassoff, 1932). Since
then, the virus has progressively spread to nearly
all the important Prunus growing areas in the world.
The virus is non-persistently transmitted over short
distances by a number of aphid species, while long
distance spread usually occurs as result of the use of
infected nursery stock or propagating material.

There are six strains of plum pox virus: PPV-D,
PPV-M, PPV-EA, PPV-C, PPV-Rec and PPV-W (Can-
dresse, Cambra, 2006). In the Czech Republic, only
the PPV-D, PPV-M and PPV-Rec strains are so far
known to be present (Poldk, Pivalova, 2005; Gadiou
etal., 2008).

The containment of Sharka disease is very diffi-
cult, so the development and use of more tolerant,
or even resistant, cultivars is one possible solution
to this problem. Natural sources of resistance to PPV
exist among members of the Prunus genus, but they
are not common. Resistance among apricots has
been found only in some North American cultivars:
‘Goldrich’, ‘Harlayne’, ‘Stark Early Orange’ (‘SEO’),
‘Stella’ and ‘Harcot’ (Martinez-Gomez, Dicenta,
2000; Karayiannis et al., 1999). Therefore most con-
ventional breeding programmes very often use one
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of these as a source of resistance in the development
of new varieties.

An understanding of the genetic basis of resis-
tance to PPV is critical for its effective utilization
in breeding programmes, but different hypothe-
ses about its inheritance have been published. Dif-
ferent reports suggest that the resistance is control-
led by either one (Dicenta et al., 2000; Karayiannis
et al., 2008), two (Dosba et al., 1991; Moustafa et al,,
2001 b; Rubio et al., 2004; Kr3ka et al., 2002) or even
three genes (Guillet-Bellanger, Audergon, 2001; Sa-
lava et al., 2005).

Apricot breeding has along tradition at the Faculty
of Horticulture in Lednice, and one of the breed-
ing programmes is focussed on the development of
cultivars resistant to PPV. Since 1990, different cul-
tivars have been used as donors of resistance (Krska
et al., 2006 b). One of them is ‘Harlayne’, which was
classified as resistant in a study by Martinez-Gémez
et al. (2003) while Dosba et al. (1992), Polik et al.
(1997) and Fuchs et al. (2001) classified it as immune.
Therefore this variety was chosen for further study,
because little is known about the inheritance of re-
sistance to PPV in its progeny. The aim of this study
was to determine how many genes are involved in
the inheritance of PPV resistance in ‘Harlayne’, in
order to make current apricot breeding programmes
more effective.

MATERIALAND METHODS

Plant material

296 intra-specific hybrids of 4 different F1 popu-
lations (summarized in T) were used to study the in-
heritance of resistance to Plum pox virus. The apricot
cultivar ‘Harlayne’ was used as a donor of resistance
in these populations. Tt was crossed with two sus-
ceptible cultivars, ‘Vestar’ and ‘Strepet’ (Polék et al.,
2003), and an immune cultivar, ‘Orangered’ (Fuchs
etal., 2001). The crosses were made by hand, without
isolation of the flowers, after first removing the pe-
tals and stamens from the flower buds.

Three year old plants of the ‘Harlayne’ x ‘Strepet’,
‘Strepet’ x ‘Harlayne’ and ‘Orangered’ x ‘Harlayne’
crosses were used for investigation while grafted
plants were prepared for evaluating the ‘Harlayne’ x
‘Vestar’ progeny. Scions were taken from 8 year old
productive trees and four replicates from each indi-
vidual were grafted onto apricot seedling rootstocks
(‘M-VA', mixture). These rootstocks were also used
as indicators of susceptibility to PPV.

PPV inoculation

The grafted plants were inoculated by chip-bud-
ding in summer 2003 with the PPV-M and PPV-D
isolates, with 2 replicates for each one, where two in-
fected buds were grafted on to the scion part of each
replicate. The seedlings were inoculated in the early
spring 2006 with the PPV-D isolate. The PPV-M and
PPV-D isolates (Poncarovi, Kominek; 1998) were
provided by the Crop Research Institute in Prague.
The plants were pruned immediately after chip-
budding to promote the growth of the inoculated
bud. The plants which did not show clear sharka
symptoms on shoots growing from the inoculum
bud were re-inoculated the following year, using
the same material and method. Pruning was per-
formed at the beginning of each growing period to
induce the development of vigorous new shoots
which could then be scored for symptoms of sharka
disease.

Evaluation of PPV resistance

Evaluation was performed at the Faculty of Hor-
ticulture in Lednice (MUAF in Brno) in an insect-
proof screenhouse. In the course of each grow-
ing period, shoots originating from both the scion
and rootstock of the grafted plants, and shoots
from the three year old plants including the inocu-
lum buds, were observed for leaf symptoms at least
five times. The PPV incidence was scored indivi-
dually on each replicate or secedling as follows: 0
- no symptoms; 1 - very light, diffuse spots, symp-
toms observed in one or two leaves; 2 - diffuse spots
bordering leaf veins, symptoms observed in more
than two leaves; 3 — diffuse spots and leaf deforma-
tion, symptoms observed in most leaves. The mean
of the two replicates was used for analysis in the case
of the ‘Harlayne’ x ‘Vestar’ cross.

In spring 2007 one bud of virus-free Prunus persica
‘GF 305" was grafted by chip-budding onto the top
of each seedling and plants where the bud did not
grow were re-grafted in summer 2007. Shoots grow-
ing from the bud were also observed for leaf symp-
toms, using the same scale.

DAS-ELISA (Clark, Adams; 1977) tests were per-
formed twice during the growing period to confirm
the presence or absence of the virus in the plant, us-
ing a commercially available polyclonal anti-PPV se-
rum (Bioreba, Switzerland). Leaves originating from
the base plant and the grafted woody indicator were
taken and tested separately. Seven leaves were col-
lected from each of the symptomless plants for fur-
ther ELISA tests, and were taken from the middle of

I: F1 populations used to study inheritance of resistance to Plum pox virus

F1 population Breeding place

Year when crossed  Number of hybrids

‘Harlayne’ x ‘Vestar’ Seva-Flora Valtice
‘Harlayne’ x ‘Strepet’

‘Strepet’ x ‘Harlayne’

Faculty of Horticulture Lednice (MUAF)
Faculty of Horticulture Lednice (MUAF)
‘Orangered’ x ‘Harlayne’ Faculty of Horticulture Lednice (MUAF)

1994 59
2003 110
2003 44
2003 83
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the branches. In the case where typical symptoms
were observed, the leaves with symptoms were col-
lected for the ELISA tests.

PPV infection was evaluated over 5 consecu-
tive growing seasons through visual symptoms and
ELISA tests in the case of the ‘Harlayne’ x ‘Vestar’
cross, while the others progeny were evaluated over
3 consecutive growing seasons.

Classification of hybrids

A hybrid was considered susceptible if it showed
symptoms of sharka disease and/or was ELISA-posi-
tive in any year of the trial.

Statistical analysis

The data was analysed using Unistat 5.1.11 soft-
ware (Unistat Ltd., England). The observed correla-
tions among the data were expressed as an associa-
tion coefficient or a contingency coefficient. y? tests
were performed to compare the goodness-of-fit be-
tween the observed ratios of resistant to susceptible
plants and those expected if inheritance is in accor-
dance with simple Mendelian principles.

RESULTS

The descendants of four different crosses, in each
of which the cultivar ‘Harlayne’ was used as a do-
nor of resistance, were screened for PPV resistance
over 3 or 5 consecutive growing seasons. A few of
them showed mild sharka symptoms on the leaves
in the same year of inoculation, but after the first pe-
riod of winter dormancy the PPV symptoms became
more marked and the number of plants displaying
symptoms increased every year (1).

The correlation between the presence of visible
symptoms and a positive reaction in the ELISA test
was very high. The coefficient of association ranged
from 0.97 (‘Harlayne’ x ‘Strepet’) to 0.99 (‘Harlayne’ x
‘Vestar’, PPV-D), whereas the correlation between
the severity of sharka symptoms in the apricot part
and the woody indicator part was lower. Contin-
gency coefficients ranged from 0.54 (‘Strepet’ x ‘Har-
layne’) to 0.69 (‘Harlayne’ x ‘Strepet’).

The results (IT and III) clearly show that PPV re-
sistance present in the donor ‘Harlayne’ was trans-
mitted to its descendants. Within families, the resis-
tant : susceptible ratio was 39:61 in the ‘Harlayne’ x
‘Strepet’ crosses, 53:47 in ‘Strepet’ x ‘Harlayne’
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3. 4. 5.

—a— ‘Harlayne’ x ‘Strepet’

—e— ‘Harlayne’ x ‘Vestar PPV-M

—x— ‘Orangered’ x ‘Harlayne’

‘Harlayne’ x ‘Vestar PPV-D
—=— ‘Strepet’ x ‘Harlayne’

1: Changes over time in % of plants showing symptoms of sharka disease (after artificial inocu-

lation)

II: Observed and expected ratios of resistant and susceptible plants with regard to the one-gene hypothesis of resistance

Crosses strain expected R:S? h)gzz?t:;zal ObSCZ'J/(’jf R:S 12 pe
‘Harlayne’ x ‘Vestar’ PPV-M 1:1 Aaxaa 23:77 15.87 7x10-*
‘Harlayne’ x ‘Vestar’ PPV-D 1:1 Aa xaa 29:71 6.74 9x10-3*
‘Harlayne’ x ‘Strepet’ PPV-D 1:1 Aaxaa 39:61 4.25 0.04*
‘Strepet’ x ‘Harlayne’ PPV-D 1:1 aa x Aa 53:47 0.13 0.72
‘Orangered’ x ‘Harlayne’ PPV-D 3:1 Aax Aa 47:53 23.21 1x10°6%

*expected resistant : susceptible ratios for one-gene control of PPV resistance

b observed resistant : susceptible ratios

¢ probability of tested hypothesis, * indicates ratio statistically different (p < 0.05) from expected one
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crosses and 47:53 in ‘Orangered’ x ‘Harlayne’ crosses,
after three growing seasons. In the case of ‘Har-
layne’ x ‘Vestar’ it was 23:77 for PPV-M and 29:71 for
PPV-D after five growing seasons. These observed
ratios were compared with expected theoretical ra-
tios.

Tt can safely be said that the one-gene hypothe-
sis seems extremely unlikely (IT) since the most ob-
served ratios are significantly different from those
expected on this basis (IT). However, it can be seen
that, of all the various possible combinations arising
from the two or three gene hypotheses, no clear evi-
dence in support of any one emerges (I11).

seasons because the number of susceptible plants
will almost certainly increase over time. Salava et al.
(2005) scored sharka symptoms over 5 and Karayian-
nis et al. (2008) even 8 consecutive growth periods
in their inheritance studies. In contrast, Moustafa
et al. (2001 a) regarded only two cycles as being suf-
ficient, because in his study the number of suscep-
tible plants did not vary after the second dormancy.
The difference could be caused by the different
growing conditions arising when artificial chilling
treatment is used.

Prunus persica ‘GF305’ is widely recommended as
a woody indicator and test plant for PPV detection.

TIT: Observed and expected vatios of resistant and susceptible plants with vegard to the two or three-gene hypothesis of resistance

expected

observed )

Crosses strain  Genes? R:SP Hypothetical genotype R:S (%)° b pd
‘Harlayne’ x ‘Vestar’ PPV-M 2 1:3 AaBb x aabb 23:77 0.15 0.69
3:5 AaBb x Aabb 4.99 0.03*
3 1:7 AaBbCc x aabbcc 4,98 0.03*
3:13 AaBbCc x Aabbcc 0.53 0.47
9:23 AaBbCc x AaBbcc 0.79 0.37
‘Harlayne’ x ‘Vestar’ PPV-D 2 1:3 AaBb x aabb 29:71 0.32 0.57
BED AaBb x Aabb 1.19 0.28
3 1:7 AaBbCc x aabbcc 9.40 2x1073*
3:13 AaBbCc x Aabbcc 2.59 0.11
9:23 AaBbCc x AaBbcc 0.01 0.91
‘Harlayne’ x ‘Strepet’ PPV-D 2 1:3 AaBb x aabb 39:61 8.66 3x107*
3:5 AaBb x Aabb 0.06 0.80
3 1:7 AaBbCc x aabbcc 53.85  2x10°B*
3:13 AaBbCc x Aabbcc 22.48 2x10-0%
9:23 AaBbCc x AaBbcc 4.81 0,03*
‘Strepet’ x ‘Harlayne’ PPV-D 2 1:3 AaBb x aabb 53:47 7.51 6x1073*
3:5 AaBb x Aabb 1.08 0.30
3 1:7 AaBbCc x aabbcc 32.02 1x10-8*
3:13 AaBbCc x Aabbcc 15.35 9x10->*
9:23 AaBbCc x AaBbcc 5.10 0.02*
PPV-D 2 9:7 AaBb x AaBb 47:53 1.83 0.18
‘Orangered’ x ‘Harlayne’
3 27:37 AaBbCc x AaBbCc 0.63 0.43

*number of genes

b expected resistant : susceptible ratios for two and three-gene control of PPV resistance

cobserved resistant : susceptible ratios

4 probability of tested hypothesis, * indicates ratio statistically different (p < 0.05) from expected one

DISCUSSION

Sharka symptoms may show up as much as 3
years after being inoculated, and this demonstrates
the dangers of prematurely classifying a hybrid as
being resistant (Amenduni et al., 2004). In this study,
sharka symptoms were scored for 5 years in one of
the crosses and for 3 years in the three others. Even
so, the number of susceptible hybrids continued to
increase even after the fifth dormancy. Therefore it
will be necessary to continue evaluating the progeny
that have been observed so far for only 3 growing

It was used in this study for top-grafting onto the de-
scendants of the ‘Harlayne’ x ‘Strepet’, ‘Strepet’ x
‘Harlayne’ and ‘Orangered’ x ‘Harlayne’ crosses. Af-
ter the first dormancy the contingency coefficients
of sharka symptom severity on the apricot part and
‘GF305' were not high. We expect the coefficients to
increase after another cycle of dormancy.

Published studies suggest that resistance to PPV in
apricot may be controlled by one, two or three genes.
This diversity of opinion may be caused by the small
numbers of descendants tested, the length of time
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over which evaluations were made, time of year, en-
vironmental conditions or the health and vigour of
the plants influencing the expression of symptoms
and virus multiplication. It must also be remem-
bered that a plant’s reaction to a virus depends not
only on the plant but also on the virus, since there
are known to be differences in the epidemiological
behaviour of the different strains (Candresse, Cam-
bra, 2006).

The apricot cultivar ‘Harlayne’ has rarely been
used to study inheritance of resistance to PPV. Krska
etal. (2006 a) studied two lines where ‘Harlayne’ was
crossed with the susceptible cultivars ‘Lejuna’ and
‘Vestar’. He proposed three complementary domi-
nant genes to explain PPV-M resistance. Our results
show the difficulty in proving the validity of anyone
hypothesis to explain the genetic control of PPV re-
sistance in ‘Harlayne’. A hypothesis of two dominant
genes, which received the highest probability rat-
ing (0.69) in the ‘Harlayne’ x ‘Vestar’ progeny using
the PPV-M strain, can not be rejected. Although pri-
marily based on an examination of the progeny de-

rived from the ‘Orangered’ x ‘Harlayne’ cross, the hy-
pothesis of three dominant genes fits the results
better, if ‘Harlayne’ is assumed to be heterozygous
for all three genes. Furthermore, PPV resistance in
‘Stark Early Orange’, another cultivar resistant to
PPV, also involves at least 3 dominant heterozygous
genes (Guillet-Bellanger, Audergon, 2001) and, in-
terestingly, the behaviour of the GFP-tagged PPV in
both these two cultivars was shown to be similar by
Ton-Nagy et al. (2006).

The fact that plants with different degrees of sus-
ceptibility or resistance can be found, and that this
can be measured quantitatively, appears to support
the hypotheses proposed here about the oligogenic
inheritance of resistance to PPV. In addition, the re-
sults obtained from a separate study involving quan-
titative trait analysis of resistance to PPV in the ‘Har-
layne’ x ‘Vestar’ cross and in which two regions were
identified as being involved in resistance to PPV-D
and three for PPV-M, lend further support to this
theory (Pilafova et al., submitted).

SUMMARY

The aim of this study was to improve knowledge of the inheritance of PPV resistance in apricots for use
in future breeding programmes. Four different F1 progeny, where the cultivar ‘Harlayne’ was used as
a donor of resistance, were studied. The plants from these four lines were inoculated with the PPV-M
and PPV-D strains. The scoring of leaf symptoms was performed at least five times in each growing
season. DAS-ELISA tests were performed twice each season to confirm the presence or absence of
the virus in the plants. The presence or absence of PPV infection was monitored over the following 3,
in some cases 5, consecutive growing seasons. If the hybrid plants showed no sharka symptoms and
the ELISA test was negative throughout the whole period of evaluation, they were considered to be
resistant. The first, mild symptoms of sharka disease appeared in the same year as the inoculation,
but the incidence of PPV was much higher after the first winter dormancy. Subsequently, the num-
ber of plants classified as susceptible increased every year until the fifth year following inoculation.
Association coefficients between the presence of symptoms and a positive ELISA test were high. Af-
ter the three or five years of evaluation, the ratio of resistant to susceptible plants in the F1 progeny
was calculated for each line. Within lines, the resistant:susceptible ratio was 39:61 in ‘Harlayne’ x
‘Strepet’, 53:47 in ‘Strepet’ x ‘Harlayne’ and 47:53 ‘Orangered’ x ‘Harlayne’ after three growing seasons.
In the case of ‘Harlayne’ x ‘Vestar’ it was 23:77 for PPV-M and 29:71 for PPV-D after five growing sea-
sons. These ratios were compared with theoretical ones using the y?-test. The results obtained from
this study of four apricot crosses fit the hypothesis of three dominant genes to explain the inheritance
of PPV resistance (p=0.91 and p = 0.43, the highest p in ‘Harlayne’ x ‘Vestar’, PPV-D and ‘Orangered’ x
‘Harlayne’ progeny), with ‘Harlayne’ being heterozygous for all three genes. However, the alternative
hypothesis of just two dominant genes can not be completely rejected just yet (p = 0.8 and p = 0.69,
the highest p in ‘Harlayne’ x ‘Strepet’ and ‘Harlayne’ x ‘Vestar’, PPV-D, progeny).

SOUHRN
Dédi¢nost rezistence merunck k viru Sarky $vestky u potomstev odrtidy ‘Harlayne’

Cilem této prace bylo ur€it pocet genti rozhodujicich o dédiénosti rezistence merunék k sarce sves-
tek, které by mohly byt vyuzity v dalsich slechtitelskych planech. Za timto ti¢elem byla vybrana ¢tyti
potomstva, u nichz byla odrtida ‘Harlayne’ pouZzita jako zdroj rezistence k tomuto viru. Jedinci téchto
potomstev byli inokulovani kmeny PPV-M a PPV-D.

Pozorovani symptomt na listech bylo providéno minimalné pé&tkrat za vegeta¢ni sezonu. Pro po-
tvrzeni p¥itomnosti nebo absence viru 3arky Svestky v rostlinach byl pouzit DAS-ELISA test, ktery
byl provadén dvakrit béhem vegetaéni sezony. P¥itomnost infekce viru Sarky $vestky byla hodnocena
po dobu tif nebo péti vegetaénich sezon. Na zédkladé ziskanych vysledkd béhem pozorovani a testo-
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vani byli jedinci rozdéleni na rezistentni a citlivé. Za citlivé byli povazovani ti, na jejichZ listech se bé&-
hem doby hodnoceni ukézaly pfiznaky 3arky a/nebo vysledky ELISA testu byly pozitivni.

Prvni mirné p¥iznaky Sarky se objevily jiz v roce inokulace, ale sila p¥iznakt byla mnohem vétsi
po prvni dormanci. Po¢et citlivych jedincti p¥ibyval kazdy rok a to i patym rokem po inokulaci. Zavis-
lost pFitomnosti symptom a pozitivniho vysledku ELISA testu byla vysoka.

Po tfechnebo pétiletech hodnoceni byl vypoé&itin pomér mezi rezistentnimi a citlivymi jedinci v jed-
notlivych populacich. V populacich byl pomér rezistentni: citlivy po t¥ech letech hodnoceni nasle-
dujici‘Harlayne’ x ‘Strepet’ 39:61, ‘Strepet’ x ‘Harlayne’ 53:47, ‘Orangered’ x ‘Harlayne’ 47:53, v pfipadé
populace ‘Harlayne’ x ‘Vestar’ po péti letech 23:77 pro kmen PPV-M a 29:71 pro kmen PPV-D. Tyto
poméry byly porovnany pomoci y2-testu s teoretickymi. Ze ziskanych vysledkii ¢tyf potomstev nelze
jednozna¢né urtit, zda rezistenci k Sarce svestky kontroluji dva (p = 0.8 ap = 0.69, nejvy33i hodnoty p
u potomstva ‘Harlayne’ x ‘Strepet’ a ‘Harlayne’ x ‘Vestar’, PPV-D) nebo t¥i (p = 0.91 a p = 0.43, nejvy3si
hodnoty p u potomstva ‘Harlayne’ x ‘Vestar’, PPV-D a ‘Orangered’ x ‘Harlayne’) dominantni geny.

PPV, 3arka 3vestky, Prunus armeniaca L., $t€pny pomer, slechténi
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