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Genetic variability and preliminary heritability estimates
of resistance to scab ( Veniuria inaequalls)
in an apple genetics population
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Abstract The genetic diversity of scabWénturia
inaequalis(Cke.) Wint.) resistance was studied oHNTRODUCTION
two of the four sublines of the HortResearch Applg
Genetics Population. Subline 91 consisted of 239.43 _

94 consisted of 75 families and was evaluated in §ghe fryit. Prevention and eradication are difficult
3rd leaf at Havelock North. A total of 253 familie ecause of the necessity of careful timing of

were derived from open-pollinated seed from appfgngicide applications. An effective, long-term

cultivars Malus x domesticaBorkh.), as well as girateqy for control of scab is the development of
crabapplesNlalus spp.) from various countries, in-egjstant cultivars, thus reducing the reliance on
cluding 52 families derived from seed collected ighemical sprays.

Kazakstan. The other 36 families resulted from con- |, 5 recent review on the topic, McHardy (1996)
trolled crosses. Seedlings at two sites (Havelogiscribes the development of scab resistant apple
North and Riwaka) were individually rated on a 1Qs tjyars sincevalus floribundag21 was identified
point scale (from 0 = not infected to 9 = very highlyg 5 source of resistance (Hough 1944). Currently,
infected) for the amount of scab on the leaves (Wost of the resistant commercial appie cultivars
sites) and fruit (one site only) after natural mfectloggarry the major gen¥, that was identified itM.

in orchards where_ no fungicides were applied in thg ripunda 821 (Crosby et al. 1992). Another 10
season of evaluation. The overall average scab SCAependent apple scab resistance Mg ¥, Vi,

was 1.61 for the open—pqlllnated famllles Wlth/fh, Vg, Viz, Vg, Vionsi Vins @ndV;) have been named
known provenance in subline 91, with the lowegf 5rens & Lespinasse 1996; Bénaouf & Parisi
score for the families from the Netherlands (1.0 000; Bus et al. 2000). However, the identification
followed by Denmark (1.27) and Sweden (1.30). F@f yirylent races of/. inaequalisovercoming several
- of the resistance genes (McHardy 1996), including
H01056; published 14 June 2002 the Vi gene (Pa_lrisi et al. 1993), is an indi_cation of
Received 26 November 2001; accepted 12 April 2002he risk of resistance breakdown to which apple
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cultivars with single resistances are exposed. TH@kanson et al. 1997), 16 from OP seed of apple
risk of resistance breakdown stresses the needcudtivars, and five from controlled crosses between
search for alternative sources of genetic resistanapple cultivars. The provenances of the accessions
and to develop cultivars with gene combinationsere assigned according to the origin as reported in
resulting in durable resistances. the literature (e.g., Smith 1971), not according to the
At the Horticulture and Food Research Instituteountry from which the seed was received.

of New Zealand Ltd (HortResearch), an apple For subline 91, 4768 seedlings representing all
genetics population has been developed to establedidl families (1-90 (mean c. 22) seedlings/family)
and maintain biodiversity for cultivar developmenivere present at Havelock North, and 2388 seedlings
(Noiton & Alspach 1996), as well as to study genetiepresenting 172 families (4-58 (mean c. 14)
aspects of important traits (Noiton & Shelbournseedlings /family) were present at Riwaka. Subline
1992). This population is anticipated to provid84 at Havelock North had 1828 seedlings in 72
novel sources of monogenic and polygeni@milies (1-100 (mean c. 25) seedlings/family). The
resistances to a range of pests and diseasestfees were planted at a distance of 8.75 m as
application in a long-term breeding strategy bassthgle-tree plots in randomised incomplete blocks of
on recurrent selection. Hence the value of the Ap#8 trees allocated using the “Designer” software (K.
Genetics Population is determined by the new geriRassell, University of Wollongong, NSW, Australia
for resistances as well as for other charactgwers. comm.). Although usually less of an issue with
(Oraguzie et al. 2000; Oraguzie et al. 2001) it diseases than pests, natural infections can often be
providing for incorporation into the HortResearclinevenly distributed, which can create problems in
breeding programme. This paper reports on tllata interpretation. Nevertheless, Alspach & Bus
evaluation of part of this population for apple scati999) showed that the small block size of 20 trees
infection, and the preliminary estimation of thevas adequate to manage the observed patchiness of
heritability of resistance to this disease. woolly apple aphid infestation in the Apple Genetics

Population.

The seedlings were maintained under a low

insecticide and fungicide program, which was ceased
MATERIALS AND METHODS from the second half of the growing season (i.e.,
. . . from January). To enhance natural infection, no
Plant material and disease evalu:_;mon ~ fungicides or insecticides were applied during the
The HortResearch Apple Genetics Population i$97/98 growing season when the scab assessment
divided over four sublines designated 91-94, whefigys done. Subline 91 was evaluated over the period
the number denotes the year when the seeds wgre3 pecember 1997 at Havelock North and 18-24
sown. The population was established in orchardsgécember 1997 at Riwaka, and subline 94 over the
three HortResearch sites (Havelock North, Riwak?eriod 12-15 January 1998.
and Clyde) in years 1993-96. In this study, apple |n a preliminary evaluation of c. 100 trees, a
scab evaluations were performed on the sublines@&thod consisting of counting scab lesions in a 10-s
and 94 at Havelock North (39°40176°53F), and period on the leaves of a randomly selected branch
subline 91 at Riwaka (41°(173°00E). The trees of similar size from each tree was trialled. As this
at Clyde were not assessed as scab infection wasthod was too laborious, we decided to develop a
extremely low. Subline 91 consisted of 214 families0-point scale from these data to estimate the density
in their 6th leaf, 183 of which were derived fronof the scab lesions on the leaves from 0 (no infection)
open-pollinated (OP) seed from a range of appie 9 (multiple lesions on most leaves). At Havelock
cultivars Malus x domesticaBorkh.), as well as North, leaf assessments were performed by two
crabapplesNlalus spp.) from various countriespeople: the first five rows of subline 91 by one, and
(Noiton & Shelbourne 1992). Thirty-one familieghe remaining 12 rows and subline 94 by another. At
resulted from controlled crosses where germpladRiwaka, the assessments were carried out by a third
received in the form of pollen was crossed onfgerson, using the same scale for the leaf assessments.
randomly selected apple cultivars in the HorfFhe latter also separately estimated the proportion
Research repository. Subline 94 consisted of @b the fruit infested (multiplied by 10). Other fruit
families in their 3rd leaf: 52 of which were derivediata were collected separately as part of the wider
from seed collected from wild populations in fouobjective of the genetics programme (Oraguzie
regions of Kazakstan in 1993 (Forsline et al. 1998t al. 2000).
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Statistical analyses k is the coefficient of relationship (Falconer &
Mixed effects models were fitted to the data; ~ Mackay 1996). Witm pollen parents per family:
-1
Vit = MtS+S; [Bj+P+P/Fi+Sx(Pi/F)) + € (1) k= %,25+%g
n

whereyj,, was the leaf or fruit scab score for the tree, . . _
from thelth family F of thek!" provenance® planted Which is 2 whem =1 (FS) and tends to 4 asends

in thejt incomplete blockB within theith evaluation to infinity. We have calculated the heritabilies for the

. ; - hole interval ofk, as well as fok = 2.67, which
site S Sites, provenances, and families wer8 o o P
modelled as fixed effects; blocks were taken gguates ta=2.1. Atthis value fok, the heritability

random. The model was fitted to each subling either overestimated at a maximum of 33% if
) Ectualn =1, or underestimated at a maximum of 33%

independently and, within each subline, the full-sil ractual n'= e Standard error estimates of the

(FS) and OP families were treated separately. itabilities were derived from Dickerson’s method
subline 91, data from each site were fitted separat - ; , X
| obtaining estimates of the variance of a ratio as

and together. Where applicable, a reduced mo .

was fitted (e.g., subline 94 had no site componen?}l.gr%?tendubmybIZ'retg:cs ?rteilé(lgg?)'fam” varied
Family means, computed from the restriCthonsiderabl from 1 to 100pTo checlgthat low

maximum likelihood (REML) analyses, were subjecct Y: y

to one-way analyses of variance to examif&Plication was not unduly influencing the
provenance differences. In addition, mean scor ﬁl’ltablhty estimates, some of them were computed

were ranked, and the confidence intervals for ea eRrEe,\)/iEI_lé:l'gg dfaergtlitﬁ;tgvrl;h;r%urro%rulsetstso t\r/(ie(izﬁons
rank determined by bootstrapping the residuals. Th . : .
residuals from the REML analysis were re-sampl the normality assumption (Dieters et al. 1995).

with replacement and added fo the means to giv qwever, this robustness does not necessarily apply

new data set of the same size as the original. Sim q‘?;[rrr]nztssStI‘Ir'?ﬁtseSfocr)fsé?seo?tjaarlga\l/\r/ﬂe?ér?hrs rgfsi(t:itZI
family means were then computed from this ne ' '

data set, and ranked. The difference between the W indicated a severe deviation from the normal
rank and the original rank was calculated. TH istribution, jackknife estimates of the standard

procedure was repeated 100 times. The lower boufjiC"s Were derived. The jackknife estimator for the
was determined by taking the mean of those rank ndard error of the heritability estimatéis
lower than the original and half the exact matche§y /N , where:
and the upper bound by averaging those ranks higher N 2
than the original and half the exact matches. This ig} =(N —1)z(h2 —th) :
a modification of the method suggested bN . = .
Andersson et al. (1998). is the number of families;
We tabulate the means of the better families onl¥]2 _3 W /N: and
i.e., those which ranked in the top 15% for both the" = 2 »an

upper and lower bound. h? is the estimator d2 computed with thé" group
L L removed (e.g., Buzas 1997).
Estimation of heritabilities All statistical analyses were undertaken using S-

Preliminary heritabilities were estimated to assepg US Ver 3.3 (Statistical Sciences 1995).
the potential value of this germplasm in scab resis-

tance breeding before further investments were made

into the programme by commencing the intendﬁg

recurrent selection process (Noiton & Shelbour ESULTS
1992). Heritabilities were computed from the vari

: . Mean scab scores
ance components, estimated from Equation 1 usi

s . . .
REML analyses with families as a random effect, aggr subline 91, mean scab scores (excluding families
with less than four trees) ranged from 0.00 to 4.29

b2 kx o2 for the OP families; and 0.01 to 2.75 for the FS
- Ggota] ) families of subline 91. Pearson’s correlation

coefficient between the family means at the two sites
whereo? is the variance among families withinwas 0.59 (145 degrees of freedom (d.f.)) for the OP
regions,0?, is the total phenotypic variance, andamilies, but only 0.24 (17 d.f.) for the FS families.
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Table 1 Numbers of open-pollinated families, andn this subline, 22 of the 214 families were either
average family mean scab score and standard error (%Rpwn to be crabapples or could be classified as crab
calculated from the leaf infection data from both sites fqype on the basis of fruit size. The mean scab score
the Va”OL('jS. accbellssgns with known provenancgg g| the crabapple families was not significantly
represented in subline 91. different from that for all the other families (1.76
versus 1.99 respectively= 1.14,P = 0.258). The

No. of Mean scab . .

Provenance families score sg Mean scab score differed among provenances in
subline 91 1 148= 3.65,P < 0.001) (Table 1). Of
Netherlands 26 1.03 0.158 the 159 families with known provenance, the 26
Denmark 15 1.27 0.207 families originating from the Netherlands had the
g‘;"ggﬁé‘slovama 95 11'3;% %23%% lowest mean score at 1.03, followed by the two
' Tao Scandinavian provenances represented. The small

France 37 1.53 0.132 b
Malus pecies 9 1.86 0.268 number of families from Canada and Germany had
USSR 22 1.91 0.171 relatively high mean scab scores. That folladus
Poland 3 1.93 0.464 species was near the general mean.
United States 26 2.10 0.158  For subline 94, the mean scab score (excluding
Germany 3 2.23 0.464 families with less than four trees) ranged from 1.26
Canada 4 2.21 0.402 15 5.00 for the OP families; and from 2.29 to 5.11
General mean 1.61

for the FS families. There was no detectable
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Fig. 2 Relationship between the ©
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difference among the four regions of Kazakstateritability estimates

\(/Z‘;’i‘gn:cg.ggf;n:e(?.t?;?%i?&ir?g?etgiinim;sng-;:glc?onrhe level of scab on the apple leaves was similar for
effect was negligible. The mean score for the%ﬁe two sublines at Havelock North (Fig. 1A,D).

i 0,
regions was 2.60, very close to that for Malus owever, the level at Riwaka, where 78% of the

species in the Havelock North population of sublinfkees had no scab, was much lower (mean = 0.7; Fig.
91. The mean score for the OP families of subli B). N . . .

94 derived from apple cultivars was 3.57, mUCTh T_h_e her_|tab|l|ty estimates derived afterexcll_Jd!ng
higher than that for the Kazakstan familiesdlue, amilies with less than four trees were very similar
modified for unequal variances, = 3.45= 0.003). to those obtained when all families were used (data

The fruit scab score was much higher than th@@t Shown). Thus, unless otherwise mentioned, the
for leaves (subline 91, Riwaka: 2.1 versus 0.7) (Figuoted heritabilities were estimated using all relevant
1B,C). There was a relationship between leaves dadilies. .
fruit for the family mean scab score, although the For subl_me 91, four families were excluded fro.m
fruit score was more discriminatory at low levelghe analysis, as they were the only representatives
(Fig. 2). Over 80% of the families had a mean fru@f their provenance. Other provenances were
scab score within 1 of that predicted from the me#&@presented by between three and 37 families.
leaf scab rating. Heritabilities based on the leaf infection data of

Over both sublines, 31 families (c. 10% in eadhe half-sib OP families were up to 0.32ko¥ 2.67,
of the sublines) met the criteria described iand up to 0.48 whek tends to infinity (Table 3).
the previous section based on their mean scotdswever, those for FS families of subline 91 were
(Table 2). considerably lower, and did not differ significantly
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Table 2 Number of treesn), mean family scab scores, and rank for families in the top 15% of both the lower and
upper bound of the rank based on the leaf infections. Refer to the text for details of the computation of the bounds.

Female Male Lower  Upper
parent parent n Mean Rank bound  bound

Subline 91

Open-pollinated

families
Grote Zoete 5 0.00 1 1 15
White Angel 35 0.11 2 2 8
Cusset 4 0.27 3 2 28
Schneeappel 6 0.30 4 2 25
Russian apple 12740-7A 12 0.30 5 3 19
Malus sylvestris 15 0.40 6 4 22
Pigeonnet Rouge 17 0.41 7 4 23
Malus floribunda 41 0.44 8 6 22
Lunterse Present 9 0.45 9 5 31
Maglemer 46 0.46 10 7 20
Rode Tulpappel 10 0.49 12 6 39
Malus x atrosanguinea 42 0.52 13 9 24
Hans Trio 11 0.53 14 7 41
Geelzoet 71 0.55 15 11 24
Schoéner von Wiltshire 8 0.56 16 7 51
Racine 19 0.56 17 11 37
Lunterse Pippeling 16 0.57 18 10 42
Zure Kroon 71 0.62 19 15 30
Tayeshnoe 36 0.64 20 14 36
Full-sib families
Bisquet Cider Judor 1 0.00 1 1 7
Fuero Rous Jeanne Renard 11 0.01 4
Gloire de Ponchartrain Bruyére 46 0.47 4 3 6

Subline 94

Open-pollinated

families
GMAL3560 4 0.91 1 1 10
GMAL3546 7 1.26 4 3 15
GMAL3527 25 1.45 5 4 12
GMAL3530 27 1.62 6 4 14
08-02baccata 24 1.64 7 5 15
GMAL3566 7 1.64 8 5 24
GMAL3550 12 1.65 9 6 18
GMAL3537 11 1.82 13 7 23

Full-sib

families
Joybells Beacon 80 2.29 1 1 1

from zero. The fruit infection heritability estimate The distribution of the residuals of the Riwaka
of the OP families of subline 91 at Riwaka waslata of subline 91 and the Kazakstan collection of
somewhat lower than that for leaves (Table 3), batibline 94 both indicated non-normality. The former
were not significantly different. The fruit herita-reflected the high proportion of non-infected trees,
bility estimate was negligible for the FS familiesand the latter exhibited a skewed distribution.
The heritability estimate was low (0.12) for theJackknife standard error estimates were larger (Table
Kazak group within subline 94. However, thed), and, for the Kazakstan collection, more in line
heritability estimate for all OP families was similamwith the other data sets.

to those computed for the OP families of subline 91 For subline 91, when data from both sites were
(Table 3). used, the among family variance could be compared
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Table 3 Estimates of the heritabilities of apple scab resistance and their Dickerson’s and jack-
knife standard errors, as computed for various subsets of the leaf and fruit (Riwaka, New Zealand,
only) infection data. For the open-pollinated families, the estimates for both the r&{ge4fand

k =2.67 are presented.

Heritability Standard errors
Families Site Range Dickerson  Jackknife
Subline 91
Open-pollinated  Riwaka
Leaves 0.23-0.45 0.30 0.045 0.104
Fruit 0.15-0.29 0.20 0.046 0.083
Havelock North 0.23-0.47 0.31 0.024
Both 0.22-0.44 0.29 0.053
Full-sib Riwaka
Leaves 0.07 0.046 0.146
Fruit 0.06 0.052 0.120
Havelock North 0.11 0.065
Both 0.12 0.097
Subline 94
Open-pollinated  Havelock North 0.24-0.48 0.32 0.048
Kazakstan Havelock North 0.09-0.17 0.12 0.004 0.074
Full-sib Havelock North 0.37 0.281

with the site by family interaction variance. For thdindings, it is questionable whether repeated field
OP families, the former was an order of magnitudebservations over several years would have
larger than the latter (0.384 versus 0.046). When tleproved our estimates. An alternative would have
FS families were considered, the among-familypeen the use of glasshouse screening. However, no
variance was still larger, but the magnitude of theeliable technique was in place at the time of
difference was much smaller (0.108 versus 0.063gstablishment of the Apple Genetics Population.
Also, the use of this method on its own has its
limitations (Lamb & Hamilton 1969; Kellerhals et
DISCUSSION al. 1993; Heaton et al. 1995; King et al. 1998).
. . We found no difference among the four different
Disease evaluation regions of Kazakstan and negligible variance among
We were examining germplasm for field resistanceegions for mean infection severity. This finding is
to scab, and relied entirely upon natural infectiorbroadly consistent with that of Lamboy et al. (1996),
Scab is widespread within the two apple-growingvho found 85% of the enzyme variability present in
regions of New Zealand that we consideredtheir Kazakstan populations was attributable to
However, the levels of infection in Riwaka were lowamong family within region differences. They
because of the unusually dry 1997/98 growingoncluded that the diversity could be effectively
season (Fig. 1). This necessitated more computesptured by sampling a few large populations. Our
intensive methods for computing the standard erroresults support this conclusion with respect to scab
of the estimates, and probably higher standard errakssistance/susceptibility.
as well. Nevertheless, the actual heritability Our study confirms the correlation between fruit
estimates were consistent across both sitesnd leaf infections (Lateur & Populer 1994, 1996;
suggesting that even at low infections rates th8chmidt 2000). However, whereas scab infection
estimate of heritability was robust. Althoughratings for fruit were consistently higher than those
infection levels at Riwaka were low, the mearfor leaves in our study (Fig. 2), under the European
infection scores for the OP families within each sitgonditions the reverse generally was true, except for
were well correlated between the sites (Pearsord®me accessions of the russeting type (Lateur &
correlation coefficient: 0.59). In light of thesePopuler 1994).
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Heritability estimates Some of the germplasm evaluated in this study

An incorrect value for the coefficient of relationshigontained major genes, which would have inflated
k would lead to a bias in the heritability estimatdhe heritability estimates. Three_of the families with
Because the number of pollen parents is unknowhe lowest mean scores (Russian apple 12740-7A,
there is uncertainty in the heritability estimate¥- floribundaandM. x atrosanguinepare known
additional to that estimated by the standard errofS. Carry major gene resistances to apple scab
However, by choosing = 2.67, we have reduceg(Laurens & Lespinasse 19_96). Since most of the
the error in the estimates to a maximum of +3394azak accessions from which seed were collected
The large discrepancy between the OP and B§re actually (heavily) infected with scab (F'orsllne
heritability estimates apparent in subline 91 cann®t al. 1993) although they were not in our
be attributed simply to an inappropriate choick ofévaluations, it is most likely that major genes are
as the FS heritabilities were outside the range fivolved here, too. The ubiquitous presence in the
those of the OP families (Table 3). It would appe&r@Zak germplasm of genes causing mainly stellate
that the 91 FS families represent a populatidhPe reactions was confirmed in greenhouse
which is substantially different from the populatiof€valuations of seedlings grown from seed collected
represented by the OP families of that subline, @t the 1995 and 1996 expeditions into Kazakstan
least with regard to heritability of scab resistancé-uby et al. 2001). Some obvious major gene
The heritability estimate derived from only théesistances were confirmed in testcrosses and are
Kazakstan collection of subline 94 was relativel§€ing introgressed into the eating apple by taking a
low. The difference in heritability estimates ignodified back-crossing approach.
essentially attributable to differences in the among- The variance among families was much larger
family variance, since the residual variance will b&an the site by family interaction variance (by an
about the same. Thus, the increased estim&@er of magnitude for the OP families). Shelbourne
obtained by including the 16 OP families from appl@-972) has suggested that if the latter variance is less
cultivars, suggests that such families contribute ex#f@n half of the former, the interaction effect is not
heritable diversity. However, this diversity was in thef practical importance. This was certainly the case

direction of greater Suscep“b'“ty to scab. for the OP families, and for the FS the interaction
o . _ variance was only a little over half that among
Heritability and resistance breeding families. Thus, selection for scab resistance at one

Although there are many reports on the evaluatigif€ should be sufficient, unless significantly
of apple germplasm for its resistance to sca#ifferent strains of scab were present at the different
including extensive evaluation of old varieties (e.gsites, which would necessitate the selection across
Lateur & Populer 1996), reports of genetic studigsrange of sites. This may not be the case in New
on this character concerning other than major geré@aland, where the fingerprinting uf inaequalis
have been few and often involved a limited numbigolates showed relatively little genetic variation
of accessions (e.g., Hough 1944; Blazek & Voritom region to region (E. Rikkerink pers. comm.).
dracek 1977; White & Bus 1999). In our large-scale Another issue with the scab fungus is that
study, we found the estimated heritability of scagelection for resistance in the Apple Genetics
resistance to be c. 0.3kat 2.67, which is moderate, Population may be complicated as some of the newly
but sufficient for the efficient development of nevintroduced accessions may prove to carry resistances
apple cultivars with durable resistance. We includébat are merely ephemeral because no selection has
both crab types arld. domestican our heritability occurred for the associated virulences in the New
estimates since our breeding program involves suégalanaV. inaequalispopulation (MacHardy et al.
inter-specific crosses; i.e., our reference populati@®01). However, gene pyramiding is expected to
contains the high level of genetic diversity requireenhance the durability of resistances in apple
for effective recurrent selection (Fehr 1987). HencgGessler & Blaise 1994; Laurens & Lespinasse
these estimates may be inappropriate for a breedit#96). This strategy has been shown effective in, for
program restricted to using or§. domesticaThis example, breeding for blast (Correa-Victoria &
is exemplified by the low heritability of the FSMartinez 1995) and blight (Huang et al. 1997)
families in subline 91 (Table 3) involving only. resistance in rice, and blackmold resistance in tomato
domesticaparents, where limited diversity would(Robert et al. 2001).

restrict potential progress in scab resistance The Apple Genetics Population forms the basis
breeding. of a recurrent selection program (Noiton &
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Shelbourne 1992) in which scab resistance is one@bsby, J. A.; Janick, J.; Pecknold, P. C.; Korban, S. S.;
the selection criteria. Individuals have been selected ~ O'Connor, P. A.; Ries, S. M.; Goffreda, J.;
from the families from most sublines to develop new ~ Voordeckers, A. 1992: Breeding apples for scab
families for the second phase of genetic studies and ~ 'esistance: 1945-199@xuit Varieties Journal
population improvement (Oraguzie et al. 2000; 46(3) 145-166.

Oraguzie et al. 2001). The intention is to developQieters, M. J.; White, T. L.; Littell, R. C.; Hodge, G. R.
selection index to improve the genetic gain and 1995 Application of approximate variances of
breeding efficiency based on heritability estimates ~ Variance components and their ratios in genetic

and genetic correlations supported by genetic marker tlessfgfheoretical and Applied Genetics :91

studies.
Falconer, D. S.; Mackay, T. F. C. 1996: Introduction to
guantitative genetics. 4th ed. Essex, United
Kingdon, Longman.
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