HorTScience 30(2):325-328. 1995. duced in the Stanthorpe apple breeding pro-
gram. Several quantitative methods that can

Heritability and Patterns of P i o o s st
Inheritance of the Ripening Date Materials and Methods
Of Ap p | es Parent cultivars and hybridizationBipa-

rental hybridizations were done among 13

early, mid-, or late-maturing apple cultivars
Stephen J. Tancred and Aldo G. Zeppa from 1964 to 1970The parents were selected

Department of Primary Industries, Granite Belt Horticultural Research StatiQl;,, the best available in Australia at the time

P.O. Box 501, Stanthorpe Q4380, Australia (Table 1).Two of the cultivars are full-sibs
(‘Milton’ and ‘Early Mcintosh’), but no ge-
Mark Cooper . . . . netic relationship is known to exist between
Department of Agriculture, The University of Queensland, Brisbane Q4% of the othersThirty-six families were
Australia produced with an average size of 286 indi-
. vidual trees (range 16 to 110The seedlings
Joanne K. Stringer were field-planted between 1966 and 1971.
Bureau of Sugar Experimental Stations, P.O Box 86, Indooroopilly Q4088y two sets ofeciprocal crosses were made,
Australia ‘Milton’ x ‘Early MciIntosh’ and ‘Golden De-
licious’ x ‘Jonathan’.
Additional index wordsMalus domesticaapple breeding, heritability, combining ability Planting designBecause the primary aim

was to select suitable cultivars for commercial
use, there was no planned trial layout or repli-
cation for the purposes of this studyrees
within a family were planted beside each other
8n orchard rows each yeatowever, because
several crosses were made over a number of
years, complete families were not always
nted together.
Population managemengeedlings were
evaluated for ripening date every 2 to 5 days
during the harvest perioRipening date was
Apple breeding is a long-term and costlyThis, too, is the case for the Stanthorpe praietermined by subjective assessment of fruit
process due to the long juvenility period angrram.However, genetic parameters have beegexture, flavor, blush color, and background
the large size of mature apple treadswever, usefully estimated in this manner for severatolor. Seedlings were culled or further propa-
because apples are vegetatively propagatedyae fruit crops (Abe etal., 1993; Dicenta et al gated after several years of consistent perfor-
selected cultivar is genetically fixed and car1993; Hansche et al., 1966, 1972a, 1972lmance.Seedling trees were observed crop-
have industry use for hundreds of years (Browimlhompson and Baker, 1993), and we adoptpging for 3 years, on averag&bout 16% of the
1975). similar strategy. seedlings planted never cropped amdre
Stanthorpe is Australia’s earliestapple pro- Only a few studies have been made oflisregarded in all calculation®bservations
duction district, and a breeding program waapple ripening date, and they all concluded ivere made from 1973 to 1985, when the
initiated to enhance this market advantageshowed polygenetic inheritanc€rane and orchard was removed.
The Queensland Dept. of Primary Industriekawrence (1933) observed that no sharply Seasonal adjustment®ue to weather
began apple breeding at Stanthorpe in 1964 thiscontinuous variation occurred and that theariation between years, the harvest date for
produce new red dessert cultivars that maturedajority of progeny ripened between the parany particular genotype may vary from year to
before ‘Jonathan’, the standard early cultivaents. Howlett and Gourley (1946), Bishop year.These year effects were considered to be
and that were of a higher quality than th€1951), and Davis et al. (1954) concurred witliixed effects in the analyse$o account for
commercially available early cultivar&e- this finding, but Hartman and Howlett (1942)these effects, each year was assigned an earli-
cause the eating quality of early season applésund transgressive segregation with a consighess or lateness factor from the harvest dates
is often inferior to that of mid- and late-seasorrable percentage of progenies earlier than tle standard cultivars on the research station
apples, the breeding plan had the two parallelrly parentand some later than the late pareand on district farmsThis factor ranged from
objectives of earliness and high eating qualityBrown (1960) found the progeny mean on
Three cultivars that mature before ‘Jonathardverage 2weeks earlier than the midparentrable 1 Ripeni .
have been released from the Stanthorpe prealue, except for crosses involving very late Ripening date of 13 apple cultivars used as
ave . pe p ' p g y parents at Stanthorpe, Australia. Ripening date
gram: ‘Earlidel’, ‘Summerdel’, and ‘GB 63- parents, where the progeny mean was up t0 2 gypressed as day relative to ‘Jonathan’.

Abstract. A major objective of the apple Malus domesticaBorkh.) breeding program in
Stanthorpe, Australia, is to develop early ripening, high-quality cultivarsThe heritability
and inheritance of ripening date was investigatedregression of offspring on midparent
harvest dates and estimation of best linear unbiased predictions for parents were used t
demonstrate that apple harvest date is highly heritablePredominantly, additive genetic
components of variance are responsible for the variatiorDespite the existence of some
specific combining ability variance and some non-normal family distributions, the best la
strategy for a breeder to predict the harvest date of progeny is to calculate the mean harvesP
date of parents.

43’ (Tancred et al., 1994). months earlier than the midparent mé&mown - —
Because quantitative studies of fruit genett1975) reviewed the breeding and genetics dtarental cultivar Ripening date
ics have usually been done retrospectivelgpples and Brown (1992) has reviewed th&tark's Earliest -45
from breeding program data, they often lack mheritance of Mendelian traits in applégay Milton —43
specific design for estimation of heritability. et al. (1990) have describédalus spp. ge- Ezﬂi’e%ﬂptosr‘ :gé
netic diversity. Ruby Genzl _34
_ Breeders at Stanthorpe hoped that by hy-4rrington Red _33
ReC(_elve_d for publication 12 July 19%cepted for bridizing early ripening parents with high-william’s Favourite _30
?“b"c‘?‘t'o.'ﬂ Dec. 1995. We thank Susan K. Browng, iy o ity parents, families would be gener-Earliblaze 26
or reviewing the manuscriphd Halina Kruger and . .
Chandra Smittfor their help with data entry. The ated that had a sufﬁc‘lent numb’er of seedling3onathan 0
cost of publishing this paper was defrayed in part bgat_ matured before ‘Jonathan’, to enable s&ayers I
the payment of page charges. Under postal regullection to be made within these on fruit qualityPelicious 10
tions, this paper therefore must be hereby markezharacters. This study reports the variation i@?alii?/ gem“i;']o“s i?

advertisemensolely to indicate this fact. ripening date within and among families pro-
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14 days early to 14 days lafeor the 13 years entsin forest tree breeding (White and Hodgeano evidence of segregation due to major gene
of observation, it averaged 1.3 days earlyl988).Forest tree breeding shares many of theffects.Thirteen of the 36 families had non-
Harvest dates of individual progeny withinexperimental design problems found in appl@ormal distributions, either due to excessive
families were adjusted by this factor for eactreeding.The Wilk—Shapiro test was under-skewness or kurtosiExamples of two normal
year. Harvest dates for each tree were thetaken to test the normality of the data for eachnd non-normally distributed families are

averaged across yeadsll harvest dates are family (Proc. Univariate; SAS, 1990). shown in Fig. 1.

expressed relative to that of ‘Jonathan’. The mean harvest date of all progeny was
Genetic analysis'he parents used spanned Results and Discussion —10.2 days, which was only 0.6 days earlier

a wide range of maturity periods (Table 1) and than the mean (weighted) of all midparents.

were considered to constitute arandom sample All the individual families showed con- On a family basis, the mean of the 36 families
from the base population accessed by th@uous distribution around the midparentwithwas —13.4 days, which was only 0.9 days
Stanthorpe breeding prograiMarrow-sense
heritability (i) was estimated using the linear 4
regression of year-adjusted offspring perfor- N
mance on the average performance of their
parents, or midparent value (Falconer, 1989).
Three procedures for estimating offsprlng> }
2

. o4
L FAMILY A ¥ + [FAMILY B.
WEAN - - 40 MEAMN — -6

isn:n.g | Sh-1z24 I

502 -
2) the regression of offspring on midparent, in I I
ppp— 0 —

regression technique of Kempthorne and ,,
Tandon (1953)As have been found by others, | PR ¥ v 0.4 . 4
the results of each procedure were similar, and ‘ @- 1 ¥
only the first procedure, the regression of the ! [ER=144

phenotypic mean of all offspring on the>
midparent value, is presented.

The assumption that the effects of enwrona
ment are randomly distributed among the indi&
viduals, so that the environmental correlation
between individuals in a progeny group is zero
(Bohernetal., 1961), is unlikely to be fulfilled. . l
However, since all progeny from a cross were © "' s 5% 2 o "o 20 % "4 i O s a0 e o 0 ez T30 (a0 B0 80 70
not grown adjacent to each other, there is some RIPENING DATE RIFENING DATE
protection against such environmental corregig. 1. Frequency distributions of ripening date in four families of apple seedi)gafifliam's Favourite’
lations.Nevertheless, any environmental cor-  x ‘Early Mcintosh’,(B) ‘William’s Favourite’x ‘Golden Delicious’ (C) ‘Delicious’ x ‘Granny Smith’,
relations that do exist may increase the cova- and Q) ‘Milton’ x ‘Carrington Red’.Only families @) and 8) have normal distributiongrrows
riance among family memberJherefore, indicate parent cultivar ripening dat&ipening date expressed as days relative to ‘Jonathan’.
estimates of genetic parameters should be g
treated with some degree of care.

General combining ability (GCA) effects
of the parents and specific combining abilityLLi
(SCA) effects for all biparental combinations!=
were obtained by applying the method of besgy
linear unbiased prediction (BLUPJhe mat-  n 25 1 A
ing design model is anincomplete diallel with- Z
out reuprocals where:

=ptg+g+s+g and
Y is the phenotypic observation for tiike
progeny member of the famijly;
M is the population mean;
g, is the random variable associated with thﬁ_[
GCA of thejth female; =
g, is the random variable associated with thg_

midparent regression were investigated folg
lowing Kempthorne and Tandon (1953) an(ﬁ
Bohern et al. (1961): 1) the regression of thé
phenotypic mean of all offspring from a given

biparental combination on the midparentvalue;

FREGUENGCY

FAMILY O
-MEAN = - 34
5= 173

0.2

FREUENY

AN RIPENI

GCA of thekth male; — 25
sy is the random variable associated with thgs
SCA of the parentsandk; 3_2'

e, is the random error associated withtine
progeny member of the famijly.

Analyses were performed using _sp
Giesbrecht’s algorithm of restricted maximum

likelihood (Huber, 1993)The BLUP theory -45 -30 -15 0 15 30
was developed specifically to analyze diverse
and unbalanced performance data from dairy MID-PARENT RIPENING DATE

cattle (Henderson, 1963, 1973,1977a, 1977b).
The BLUP theory has successfully beerfig. 2. Offspring midparent regressions of ripening date for 36 apple farRijeming date expressed as
adapted to predict future performance of par- days relative to ‘Jonathan’. Regression equation: y = 0.94x — 2.4.
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earlier than the average midparent harveSiable 2.General combining ability (GCA) for rip- Table 3.Specific combining abilities (SCA) of 36
date. These average harvest dates are only ening date of 13 apple cultivars used as parents. apple crosses for ripening daiipening date

slightly earlier than the midparent dates, Whicl;rartar cuttivar GCA expressed as days relative to ‘Jonathan’.
contrasts with the 2 weeks earlier reported by 17s Earfiest 1613 Cross SCA
Brown (1960). The sample variation of all yjjton ~11.67 Milton x Early Mcintosh —5.70
progeny was 438.7, and of all midparentszarly Mcintosh -9.27 Milton x Ruby Gem —2.81
accounting for family size, it was 175.3. Canterbury —-12.96 Milton x Carrington Red 1.48
Brown (1960) found that families from two Ruby Gem -0.21 Milton x Williams Favourite 1.62
late-ripening parents produced only a smaffarrington Red —6.69 Early Mcintoshx Milton -0.16
proportion of their progeny as late ripening, Villiam’s l_:avounte -9.62 Early Mcintoshx Carrington Red 0.07
because on_Iy a few of these types of cross ayers 3.98 William’s Favouritex Sayers -3.31
were made in the St‘%mhorp_e prpgrﬁmwn Delicious 13.83 William’s Favouritex Golden Delicious 5.56
(1975) proposed minimum ripening date that Goden Delicious 14.66 Jonatharx Stark’s Earliest 4.21
was fixed by a minimum fruit developmentGranny Smith 36.78 Jonatharx Milton 1.47
period after bloomHe usedhis relationship :5cx expressed as ripening date relative tdonathanx Early Mcintosh 161
to explain why crosses between two earlyjgnathan'. Jonatharx Canterbury 3.72
ripening parents would produce a population Jonathanx Ruby Gem 3.12
skewed toward lateness and with reduced variprogeny mean of future crosses within thdonathan Carrington Red 0.99

Jonatharx Stark Earliblaze -10.85

ion. This resul nt with our | i i
tio is result was absent with our eaxly parental sefThe rank order of parent ripening natharx Sayers o4

early families, possibly because this theoretidate and parent GCA is similar when these twg)o

. : . _ onatharx Golden Delicious -1.59

cal limit of earliness was not yet reached. variables are regressed= 0.91. eliciousx Stark's Earliest 593
Narrow-sense heritability fpfor harvest The SCA effects of each cross (Table 3Benciousx Milton 2.85

date was 0.940.067 (Fig. 2)a relatively high indicate deviations from the expected progenpeliciousx Early Mcintosh -1.28
value for a quantitative character, but consigneans as predicted by GCPhey have no use Deliciousx Canterbury -5.10
tent with the high estimates found for harvesputside of the actual crosses from which theReliciousx Ruby Gem -0.36
date of Japanese pe®y(us pyrifoliaNakai) were measured, but their small size in relatioReliciousx Carrington Red 0.23
(Abe etal., 1993), sweet cherBr(inus avium to GCA effects supports the strong influenc&eliciousx William's Favourite -1.83

eliciousx Stark Earliblaze 9.68

L.) (Hanscheetal., 1966; Hansche and Brooksf additive genetic effects on the inheritanc%eliciousx Jonathan >a1

1965), peach Rrunus persicaL. Batsch) of maturity.

(Hansche et al., 1972b), and walnldlans A knowledge of heritability and combin- Bg::g:gﬂzi gao)(:; Delicious _(1)2;
regial.) (Hansche et al., 1972d&3egression ing ability estimates can be useful when planpgjiciousx Granny Smith 1.69
of Brown's (1960) apple cultivar progenyning crosses for a specific ripening period; itGolden Delicious Early McIntosh —1.59
means on midparent values reveals that, in hisin also be used to predict average ripeningolden Delicioux Carrington Red -151
data set, hwas 0.6% 0.071. dates of crosses made for other objective§olden Delicious Jonathan 0.02

Heritability, as we have measured it, can b®espite variable distributions within families, Granny Smittx Early Mcintosh 1.92
overestimated if basic assumptions are victhe best strategy for producing a population gfranny Smithx Sayers 0.32

lated. These commonly include the existencearly maturing apple seedlings is to cros$CA expressed as ripening date relative to
of dominance or epistatic genetic componentsultivars that have an early midparent ripening/onathan’.

or prior inbreeding within the parents (Fal-date.A knowledge of the inheritance of fruit .02 canada. Proc. Amer. Soc. Hort. Sci.
coner, 1989; Fernandez and Miller, 1985)quality characteristics can then be applied to g3.243. 250

The former is assumed to be low and the latt@redict the range of fruit quality that will exist picenta, F., J.E. Garciand E.A. Carbonell. 1993.

is known to be negligible amongst our parentsvithin families. Heritability of fruit characters in almond. J.
If significant genotype environment (G< E) Hort. Sci. 68:121-126.

interaction exists, then maturity re-ranking Literature Cited Falconer, D.S. 1989. Introduction to quantitative
will occur in different environments and years. genetics. 3rd ed. Longman Scientific and Tech-

Abe, K., Y. Sato,T. Saito, A. Kurihara, and K. nical, Essex, England.

Ignoring this Gx E interaction will also cause Kotobuki. 1993Inheritance of ripening time of Fernandez, G.C.J. and J.C. Miller, Jr. 1985. Estima-

h? to be overestimated. This hazard can be

: . A fruit of Japanese peaPyrus pyrifoliaNakai). tion of heritability by parent—offspring regres-
ayOIded by growing parents and offspring in Jpn. J. Breeding 43:289-298. sion. Theor. Appl. Genet. 70:650-654.
different environments (Casler, 1982igjshop, C.J. 1951. A study of the male parentafrey, K.J. and T. Horner. 1957. Heritability in
Fernandez and Miller, 1985)his was the influence in crosses with the Northern Spy apple.  standard units. Agron. J. 49:59-62.
case in our experiments, where the parents Proc. Amer. Soc. HorSci. 57:165-168. Hansche, P.E., V. Beres, and R.M. Brooks. 1966.
were grown in a repository under better hortiBohern, B.B., H.E. McKean, and Y. Yamada. 1961.  Heritability and genetic correlation in the sweet
cultural conditions than the progem\so, the Relative efficienc_ies of herit‘ability estimate_s cherry. Proc. Amer. Soc. Hort. Sci. 88:173-183.
year effects on progeny were reduced by ad- basgd on regression of offspring on parent. B|oHanscr_1e, P.E., V. Beres, and H.I. Forde. 1972a.

metrics 17:481-491. Estimates of quantitative genetic properties of

justing for season, then averaging across years. N : (EPRGHVE e

{Alterngativel if the variation giffgrs betwgen Essrown, A.G. 1960. The inheritance of shape, size walnut and their implications for cultivar im-

parents an(%offspring then the regression can and season of ripening in progenies of the culti- provement. J. Amer. Soc. Hort. Sci. 97:279—
Ry vated apple. Euphytica 9:327-337. 285.

be done on standardized data (Frey and Horngfown, A.G. 1975. Apples, p. 3-37. In: J. Janick antHansche, P.E. and R.M. Brooks. 1965. Temporal

1957). This procedure gave an estimate of jN. Moore (eds.). Advances in fruit breeding. and spatial repeatabilities of a series of quantita-

heritability of 0.924+ 0.065, which is not Purdue Univ. Press, West Lafayette, Ind. tive characters in sweet cherBrgnus avium

different from that based on the year-adjusteBrown, S.K. 1992. Genetics of apple, p. 333-366. Proc. Amer. Soc. Hort. Sci. 88:173-183.

data. In: J. Janick (ed.Rlant breeding reviews. vol. 9. Hansche, P.E., C.O. Hesse, and V. Bet832b.
The high narrow-sense heritabilitg found Wiley, New York. Estimates of genetic and environmental effects

for harvest date implies that additive gené:asler‘, Ml? 1982. Genowf[faeenvironment_inte}z— ‘ gn_sg\;e;egl t7rgits in peach. Amer. Soc. Hort.
: P : action bias to parent—offspring regression heri-  Sci. 97:76-79.

effects are _pre_dor_nlnantly controlling inherit- tability estimates. Crop Sci. 22:540-542. Hartman, F.O. and F.S. Howlett. 1942. An analysis
ance.T_hls finding is supported by the BLUP rane, M.B. and W.J.C. Lawrence. 1933. Genetical of the fruit characteristics of seedlings of Rome
analysis where the variance component of gygies in cultivated apples. J. Genet. 28:265— Beauty, Gallia Beauty and Golden Delicious
GCA (237.8) was nearly 10 times the variance 29s. parentage. Proc. Amer. Soc. Hort. Sci. 40:241—
component of SCA (25.4)The GCA esti- Davis, M.B.,D.S. Blair, and L.P.S. Spangelo. 1954. 244,

mates (Table 2) can be used to predict the Applebreeding atthe central experimental farmHenderson, C.R. 1963. Selection index and ex-
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pected genetic advance, p. 141-163. In: W.CHowlett, F.S. and J.H. Gourley. 1946. Charac- Thirty-seven apple varieties of Australian ori-

Hanson and H.F. Robinson (edsSatistical teristics of the progeny obtained from utiliz-  gin. Fruit Var. J. 48:118-125.

genetics and plant breeding. NAS-NCR Publ. ing standard commercial varieties in appleThompson, T.E. and J.F. Baker. 1993. Heritability

982, Washington, D.C. breeding. Proc. Amer. Soc. Hort. Sci. 48:121- and phenotypic correlations of six pecant
Henderson, C.R. 1973. Sire evaluation and genetic 132. characteristics. J. Amer. Soc. Hort. Sci. 118:415—

trends, p. 10-41. In: Animal Breeding and GeHuber, D. 1993. Optimal mating designs and opti- 418.
net. Symp. in Honour of J. Lush. Animal Sci.  maltechniques for analysis of quantitative traitdVay, R.D., et al. 1990. Apples, p. 3-62. In: J.N.

Assn. Amer.Champaign, ll. in forest genetics. PhD Diss., Univ. of Florida, = Moore and J.R. Ballington, Jr. (eds.). Genetic
Henderson, C.R. 1977a. Best linear unbiased pre- Gainesville. resources of temperate fruit and nut crops. Acta
diction of breeding values not in the model forKkempthorne, O. and O.B. Tandon. 1953. The esti- Hort. 290. Intl. Soc. Hort. Sci., Wageningen,
records. J. Dairy Sci. 60:783-787. mation of heritability by regression of offspring ~ The Netherlands.
Henderson, C.R. 1977b. Prediction of future records, on parent. Biometrics 9:90-100. White, T.L. and G.R. Hodge. 1988. Best linear
p. 615-38.n: E. Pollak, O. Kempthorne, and SAS Institute. 1990. SAS procedures guide. Ver- prediction of breeding values in a forest tree
T.B. Bailey (eds.)Proc. Intl. Conf. Quantitative sion 6, 3rd ed. SAS Inst.. Cary, N.C. improvement program. Theor. Appl. Genet.
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