
82 J. AMER. SOC. HORT. SCI. 127(1):82–88. 2002.

J. AMER. SOC. HORT. SCI. 127(1):82–88. 2002.

Variation and Heritability Estimates for Antioxidant
Activity, Total Phenolic Content, and Anthocyanin
Content in Blueberry Progenies
Ann Marie Connor, James J. Luby, and Cindy B.S. Tong
Department of Horticultural Science, 1970 Folwell Ave., University of Minnesota, St. Paul, MN 55108

ADDITIONAL INDEX WORDS. Vaccinium sp., blueberry breeding

ABSTRACT. Narrow-sense heritability and among-family and within-family variance components were estimated for
antioxidant activity (AA), total phenolic content (TPH), and anthocyanin content (ACY) in blueberry (Vaccinium L. sp.) fruit.
AA, TPH, and ACY were determined in the parents and in 10 offspring from each of 20 random crosses for each of 2 years
at Becker, Minn. Offspring-midparent regression analysis provided combined-year heritability estimates of 0.43 ± 0.09 (P
≤ 0.0001) for AA, 0.46 ± 0.11 (P ≤ 0.0001) for TPH, and 0.56 ± 0.10 (P ≤ 0.0001) for ACY. Analyses of variance delineated
variation among and within families for AA, TPH, and ACY (P ≤ 0.001). Year-to-year variation in the means for all offspring
genotypes was not significant for AA or TPH, but there were changes in rank between years for families and for offspring
within families for these traits. Year-to-year variation in the mean for all offspring genotypes was significant for ACY, but
rank changes were observed only among offspring within families, not among families. In total, 18 of 200 offspring from 7
of the 20 crosses were transgressive segregants for AA, exceeding the higher parent of the cross by at least two SDs. Estimates
of variance components showed that variation among families accounted for 24% to 27% of total variance for the three traits.
However, variation within families was greater than that among families, accounting for 38% to 56% of total variance for
the three traits. These results suggest that increasing antioxidant activity in blueberry through breeding is feasible, and that
the breeding strategies utilized should exploit the large within-family variation that exists.

Materials and Methods

PLANTS. Ten healthy, fruiting full-sib offspring were chosen
from each of 20 blueberry progenies available in the breeding
program at the University of Minnesota, St. Paul. Full-sib prog-
enies were randomly chosen without knowledge of the AA, TPH,
or ACY of either the parents or the offspring. A total of 28 parental
genotypes were used, with each represented in one to three
crosses. The parents represented V. corymbosum, V. angustifolium,
and derivatives of these species (Table 1). All offspring and
parental plants were grown at the Sand Plain Research Farm in
Becker, Minn., on a Hubbard loamy sand (sandy, mixed,
Udorthentic Haploboroll) with 2% to 3% organic matter and soil
pH of 5.5. The plants ranged in age from 7 to 23 years.

FRUIT. Berries were harvested in 1998 and 1999. About 100 g
ripe fruit was harvested from each of the parental and offspring
plants when 40% to 70% of the fruit on the bush were ripe. Fruit were
held in polyethylene bags on ice in coolers until frozen at –80 °C the
same day. Berries in each genotype sample were weighed and
counted before freezing.

EXTRACTIONS. Extractions were performed under reduced
light conditions. Extracts for all assays were prepared using
acidified methanol (0.1% HCl). This solvent maximizes extrac-
tion of anthocyanins (Harborne, 1967), and studies in our lab
(data not presented) demonstrated that acidified methanol was
superior to methanol–formic acid–water (Gao and Mazza, 1994)
for recovery of anthocyanins. Preliminary studies (data not pre-
sented) demonstrated no substantial difference in total phenolic
content between extracts prepared in acidified methanol and
those prepared in 80% ethanol (Coseteng and Lee, 1987). About
10 g of frozen berries were weighed and counted and partially
thawed at –20 °C. They were homogenized for 2 min in acidified
(0.1% HCl) methanol, 1:1 w/v, using a Polytron (Kinematica,
Luzern, Switzerland) homogenizer. A second identical volume of
acidified methanol was used to rinse the homogenizer probe and
then combined with the homogenate. The homogenate was al-
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Diets high in fruit and vegetables are associated with lower risk
for a number of serious health disorders, including coronary heart
disease and some forms of stroke (Joshipura et al., 1999; Liu et al.,
2000; Ness and Powles, 1997), and certain types of cancer (Steinmetz
and Potter, 1996; Zhang et al., 2000). The agents responsible for
these various protective effects are not clearly defined but are
proposed to include antioxidant compounds (including flavonoids,
other phenolic compounds, and specific vitamins such as C or E),
carotenoids, fiber, folate, potassium, selenium, phytoestrogens, and
others. Several studies have noted specifically the inverse associa-
tion between dietary flavonoids and stroke (Keli et al., 1996), lung
cancer (Knekt et al., 1997), and coronary heart disease (Hertog et al.,
1993, 1997; Knekt et al., 1996).

Blueberries (Vaccinium sp.) are a good source of phenolic acids,
principally chlorogenic acid, and of flavonoids, because of their
high anthocyanin content. They are among the fresh fruit sources
with the highest antioxidant activity (AA) (Kalt et al., 1999; Prior et
al., 1998). Studies in our laboratory demonstrated significant varia-
tion in AA among blueberry genotypes (Connor, 2001), and
Ehlenfeldt and Prior (2001) demonstrated a greater than 6-fold
range in AA as determined by oxygen radical absorbance capacity
(ORAC) among 87 highbush blueberry cultivars. Thus, the poten-
tial exists to breed blueberries with higher antioxidant activity.
Choosing the most effective breeding strategies for this goal,
however, can be facilitated by estimates of the heritability of the trait
and the variance components. In this study we estimated repeatabil-
ity, narrow-sense heritability, and among-family and within-family
variance components for AA, total phenolic content (TPH), and
anthocyanin content (ACY) using a series of crosses representing
northern highbush (V. corymbosum L.), lowbush (V. angustifolium
Ait.), and half-high (V. corymbosum x V. angustifolium derivatives)
blueberries.
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lowed to stand on ice for a minimum of 20 min and then filtered
by gravity through 11 mm filter paper. The residue was mixed
with a third identical volume of acidified methanol and refiltered.
Filtrates were combined and standardized to 30 mL. An 8-mL
aliquot of the extract was stored at –80 °C until assayed. Three
extracts were prepared for each offspring and parental genotype
and duplicate determinations of AA, TPH, and ACY were made
on each extract.

AA ASSAY. The AA assay measures the inhibition of peroxyl
radical-induced oxidation of methyl linoleate produced by the
addition of berry extract. It is based on the methods used by
Barclay et al. (1984) to study oxidation of linoleic acid in
heterogeneous systems using various initiators and inhibitors of
oxidation, and by Fuhrman et al. (1995) to study the susceptibility
of human plasma and low-density lipoprotein to lipid peroxidation
following consumption of red wine. In our study, the aqueous
peroxyl radical generator 2,2'-azobis amidinopropane
dihydrochloride (AAPH; Wako Chem., Richmond, Va.) (10 µM

final concentration) was used to induce oxidation of a linoleic
acid methyl ester (Sigma Chem., St Louis) (3.1 mg·mL–1 final
concentration) emulsion prepared in 0.1 M sodium phosphate
buffer (pH 7.0) containing Tween 20 (1.0% w/v). Antioxidant
activity was determined by measuring inhibition of lipid oxidation
achieved by addition of diluted blueberry extract to the emulsion

(final extract dilution 1:800; total reaction volume of 1 mL). The
oxidation reaction was carried out at 37 °C for 130 min in a shaking
water bath (model 25; Precision Scientific, Chicago) at 100 rpm, and
terminated by placing the reaction tubes on ice. Oxidation products
were detected as malondialdehyde equivalents in a thiobarbituric
acid reaction based on the method by Lee et al. (1992) and measured
at 535 nm on a spectrophotometer (DU-50; Beckman Instruments,
Fullerton, Calif.). Color interference by anthocyanins in the diluted
extracts was adjusted for, if necessary, with a color blank, substitut-
ing sodium phosphate buffer for the methyl linoleate suspension.
Appropriate controls to assess baseline oxidation and the effect of
methanol in the diluted extracts were included. An antioxidant
standard curve was prepared with each assay, substituting the water-
soluble vitamin E analogue Trolox (Aldrich Chem., Milwaukee,
Wis.) for the blueberry extract at appropriate dilutions. The standard
curve was linear between 0 and 30 µM Trolox equivalents (TE) (final
concentration). Results are expressed as µmol TE/g fresh fruit.

TOTAL PHENOLIC CONTENT. A Folin Ciocalteu-based method,
as applied by Coseteng and Lee (1987) was used, with an
incubation time of 90 min for color development. Chlorogenic
acid (Sigma Chem.) was used as a standard, and the standard
curve was linear between 0 and 60 mg·mL–1. Results are ex-
pressed as mg chlorogenic acid equivalents/100 g fresh fruit,
which, under the conditions of this assay, were determined to be
≈1.8× gallic acid equivalents.

ANTHOCYANIN CONTENT. Total anthocyanin content was deter-
mined by measuring spectrophotometric absorbance at 530 nm,
following dilution (1:99, v/v) of the extract with acidified metha-
nol to achieve absorbance readings between 0.200 and 1.000.
Results are expressed as mg cyanidin 3-glucoside equivalents/
100 g fresh fruit using a molar extinction coefficient of 29,600.

STATISTICAL ANALYSES. Narrow-sense heritability (h2) esti-
mates were obtained using offspring (O)-midparent (MP) regres-
sion, where h2 = b = cov (O, MP)/cov (MP) (Falconer and
Mackay, 1996). Analyses of variance (ANOVA) using either
family mean and year or individual offspring genotype mean and
year as random effects were used to calculate repeatability on
family-mean basis: σ2

family/{σ2
family + (σ2

family × year/2)}; or genotype
mean basis: σ2

genotype/{σ2
genotype + (σ2

genotype × year/2)}, respectively.
To determine variance components, ANOVA were performed
with offspring genotype, year, and extract as random effects, with
extract nested within genotype. For all analyses, P = 0.05.
Analyses were performed using SPSS for Windows, version 8.0
(SPSS, Inc., Chicago), or MacAnova for Windows, version 4.04
(Dept. of Applied Statistics, Univ. of Minnesota, Minneapolis).
Satterthwaite’s (1946) approximation was used to calculate error
terms where appropriate.

Results

Values for the parents of the 20 families and the mean and
range in values among the offspring in each family for AA, TPH,
and ACY in each year are listed in Tables 2, 3, and 4, respectively.
For many crosses, both parents demonstrated moderate AA, but
in five crosses the parents were quite divergent. Some of the
parental genotypes showed considerable change in AA between
1998 and 1999, but the mean among all parental genotypes did not
change substantially for AA between the 2 years: TE, 31.9 and
31.8 µmol·g–1 fresh fruit in 1998 and 1999, respectively. The
mean value for TPH and ACY among all parental genotypes
reflected a similar pattern, with little change between years: 526
and 538 mg/100 g fresh fruit in 1998 and 1999, respectively, for

Table 1. Species ancestry of parental genotypes used to produce 20
blueberry (Vaccinium sp.) families for analyses of antioxidant activ-
ity, total phenolic content and anthocyanin content, and the family
number(s) in which each genotype was used as maternal (M) or
paternal (P) parent.

Family no.(s)
Genotype V. corymbosumz V. angustifoliumz and parental use
Bluegold X X 17-M, 18-M
Bluetta X X 6-M, 7-M
Bounty X X 14-P, 15-P
B1-1 X 2-P
B6 X 8-M
B10 X 9-M
B11 X 5-P
Chippewa X X 19-M, 20-P
GR 2 X X 9-P
GR V.a. X 2-M, 3-M
MN61 X X 1-P, 8-P
MN84 X X 4-M, 5-M
MN449 X X 15-M, 16-M
MN452 X X 13-P
MN455 X X 10-M
MN496 X X 12-M, 13-M, 19-P
MN497 X X 11-M, 14-M
Nelson X 18-P
Northblue X X 16-P, 17-P
Northcountry X X 3-P
Northland X X 10-P
Northsky X X 6-P
N70145 X 12-P
N70218 X 4-P
N70249 X 1-M
Patriot X 11-P
Polaris X X 20-M
R2P4 X X 7-P
zGenotypes representing interspecies hybrids vary in the proportion of
each species that contributes to their genetic background.
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TPH; and 201 and 208 mg/100 g fresh fruit in 1998 and 1999,
respectively, for ACY. The within-family range for AA varied
from 10.9 µmol·g–1 (35.1 to 24.2 µmol·g–1 for MN496 x N70145)
to 31.7 µmol·g–1 (60.5 to 28.8 µmol·g–1 for ‘Bluegold’ x ‘Nelson’)
in 1998, a 2.9-fold variation; and from 11.1 µmol·g–1 (37.5 to 26.4
µmol·g–1 for MN455 x ‘Northland’) to 38.6 µmol·g–1 (63.8 to 25.2
µmol·g–1 for ‘Bluegold’ x ‘Northblue’) in 1999, a 3.5-fold varia-
tion. The variation in within-family range for TPH was of similar
magnitude as that for AA in 1998 (2.6-fold), but was considerably
greater in 1999 (4.5-fold). For ACY, variation in within-family
range was greater than that observed for AA in 1998 (3.5-fold)

and in 1999 (5.1-fold). Correlations among the variables on a
genotype mean basis for the 200 offspring over 2 years were r =
0.91 for AA and TPH, r = 0.70 for AA and ACY, and r = 0.87 for
TPH and ACY (P ≤ 0.01 for all).

The expected mean squares for each source of variation
included in the ANOVA for family AA, TPH, and ACY are
presented in Table 5. The ANOVA are shown in Table 6 (top) and
the contributions of each component to the total variance (bot-
tom). For all three traits, among-family variation and within-
family variation were highly significant. For AA and TPH, the
mean performance of all 200 offspring did not change between

Table 2. Antioxidant activity (TE, µmol·g–1 fresh fruit) of maternal (M) and paternal (P) parents with mean and range among 10 offspring, in 20
blueberry (Vaccinium sp.) families (listed by number as indicated in Table 1) in 1998 and 1999.

Parental values Offspring

M, P M, P mean (range)

Family 1998 1999 1998 1999
1 40.9, 22.1 52.1, 26.2 28.9 30.3

(23.0–39.4) (22.9–39.4)
2 36.0, 39.6 46.7, 30.1 31.9 33.5

(23.9–46.9) (25.6–53.8)
3 36.0, 29.5 46.7, 29.1 34.3 35.8

(24.3–46.9) (25.3–46.7)
4 34.8, 28.1 40.6, 26.2 32.3 28.3

(27.5–41.3) (22.9–36.4)
5 34.8, 32.0 40.6, 30.6 36.0 35.5

(28.7–45.1) (30.5–42.6)
6 24.3, 21.4 27.8, 23.0 29.2 28.5

(21.0–39.8) (21.7–39.1)
7 24.3, 28.7 27.8, 22.0 31.2 31.0

(20.0–38.7) (21.3–41.6)
8 27.7, 22.1 27.1, 26.2 26.6 26.6

(11.6–34.7) (11.9–36.0)
9 32.0, 56.5 30.8, 48.8 33.8 34.7

(25.0–43.0) (26.1–40.6)
10 30.1, 39.2 24.9, 37.6 30.2 30.7

(24.8–41.9) (26.4–37.5)
11 35.0, 26.2 25.4, 29.0 30.3 30.1

(21.8–46.5) (21.6–39.1)
12 21.0, 34.4 18.9, 44.4 28.3 31.1

(24.2–35.1) (26.6–39.1)
13 21.0, 41.5 18.9, 39.3 31.9 32.5

(21.5–39.5) (22.6–42.0)
14 35.0, 23.7 25.4, 29.9 31.6 33.0

(23.9–36.5) (25.5–42.3)
15 30.0, 23.7 32.3, 29.9 27.5 29.5

(20.3–50.2) (23.6–38.9)
16 30.0, 28.9 32.3, 29.7 30.0 37.2

(20.9–36.1) (32.3–43.6)
17 53.1, 28.9 34.9, 29.7 46.0 45.1

(31.5–59.6) (25.2–63.8)
18 53.1, 42.8 34.9, 34.8 44.4 38.2

(28.8–60.5) (25.9–49.6)
19 11.4, 21.0 25.9, 18.9 25.5 28.4

(10.9–35.1) (14.1–38.4)
20 21.5, 11.4 22.9, 25.9 32.4 31.6

(22.0–46.2) (24.6–39.5)
SE 1.5z 1.4z 2.0y 1.9y

zSE based on parental and offspring genotype means for individual years.
ySE based on family means for individual years.
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years, although there were rank changes among the families, and
among the offspring within families, between years. This is in
contrast to ACY, in which the overall mean performance differed
between years, but crosses maintained their relative ranking.
While among-family variation accounted for a substantial amount
of total variation for each of the three traits (24% for AA, 27% for
TPH, and 25% for ACY), within-family variation accounted for
a considerably greater proportion of total variation: 38% for AA,
48% for TPH, and 56% for ACY. Yearly variation, interactions,
and variation among extracts were relatively small contributors to
total variation.

Positive transgressive segregants were identified as those
offspring whose 2-year mean exceeded the higher parental mean
by at least two SDs based on the pooled error of all genotypes. For
AA, one transgressive segregant was identified in each of three
families, three in each of two families, four in one family, and five
in one family. For TPH, one transgressive segregant was identi-
fied in each of four families; two in each of three families; and
three in each of five families. For ACY, one transgressive
segregant was identified in each of three families, two in each of
two families, three in each of three families, and four in each of
four families. With the exception of two transgressive segregants

Table 3. Total phenolic content (mg chlorogenic acid equivalents/100 g fresh fruit) for maternal (M) and paternal (P) parents with mean and range
among 10 offspring, in 20 blueberry (Vaccinium sp.) families (listed by number as indicated in Table 1) in 1998 and 1999.

Parental values Offspring

M, P M, P mean (range)

Family 1998 1999 1998 1999
1 592, 432 739, 473 476 494

(351–652) (365–662)
2 496, 576 662, 526 516 527

(421–727) (439–791)
3 496, 510 662, 556 504 538

(393–592) (422–693)
4 562, 435 643, 388 508 458

(440–614) (354–567)
5 562, 532 643, 463 570 580

(446–712) (486–694)
6 426, 471 482, 391 479 496

(401–629) (382–634)
7 426, 478 482, 471 528 546

(408–686) (391–703)
8 483, 432 448, 473 444 452

(167–566) (166–611)
9 521, 851 627, 662 591 628

(517–688) (503–749)
10 499, 631 466, 574 498 497

(430–578) (380–593)
11 507, 406 498, 528 500 517

(421–701) (401–652)
12 436, 512 379, 588 487 501

(424–595) (431–593)
13 436, 703 379, 781 534 558

(387–650) (394–690)
14 507, 397 498, 452 535 550

(420–669) (474–653)
15 589, 397 553, 452 469 505

(353–725) (378–721)
16 589, 472 553, 495 511 598

(413–598) (473–655)
17 760, 472 576, 495 730 713

(532–970) (439–1176)
18 760, 599 576, 528 663 616

(489–840) (468–778)
19 373, 436 373, 379 449 443

(209–598) (198–613)
20 476, 373 428, 373 565 537

(433–815) (455–713)
SE 12z 11z 28y 31y

zSE based on parental and offspring genotype means for individual years.
ySE based on family means for individual years.
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Table 5. Expected mean squares for sources of variation included in ANOVA for family antioxidant activity, total phenolic content, and anthocyanin
content shown in Table 6, based on duplicate determinations in each of three extractions of fruit from 10 offspring from 20 blueberry families
measured in 1998 and 1999.

Variance component Expected mean squares
Family σ2

error+2σ2
extract (offspring/family) × year +6σ2

offspring (family) × year+12σ2
offspring (family)+60σ2

family × year+120σ2
family

Offspring/family σ2
error+2σ2

extract (offspring/family) × year +6σ2
offspring (family) × year+12σ2

offspring (family)

Year σ2
error+2σ2

extract (offspring/family) × year +6σ2
offspring (family) × year+60σ2

family × year+1200σ2
year

Family × year σ2
error+2σ2

extract (offspring/family) × year +6σ2
offspring (family) × year+60σ2

family × year

Offspring/family × year σ2
error+2σ2

extract (offspring/family) × year +6σ2
offspring (family) × year

Extract (offspring/family) × year σ2
error+2σ2

extract (offspring/family) × year

Error σ2
error

Table 4. Anthocyanin content (mg cyanidin 3-glucoside equivalents/100 g fresh fruit) for maternal (M) and paternal (P) parents with mean and range
among 10 offspring, in 20 blueberry (Vaccinium sp.) families (listed by number as indicated in Table 1) in 1998 and 1999.

Parental values Offspring

M, P M, P mean (range)

Family 1998 1999 1998 1999
1 182, 172 228, 181 183 191

(107–264) (118–275)
2 168, 236 204, 210 193 207

(140–266) (150–308)
3 168, 214 204, 220 189 196

(147–227) (144–229)
4 205, 142 216, 135 186 181

(154–221) (148–230)
5 205, 203 216, 177 209 241

(148–258) (189–317)
6 199, 164 223, 152 198 208

(166–246) (163–273)
7 199, 198 223, 199 225 248

(143–303) (156–351)
8 178, 172 183, 181 177 186

(3–238) (2–279)
9 227, 421 253, 435 271 300

(210–317) (230–367)
10 167, 250 164, 231 184 201

(140–223) (130–287)
11 178, 140 209, 173 188 203

(144–231) (164–266)
12 164, 194 160, 225 197 202

(158–270) (166–232)
13 164, 326 160, 355 223 243

(165–279) (170–298)
14 178, 141 209, 197 200 234

(158–230) (198–286)
15 215, 141 212, 197 184 213

(109–285) (149–332)
16 215, 160 212, 169 211 232

(160–248) (198–262)
17 269, 160 229, 169 272 282

(208–420) (167–492)
18 269, 197 229, 180 219 228

(148–274) (164–327)
19 110, 164 118, 160 148 149

(36–226) (23–240)
20 214, 110 189, 118 237 236

(154–349) (181–327)
SE 5z 5z 14y 16y

zSE based on parental and offspring genotype means for individual years.
ySE based on family means for individual years.
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in separate families, the offspring transgressive for AA were
among those identified as transgressive for either TPH or ACY.

The narrow-sense heritability estimates and SEs for AA were
h2 = 0.46 ± 0.11 (P ≤ 0.001) in 1998, h2 = 0.34 ± 0.18 (P = 0.073)
in 1999, and h2 = 0.43 ± 0.09 (P ≤ 0.001) for combined years. The
range in midparent AA values decreased from 1998 to 1999,
particularly among those representing the higher AA values,
contributing to the increased SE in 1999.

For TPH, the individual heritability estimates differed substan-
tially between 1998 (h2 = 0.62 ± 0.15, P ≤ 0.001) and 1999 (h2 = 0.34
± 0.15, P ≤ 0.05). The combined year estimate, h2 = 0.46 ± 0.11 (P
≤ 0.001), was similar to that for AA. Two crosses that had high
midparent TPH values in 1998 were decreased in 1999, and the
decreased range in midparent values may explain the relatively
higher SE for the heritability estimate in 1999. For ACY, individual
and combined year heritability estimates were very similar (h2 = 0.53
± 0.13 (P ≤ 0.001) for 1998, h2 = 0.57 ± 0.15 (P ≤ 0.001) for 1999,
and h2 = 0.56 ± 0.10 (P ≤ 0.001) for combined years).

Table 7. ANOVA and repeatability for antioxidant activity (AA), total phenolic content (TPH), and anthocyanin content (ACY) for combined years,
based on 200 offspring genotype means [10 from each of 20 blueberry (Vaccinium sp.) crosses] (top) and based on family means for the same
20 blueberry crosses (bottom).

AA TPH ACY Expected
Source df mean square mean square mean square mean square
Genotype 199 98.7 21884 5665 σ2

genotype × year + 2σ2
genotype

Year 1 23.1 9745 20411 σ2
genotype × year

 + 20σ2
year

Genotype × year 199 15.6 2581 395 σ2
genotype × year

Repeatabilityz 0.84 0.88 0.93

Family 19 41.8 8708 2071 σ2
family × year + 2σ2

family

Year 1 2.3 974 2038 σ2
family × year

 + 20σ2
year

Family × year 19 3.5 466 60 σ2
family × year

Repeatabilityy 0.92 0.95 0.97
zRepeatability on a genotype mean basis estimated as σ2

genotype/(σ
2
genotype + σ2

genotype × year/2).
yRepeatability on a family mean basis estimated as σ2

family/(σ
2
family + σ2

family × year/2).

The ANOVAs for AA, TPH, and ACY based on offspring
genotypes and years, and on family means and years from which
repeatability estimates were calculated are presented in Table 7.
Repeatability between years was high for all traits on both a
genotype mean basis and a family mean basis.

Discussion

Narrow-sense heritability estimates allow breeders to predict
the likelihood of success in changing population traits through
cycles of breeding and selection by indicating the degree to which
individuals’ phenotypes reflect their breeding values. In breeding
for a trait such as AA, which in blueberry appears to be due to
numerous phenolic compounds including anthocyanins, phe-
nolic acids, and other flavonoids, the influence of many genes on
trait expression would be expected. The narrow-sense heritability
estimate of 0.43 for AA, based on offspring-midparent regression
over 2 years, is moderate and suggests reasonable progress could

Table 6. ANOVA for antioxidant activity (AA), total phenolic content (TPH), and anthocyanin content (ACY) evaluated in 1998 and 1999 in 10
offspring from 20 blueberry (Vaccinium sp.) families (top), and proportion of total variance accounted for by each component of variance (bottom)
based on the expected mean squares shown in Table 5.

AA TPH ACY

Mean Mean Mean
Source df square F square F square F
Family 19 2509.5 4.82*** 522510 5.03*** 124250 4.81***

Offspring/family 180 390.1 4.80*** 90010 6.35*** 24467 10.91***

Year 1 138.3 0.43NS 58464 2.09NS 122300 33.75***

Family × year 19 211.8 2.61*** 27972 1.97* 3624 1.62NS

Offspring/family × year 180 81.2 3.43*** 14167 7.45*** 2242 5.43***

Extract (offspring/family) × year 800 23.7 4.86*** 1901 145.61*** 413 99.42***

Error 1200 4.9 13 4

Percentage of total variance

Variance component AA TPH ACY

Family 24.2 27.3 24.8
Offspring/family 37.7 48.0 56.0
Year 0.0 0.2 3.0
Family × year 3.2 1.8 0.7
Offspring/family × year 14.0 15.5 9.2
Extract (offspring/family) × year 13.8 7.1 6.2
Error 7.1 0.1 0.1
NS,*,***Nonsignificant, or significant at P ≤ 0.05 or 0.001, respectively.
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be made in increasing AA in our population. Since AA is likely to
be only one of a number of traits on which selection is based, early
stages in a breeding program using multistage selection might
continue to be based on other, more highly heritable traits. The
narrow-sense heritability estimate for TPH (0.46) was also moder-
ate and similar to that for AA. Furthermore, the correlation between
TPH and AA was high in this study (r = 0.91). This is similar to the
correlations obtained in studies of blueberry by Connor (2001) and
Prior et al. (1998), and slightly higher than that obtained by
Ehlenfeldt and Prior (2001) (r = 0.76). The heritability estimate for
ACY (h2 = 0.56) was slightly higher, but the correlation between
ACY and AA in this study (r = 0.70) and in previous studies (r = 0.73,
Connor, 2001; r = 0.77, Prior et al., 1998; r = 0.57, Ehlenfeldt and
Prior, 2001), is somewhat lower than that of AA with TPH. This may
make ACY less suitable than TPH to use for indirect selection for
AA. The relatively narrower range of within-family AA values as
compared to ACY values also suggests that the greater variation in
ACY is not necessarily reflected as greater variation in AA. The
proportion of variance due to experimental error was very small for
TPH, which indicated its usefulness as a secondary character for
indirect selection for AA. Selecting for higher AA based on TPH
could be problematic if the phenolic compounds contributing to AA
were sensorially objectionable. Anthocyanins appear to account for
considerable AA, but in our germplasm did not contribute adversely
to the taste and aroma. Information regarding the contribution of
other blueberry phenolics to their sensory qualities is not currently
available.

The heritability estimates in the present study have several
limitations, including possible upward bias due to environmental
covariance, as the parents and the offspring were grown at the
same location. Additionally, the regression coefficient, b, esti-
mates narrow-sense heritability, h2, only if disomic inheritance
and normal meiosis are assumed so that cov (O, MP) estimates 0.5
σ2

A. Cytogenetic studies have shown predominantly, but not
exclusively, bivalent pairing of chromosomes in tetraploid blue-
berry (Jelenkovic and Harrington, 1971; Jelenkovic and Hough,
1970). However, isozyme studies based on segregation at four
loci suggest tetrasomic inheritance in tetraploid V. corymbosum
(Krebs and Hancock, 1989). If inheritance in blueberry is strictly
tetrasomic, then cov (O, MP) estimates 0.5 σ2

A + 0.17 σ2
D, so that

estimates of narrow-sense heritability are biased upward. Lastly,
since fruit were harvested from single plants, the estimates apply
to single-plant selection; heritability could be higher if data were
obtained from multiple-plant plots or replicated plots.

The high repeatability between years for AA, TPH, and ACY
estimated on a family mean basis and on a genotype mean basis
suggests that, within one location, the values obtained in 1 year
for these variables should be reliable indicators of values obtained
in other years. Repeatability on a genotype mean basis gives a
good approximation of broad-sense heritability, which is relevant
to selection among plants in clonally propagated crops such as
blueberry. However, as the full ANOVA for family data and
combined years suggest, rank or scale changes among and within
families between years may be observed.

Estimates of the components of variance for all three traits
revealed that a high proportion of the total variance was within
crosses and among crosses, and a small proportion was attribut-
able to year effects, family × year interactions, offspring × year
interactions, and variation among extractions. Transgressive seg-
regants for each of the traits were identified among the offspring.
For AA, 9% of the offspring, occurring in seven of the 20 families,
were transgressive segregants for AA. These data suggest selec-

tion among a larger number of offspring from each cross, at the
expense of sampling some potential crosses, may be the strategy
that most efficiently uses resources in a breeding program.
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