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ABSTRACT. Variance components and narrow-sense heritabilities were estimated for antioxidant activity (AA), total
phenolic content (TPH), and fruit weight in red raspberry (Rubus idaeus L.) fruit from offspring of a factorial mating
design. Forty-two full-sib families utilizing seven female and six male parents were evaluated in each of two years in
Motueka, New Zealand. In a single year, values within individual half-sib families ranged as widely as 25.3-79.4 ug-g-!
fruit for AA, 205-597 mg/100 g fruit for TPH, and 1.06-7.69 g for fruit weight. Analyses of variance for these three
variates demonstrated significant parental source variation in both individual and combined year analyses. For AA
and TPH, female parental effects accounted for =7% to 19% of total variation, while male effects accounted for =6 %
to 8 %. A partially pigment deficient R. parvifolius L. derivative female parent accounted for some of these differences.
Female x male parent interaction was not significant for AA and TPH and was marginally significant for fruit weight in
combined year analysis. Year had a significant effect on the overall mean AA and TPH, but contributed less than genetic
effects to the overall variation in all three traits. Interactions of year with genetic effects were not statistically significant
for AA or TPH, indicating that between-year rank or scale changes among families were negligible. The largest propor-
tion of variation was found within rather than among full-sib families. However, variation among plots within full-sib
families accounted for 12% to 19% of total variation, indicating environmental differences accounted for some of the
observed within-family variation in AA and TPH. Antioxidant activity and TPH were highly phenotypically correlated
(r = 0.93); their genetic correlation (r = 0.59) implies that substantial additive genetic factors underlie the phenotypic
correlation, but that nonadditive genetic or environmental influences are also important. Both AA and TPH were weakly
negatively phenotypically correlated with fruit weight (r =—-0.34 and —0.33, respectively), but the corresponding genetic
correlations were close to zero. Thus, selection for both high AA or TPH and high fruit weight is possible. Narrow-sense
heritability estimates based on variance components from combined year data were h2 = (.54, 0.48, and 0.77 for AA,

TPH, and fruit weight, respectively. These estimates imply a rapid response to selection is possible.

Fruit and vegetables supply to the human diet “non-nutrient”
compounds as well as providing macro- and micro-nutrients.
Included among the non-nutrient substances are polyphenolic com-
pounds, including the flavonoids (e.g., anthocyanins, flavanols,
flavonols, flavanones), as well as simple phenolic compounds such
as phenolic acids. These polyphenolics and simple phenolics are
present only in plant food sources of our diets and are thought to
have a role in maintaining human health. Most epidemiological
studies support the hypothesis that higher intakes of flavonoids are
associated with lowered risk of acquiring or dying from certain
chronic diseases in a number of populations (Commenges et al.,
2000; Geleijnse et al., 2002; Hertog et al., 1997; Hirvonen et al.,
2001; Knekt et al., 2002). In vitro and in vivo studies provide
further evidence of the bioactivity of these compounds (forreview,
see Middleton et al., 2000). The mechanisms by which phenolic
compounds confer their benefits are not entirely known, but appear
to be due, in part, to their antioxidant activity (AA). Increased
consumption of antioxidants has been shown to alleviate some
of the adverse effects that are associated with cellular and tissue
oxidation. For example, dietary inclusion of high-antioxidant
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fruit or vegetable slowed (and in some cases reversed) the age-
related decline in neural and motor function in rats (Joseph et
al., 1999), while supplementation with antioxidant vitamin and
mineral supplements reduced the risk of developing one type of
age-related eye disease in humans (senile macular degeneration)
(Age-Related Eye Disease Study Research Group, 2001).

One way to increase the intake of antioxidants is greater
consumption of fruit and vegetables. Many fruit, particularly
berries and cane fruit, are rich sources of phenolic antioxidants
(Kéhkonen et al., 2001; Proteggente, et al., 2002; Wang, et al.,
1996). Another option is to increase the levels of antioxidants in
plant foods through breeding. This approach can succeed if the
variability and heritability of the A A traitis indicative that progress
through breeding is feasible. Connor et al. (2002a) demonstrated
a moderate heritability for AA, total phenolic content (TPH) and
anthocyanin content in blueberry (Vaccinium L. species) from a
North American breeding program, using offspring-midparent
regression. Connor et al. (2002b) confirmed a high level of vari-
ability in these traits among genotypes from the same breeding
program, and high phenotypic correlations among the traits, while
Howard et al. (2003) confirmed significant variability among
blueberry selections and cultivars in another North American
breeding program. Thus, breeding for higher AA appears realistic
for blueberry.

Rubus L. species are also reported to demonstrate high levels
of AA, with variation among species (Deighton et al., 2000;
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Moyer et al., 2002). Thus, they too may be candidates for breed-
ing for higher antioxidant content. The current study reports the
heritability of AA and phenolic content in red raspberry (Rubus
idaeus), based on a factorial breeding design using parental
genotypes from a New Zealand breeding program, followed for
two harvest seasons.

Materials and Methods

PranTs. Seven female and six male red raspberry cultivars
and selections in the HortResearch Rubus breeding program
were used for glasshouse hybridizations in a factorial mating
design in 1998. The genotypes were selected without regard to
their AA, TPH, or anthocyanin content. However, it was visu-
ally apparent that fruit from one female parent, an offspring of
an open-pollinated R. parvifolius x R. idaeus hybrid (referred to
as “R. parvifolius derivative”), was partially pigment deficient.
Seeds were germinated in July 1999 and seedlings were grown
in pots of bark-based soil mix until July 2000, at which time they
were planted in nonfumigated soil at the HortResearch-Nelson
Research Centre research orchard in Motueka, New Zealand
(lat. 41°6°S, long. 172°58°E). Plants were set in a resolvable
randomized incomplete Latinized block design (John and Wil-
liams, 1995) with four (full-sib) plants per plot, 13 plots per row,
four rows per replication, and four replications (i.e., 16 plants per
full-sib family). Thirty of the 42 full-sib families were spiny, two
were spineless, and 10 showed segregation for spines. Spiny and
spineless offspring of the segregating families were separately
represented in the design, for a total of 52 plots per replication.
Plants were trained to a three-wire vertical trellis system and
contained within bird-proof netting. Spacing was 1 m between
plants and 3 m between rows. Plants were maintained using
standard orchard practice for fertilization, weed control, disease
control, and irrigation. Primocanes were thinned only as necessary
to separate plants, but otherwise were not suppressed and were
not physically separated from floricanes. Spent floricanes were
removed during dormancy, at which time new floricanes were
tied (bunched) to the top trellis wire and tipped to 10 cm above
the wire. Two years after field planting, plants were evaluated
and the center two plants from each plot were tagged for use in
this study, unless they appeared unhealthy or unable to provide
sufficient fruit for harvest, in which case the adjacent plant was
chosen. The same plants were used for the 2002—03 (2002 season;
year 1) and 2003-04 (2003 season; year 2) harvest seasons. Plant
death prior to first evaluation precluded assessment of two plots
(one spiny and one spineless) in one replication of one full-sib
family (‘Kohatu’ x ‘Kaituna’), and of one plot of the spineless
offspring of another full-sib family (‘Kohatu’ x 88304ROC6).
Replacement with one spiny plant in the latter instance permitted
additional assessment of a “single-plant plot” of spiny offspring
from this family. Thus, a total of 411 plants were tagged. There
was no further mortality between the first and second years of the
study, although the health of some plants deteriorated. Most of the
factorial parental genotypes were growing in the same orchard in
nearby rows and fruit was also harvested from these plants.

Frurr. Approximately 100 g of sound, ripe but not over-ripe,
fruit were harvested from each plantin each season. In preliminary
assessments in our lab, AA and phenolic content appeared to change
with date of harvest for some genotypes (datanot shown). Todetect
and adjust for bias due to differences in time of harvest, in 2002,
fruit were harvested in early-season in replication 1, midseason
in replications 2 and 3, and late-season in replication 4. In 2003,

404

fruit were harvested in early-season in replication 4, mid-season
in replications 2 and 3, and late-season in replication 1. Early-
season was judged as >10% but <35% total fruit ripe, midseason
as 35% to 65% total fruit ripe, and late-season as >65% total fruit
ripe. Plants were judged individually for fruit ripeness; hence, not
all plants in a replication were harvested simultaneously. Plants
with small amounts of fruit required consecutive harvests, from
which fruit were combined into a single sample, but collection of
95% of genotypes were completed in one or two harvests in 2002,
and 93% in 2003. Fruit from parental genotypes were harvested
in midseason. Fruit were collected by two trained individuals
during the morning (=0600-0900 h), placed into plastic punnets
and held in the shade at ambient temperature (=11-13 °C) for up
to 3 h. They were weighed, counted (to allow the computation of
average fruit weight), and frozen at —20 °C (40 °C in 2003) until
firm and then transferred to plastic storage bags and maintained
at the same temperature. Following completion of harvest, which
lasted approximately 45 weeks, samples were shipped on dry
ice without thawing to laboratory facilities in Palmerston North,
where they were stored at —85 °C until extraction.

ExTrACTION. All preparation proceeded under reduced-light
conditions or under safety light in a fume exhaust hood. An entire
100-g sample of fruit was disaggregated into individual drupelets
while still frozen, by applying firm manual pressure to the bag of
fruit. Drupelets were mixed well, and a 20-g sample was weighed
into a screw-capped 250-mL glass bottle to which 100 mL solvent
[ethanol (96%) water:glacial acetic acid, 80:20:1] was added. The
mixture was homogenized (Ultra-Turrax T 25 basic; LKA Works,
Sengalore, Malaysia) at highest speed for 1 min. The homogenizer
probe was rinsed twice with water and once with solvent between
samples. Sample bottles were stored for 48 h in the dark at 4 °C.
After storage, the homogenate was mixed briefly and allowed
to equilibrate toward room temperature (=18 °C) for 1 h, after
which two 10-mL subsamples were removed and centrifuged at
1500 g, (Labofuge GL; Heraeus Christ, Osterode, Germany) for
20 min at room temperature. Four milliliters of supernatant from
each subsample were stored in separate amber screw-cap vials at
—20 °C until analysis. For each assay, single determinations were
made on each subsample, since previous studies demonstrated that
variation between duplicate determinations on single subsamples
was negligible (data not shown).

ToTAL PHENOLIC CONTENT. A Folin—Ciocalteu reagent-based
method (Coseteng and Lee, 1987) was used, modified to allow
90 min for color development. Extracts diluted 1:15 with water
were interpreted against a standard curve of gallic acid, which
was linear from 0—70 pg-mL-'. Results are reported as gallic acid
equivalents [GAE (mg/100 g fruit)].

ANTIOXIDANT ACTIVITY. The ferric-reducing antioxidant power
[FRAP, also known as ferric-reducing activity of plasma (Benzie
and Strain, 1996)] assay was used, as modified by Deighton et
al. (2000). Absorbance of the colored product [ferrous tripyrid-
yltriazine (TPTZ) complex] at 593 nm was recorded 4 min after
the addition of extract or standard to the FRAP reagent (DU-
640 spectrophotometer; Beckman, Fullerton, Calif.). Standard
curves using Trolox (0-250 pm) and ferrous sulfate (0-500 pm)
were run with each set of extracts, and were linear within these
ranges. In general, activity of Trolox was approximately twice
that of ferrous sulfate, which concurs with Benzie and Strain
(1996). Dilution of extracts 1:25 in water was sufficient to give
absorbance of the reaction product well within the limits of the
standard curves. Statistical analyses were performed using assay
data expressed both in ferrous sulfate standard equivalents and in

J. AMER. Soc. Horrt. Sci. 130(3):403—-411. 2005.

$S9208B 93l) BIA £0-/0-SZ0Z 1e /woo Aiojoeiqnd-poid-swid - ylewlaiem-jpd-awiid//:sdny wolj papeojumoq



Trolox standard equivalents. Significance testing was identical for
both sets of equivalents with the exception of one value, noted in
the Results section. Assay results are reported as ferrous sulfate
(FE) equivalents in gmol-g-! fruit.

STATISTICAL ANALYSES. Parents, years, replications, rows
and plots were treated as random factors. Analyses of variance
(ANOVAs) and variance components were calculated with plot
nested within female x male. Restricted maximum likelihood
(REML) was used to estimate variance components. Narrow-
sense heritability estimates on an individual plant basis using
variance components were based on pooled female and male
sources (Hallauer and Miranda, 1981), as degrees of freedom
were similar for females and males (six and five, respectively).
For single year data:

4(]‘022 +mo. )
L3 f+m
o 40 40k +0°
Jp mp Jp xmp

e

For combined year data:

4(fc$'z2 +m0',f, )
) f+m

- 2 2 2 2 2 2
Ot 0, Y0 him T O foyear T Ompxyear T O fpsmp xyear T

0-127101/ repx year + ol
where f= number of female parents, m = number of male parents,
0%, = variance among female parent half-sib families, and 62, =
variance among male parent half-sib families, 6%,,,, = variance
of the female parent x male parent interaction, 02,,,,,, = variance
of the female parent x year interaction, 02,,,,,,,, = variance of
the male parent X year interaction, 02,,,e,x,..r = variance of the
plot within replication x year interaction, and o2, = the residual
environmental variance. Narrow-sense heritability estimates
based on offspring-midparent regression were calculated as the
slope of the line of least-squares regression, and midparent values
were calculated as the mean of the female parent and male parent
values for each full-sib family. In order to minimize upward bias
due toenvironmental covariance, since parents and offspring were
grown in the same location both years, the values of the offspring
from 1 year were regressed against the midparent values from the
other year. Genotypic correlations were computed as:

Cov,(X,Y) _ (f +m)xCov,(X,Y)
W Xv ) alfo], (0)+ ma?, ()| fo], () + mo, (v)]

where Cov, (X, Y) isthe additive genetic covariance between traits
XandY, 02,(X) and 02;,(Y) are the variances among female parent
half-sib families for traits X and Y, respectively, and 62,,(X) and
0?,,(Y) are the variances among male parent half-sib families
for traits X and Y, respectively. The covariance between simple
family means was used as an estimate of the additive genetic
covariance (Dieters 1996). Pearson’s correlations for phenotype
were calculated on a genotype mean basis. For AA and TPH,
the mean value of the two extract subsamples was used in all
analyses, as the variation between subsamples was not of inter-
est and was generally tiny. Satterthwaite’s (1946) approximation
for denominator degrees of freedom, as described by Steel et al.
(1997), was used where required. Analyses were performed in
S-Plus, version 6.1 (Insightful Corp, Seattle, Wash.)
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Results

In 2002 and 2003, fruit were collected and analyzed from all
411 chosen factorial genotypes. One genotype yielded fewer than
20 g of sound fruit in 2003; laboratory extraction was adjusted
accordingly. None of the factorial genotypes required more than
four harvests to provide 100 g fruit in 2002, while 11 genotypes
required more than four harvests in 2003 (data not shown). Virtu-
ally all plants requiring more than four harvests were remarkable
for small size, poor growth or low vigor, sparse fruit production,
and slow fruit ripening. Some demonstrated partial necrosis of
canes or laterals. Fruit was harvested from all female parents in
both years, from four of six male parents in 2002, and from five
male parents in 2003.

ANOVAs for AA, TPH, and fruit weight in the families segre-
gating for spines demonstrated no significant variation between
spiny and spineless groups in either single or combined years.
Thus, no distinction between spiny and spineless offspring was
made in the remaining analyses. Means in each field replication
were determined in both years for the three traits. Although dif-
ferences among replications were noted, no pattern emerged to
suggest that the time of harvest (early-, mid-, or late-season for
each genotype within a replication; see Materials and Methods)
uniformly or reliably influenced the values for these traits. The
ranges in AA, TPH, and fruit weight among the half-sib families
showed considerable overlap in each year (Table 1). The within
half-sib family range for AA varied from 19.7-37.2 ymol-g-'fruit
in 2002, and 19.5-54.1 ymol-g-'fruit in 2003; for TPH, this range
varied from 192-299 mg/100 g fruitin 2002, and 178-392 mg/100
¢ fruit in 2003; and for fruit weight it varied from 2.24-5.07 g
in 2002, and 2.75-6.63 g in 2003. The R. parvifolius derivative
progeny had the lowest mean AA and TPH and the smallest low-
range values for these variables in both years.

The ANOVAs for AA and TPH demonstrated significant
parental source variation in both the individual year and com-
bined year analyses (Table 2). However, there was no significant
female x male parent interaction (specific combining ability in a
fixed effects model) for either of these traits. The combined-year
analyses indicated that year had a significant effect on the overall
mean AA and TPH for the factorial population. Interactions of
year with either of the parental sources or their interaction were
not significant, however, indicating that substantial rank or scale
changes in AA or TPH between years were not present among
half-sib or full-sib families. Note that although year effect on
TPH is clearly demonstrated (P = 0.007), year effect on AA is
marginal (P =0.063 for AA expressed in ferrous sulfate standard
equivalents, and P = 0.043 when expressed in Trolox standard
equivalents). In both 2003 and the combined year analyses,
significant variation for AA and TPH was observed among plots
within full-sib families.

Parental source variation is also evident for fruit weight (Table
2). Although no female x male interaction for fruit weight was
noted in the ANOVAs for 2003, there was an indication that
this interaction was present in the 2002 analysis (P = 0.039;
combined year analysis: P = 0.063). In contrast to the analyses
for AA and TPH, a significant year effect for fruit weight was
not observed. Interactions of year with parental components
were also non-significant. Variation among plots within full-sib
families was significant in combined year analysis but not in
single year analyses.

Female parental effects tended to account for a greater propor-
tion of variation (=7% to 19%) than male parents (=6% to 8%)
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Table 1. Mean values of antioxidant activity (AA), total phenolic content (TPH), and fruit weight for red raspberry factorial parents (F =
female, M = male) and mean values (ranges) for their half-sib families in 2002 and 2003 (n = 48—87 genotypes per half-sib family).

Parent values

Hal fsib family values

AA TPH Fruit weight AA TPH Fruit weight
(pmol-g ! fresh fruit)  (mg/100 g fresh fruit) (2 (umol-g ! fresh fruit) (mg/100 g fresh fruit) (8)

Parent 2002 2003 2002 2003 2002 2003 2002 2003 2002 2003 2002 2003

Chilliwack (F) 422 414 363 325 359 4.4 4.9 38.9 354 319 337 3.38
(31.4-61.2) (29.148.6) (261-493) (238-416)  (2.04-497) (2.00-5.33)

Haida (F) 448 394 375 352 231 278 40.1 40.0 344 327 291 2.90
(28.8-57.9) (32.0-79.4)  (25749%) (30-589)  (1.87-411) (0.67-4.34)

Kohatu (F) 382 348 296 291 4.10  5.00 37.9 36.6 317 292 3.81 3.89
(26.7-49.4) (25.4-71.0)  (207-425) (205-597)  (229-6.49) (1.06-7.69)

Meeker (F) 487 390 20 360 231 2.59 40.3 38.7 344 322 3.26 3.26
(321-51.8) (281-48.7) (261453) (249437)  (2.17-5.64) (2.18-4.93)

Qualicum (F) 379 434 286 383 4711 372 39.5 38.5 331 310 3.83 3.83
(32.5-54.0) (29.5-49.4)  (256483) (215429) (141-6.25) (223-6.81)

R. panifolius 307 328 237 272 2,68 3.2 33.7 4.1 282 281 2.88 2.83
derivative (F) (227-46.7) (21.6-52.9)  (196-432) (168-456)  (1.47-4.90) (0.92-5.39)

Tulameen (F) 361 299 217 246 439 281 38.6 38.3 318 308 3.61 3.53
(29.7-50.8) (29.5-50.5)  (236-459) (198-433)  (1.22-6.07) (1.91-5.55)

Citadd (M) 335 327 271 269 346  4.05 37.9 37.3 320 309 357 3.50
(26.4-54.9) (26.3-71.0)  (207-493) 213-597)  (1.90-591) (1.60-5.23)

F79 (M) 329 322 21 259 276 291 38.1 36.1 319 288 2.94 3.08
(24.4-51.8) (24.2-51.7)  (196-481) (185-420)  (1.87-5.63) (1.38-4.88)

Kaituna (M) 317 371 273 310 3.3 3.2 37.2 36.7 309 297 3.65 3.58
(24.9-54.0) (21.649.2)  (215-488) (185-437)  (1.22-629) (1.91-593)

92387QH-5 M)  --- -- -- -- -- -- 37.8 37.0 317 298 4.02 4.08
(227-56.4) 22747.9) (197-4%) (198-416)  (2.14-649) (227-7.69)

88304ROC6 (M)  --- 57.5 -- 512 -- 1.29 41.2 40.1 343 323 339 3.28
(27.7-50.8) (25.3-79.4)  (237-459) (205-589)  (1.99-5.60) (0.67-5.08)

Sumner (M) 373 352 206 311 2% 325 40.2 39.2 344 327 2.72 2.78
(24.0-61.2) (22.7-56.0)  (208-488) (168476)  (147-456) (0.92-4.45)

for AA and TPH (Table 3). The differences between female and
male parental contributions to variation are much larger in 2002
than in 2003. As noted above, the R. parvifolius derivative parent
differed from other female parents in that its fruit were partially
pigment deficient; fruit from many of its offspring were also
pigment deficient. Because the pigment deficiency could reflect
defects in phenolic compound production, inclusion of the R.
parvifolius derivative might account for the differences between
female and male parental contributions to variance. Exclusion
of R. parvifolius derivative progeny reduced the contribution of
female parent effects to the total variation in AA and TPH. For
example, in the combined year analyses the contribution to varia-
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tion in AA dropped from 12% to 3%, and in TPH it dropped from
11% to 4.5% (data not shown). However, exclusion of offspring
from other female parents had minimal effect on the variance
component distribution of these variables (data not shown).
Variance component analyses were performed excluding data
from the 11 genotypes that required more than four collections to
obtain 100 g fruitin 2003. As described above, these plants showed
poor vigor and signs indicative of stress. Exclusion of these data
increased the female contribution to the total variance in AA and
TPH by =2% (i.e., from =10% to =12%) (data not shown).
Female and male effects contributed nearly equally to the
variation observed in fruit weight, =14% to 15% for females and
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Table 2. Analyses of variance for antioxidant activity (AA; FRAP method with ferrous sulfate standard), total phenolic content (TPH),
and fruit weight or fruit harvest in 2 years from red raspberry factorial mating design based on seven female and six male parents

(n =411 genotypes).

AA TPH Fruit weight

Mean Mean Mean
Source df squaress Fratio P squares F-ratio P squares F-ratio P
2002
Rep 3 168 7.28 <0.001 12421 5.68 <0.001 0.27 0.47 0.701
Female (F) 6 374 14.39 <0.001 31823  13.87 <0.001 9.77 11.03 <0.001
Male M) 5 243 9.34 <0.001 18269 7.% <0.001 1241 1401 <0.001
FxM 30 26 0.89 0.627 295 1.01 0.464 0.89 1.59 0.039
Plot withinF xM 135 2 125 0.069 275 L4 0.395 0.56 0.99 0.525
Residual s 231 23 2188 0.56
2003
Rep 3 158 5.77 <0.001 12415 5.18 0.002 1.77 3.08 0.028
Female (F) 6 207 5.63 <0.001 15561 4.87 0.001 1035 12.68 <0.001
Male M) 5 210 571 <0.001 17106 5.36 0.001 1129 13.83 <0.001
FxM 30 37 0.90 0.616 3192 L4 0.425 0.82 1.21 0.234
Plot withinF xM 135 41 1.49 0.004 3076 1.28 0.049 0.68 118 0.137
Residuals 231 27 2397 0.57
Combined years
Rep 3 185 7.28 <0.001 10145 4.39 0.005 0.92 1.63 0.182
Female (F) 6 549 9.15 <0.001 43832 7.39 0.001 20.00 14.82 <0.001
Male M) 5 444 1173 <0.001 33956 8.38 <0.001 23.42 15.43 <0.001
Year (Y) 1 201 838 (11.43)* 0.063 (0.043)* 66500 19.31 0.007 0.00 0.01 0.951
FxM 30 46 0.76 0.806 4010 0.%4 0.556 1.48 1.53 0.063
FxY 6 32 1.84 0.126 3400 2.30 0.061 0.10 0.44 0.847
MxY 5 10 0.56 0.733 1522 1.03 0.418 0.27 118 0.340
Plot withinF xM 135 57 3.95 <0.001 4166 2.8 <0.001 0.99 3.91 <0.001
FxMxY 30 17 119 0.249 1478 1.06 0.399 023 0.89 0.629
Plot withinF xM xY 135 15 0.57 1.000 1398 0.60 1.000 025 0.45 1.000
Residual s 465 25 213 0.57

“Numbers in parentheses represent the analysis of variance F ratio and corresponding P value for antioxidant activity by FRAP method,

when expressed in Trolox standard equivalents.

16% to 20% for males. Reduction in the female effect contribution
to total variation in fruit weight was minor with the exclusion of
R. parvifolius derivative progeny from the analysis. Exclusion
of the 11 genotypes requiring more than four collections in 2003
had negligible impact on the variance component contributions
for fruit weight.

Year effect contributed less than genetic effects to the overall
variation in AA, TPH, and fruit weight (Table 3). The residual
component, constituting the within-plot genetic and within-plot
environmental effects and experimental error, accounted for the
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largest proportion of variation for all three of the traits, approxi-
mately 54% to 63% in combined year analyses and up to 74% in
single year analyses. Among-plot variation within families was
alsosubstantial (12% to 19%) in combined year analyses, although
the variation was much less pronounced in 2002 than 2003.
Antioxidant activity and TPH were highly and positively
phenotypically correlated (r = 0.93, Table 4) and showed sub-
stantial genetic correlation (r = 0.59). Antioxidant activity and
TPH demonstrated weak, but significant, negative phenotypic
correlations with fruit weight (r =—-0.34 and —0.33, respectively;
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Table 3. Variance component distributions (%) for antioxidant activity (AA), total phenolic content (TPH), and fruit weight for individual
and combined years in red raspberry factorial derived from seven female and six male parents (n = 411 genotypes).

AA TPH Fruit wei ght
Combined Combined Combined
Source 2002 2003 years 2002 2003 years 2002 2003 years
Rep 3.4 32 L6 2.9 34 1.1 0.0 1.1 0.1
Female (F) 19.2 7.8 12.2 18.9 7.1 111 13.9 14.4 14.5
Male M) 7.7 5.6 6.7 7.0 62 6.5 19.9 16.2 17.4
Year (Y) - - 1.1 -- - 47 -— - 0.0
F xM 0.0 0.0 0.0 0.0 0.0 0.0 3.6 2.2 2.5
FxY - — 0.3 -- - 0.7 - - 0.0
MxY - — 0.0 -- - 0.0 - - 0.0
Plot withinF xM 5.6 135 185 1.0 94 13.1 0.8 3.1 11.9
FxMxY - - 0.0 -- - 0.0 - - 0.0
Plot withinF xM xY - - 0.0 -- - 0.0 — — 0.0
Residual s 64.1 69.9 59.5 70.1 74.0 62.8 61.8 63.0 53.6

Table 4. Genotypic (lower left) and phenotypic (uper right) correlations
for antioxidant activity (AA), total phonlic content (TPH), and fruit
weight of fruit harvest from red raspberry factorial in 2002 and 2003
(n =411 genotypes each year).

AA TPH Fruit wt
AA 0.93 -0.33
TPH 0.59 --- -0.34
Fruit weight -0.07 -0.013 -

P < 0.001). However, the equivalent genetic correlations were
much closer to zero.

Narrow-sense heritability estimates on an individual plant basis
were calculated based on variance components for AA, TPH, and
fruit weight (Table 5). The heritabilities based on combined year
data were moderate for both AA and TPH, 42 = 0.54 and 0.48,
respectively. Heritability estimates for these two traits were lower
in 2003 than 2002. In contrast, the heritability for fruit weight
did not vary between years, (h2 = 0.72 and 0.66), and for the
combined years was moderate-high, h2 =0.77.

Asnoted above, exclusion of R. parvifolius derivative progeny
from the variance component analyses substantially reduced
female genetic contribution to the total variance for AA and
TPH. Thus, variance component heritability estimates were also
calculated following exclusion of R. parvifolius derivative prog-
eny. For AA, heritabilities decreased from 0.61 (Table 5) to 0.32
(analysis not shown) in 2002, from 0.38 t0 0.21 in 2003, and from
0.54 t0 0.29 in combined years. For TPH, heritabilities decreased
from 0.55 (Table 5) to 0.30 (analysis not shown) in 2002, from
0.33 to0 0.22 in 2003, and from 0.48 to 0.28 in combined years.
Heritabilities for fruit weight changed from 0.72 (Table 5) to 0.62
(analysis not shown), from 0.66 to 0.61, and from 0.77 to 0.73
for 2002, 2003, and combined years, respectively.

Heritability estimates were also calculated from variance
components following exclusion of the 11 genotypes requiring
more than four fruit collections in 2003. For AA and TPH, the
estimates increased by =10% but for fruit weight there was little
or no change in the estimate (data not shown).
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Narrow-sense heritability estimates based on offspring-mid-
parent regression were calculated and compared to the above
estimates (Table 5). Two of the male parents were not assessed for
AA, TPH, and fruit weight in both years, and thus the heritability
estimates were based on data from the 11 parents (and their half-
sib families) that were evaluated both years. The individual and
combined year heritability estimates for TPH and AA obtained
by offspring-midparent regression were similar to those obtained
by variance components. Heritabilities of fruit weight based on
2002 and combined year data were higher, although well within
standard error limits, when estimated from variance components
than from offspring-midparent regression. The two methods
yielded identical estimates for 2003 data.

Positive transgressive segregants for each trait were identified
as those factorial genotypes whose 2-year mean exceeded that of
its higher parent by at least 2 sps; the sp was based on the values
of the entire offspring population. For AA, one transgressive seg-
regant was identified in each of four full-sib families while two
were identified in one full-sib family. For TPH, one transgressive
segregant was identified in each of seven full-sib-families. For
both AA and TPH, ‘Sumner’ was the male parent for four of the
transgressive segregants. Five of the six genotypes identified as
transgressive segregants for AA were transgressive segregants
for TPH. For fruit weight, four full-sib families each contained
one transgressive segregant.

Discussion

Breeding for higher levels of a trait requires that there be
substantial variation in the plant breeding population and a heri-
tability that is sufficiently high to make ample improvement in
the trait, warranting the expenditure for testing selections from
successive generations. Previous studies have suggested that
variation in AA and TPH exists among red raspberry cultivars.
Gonzélez et al. (2003) reported a total phenolic range of 113 to
179 mg/100 g fresh weight among four red raspberry cultivars
grown in one season, and an antioxidant capacity [determined as
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Table 5. Narrow-sense heritability estimates (standard error) for antioxidant activ-
ity (AA), total phenolic content (TPH), and fruit weight in red raspberry fruit,
based on variance component analysis of factorial design (n =411 in each 2002
and 2003) and on offspring-midparent regression analysis using factorial and

parental data.

season progresses, but this is unlikely to have had a
major impact on our results since within each replicate
the plants were harvested at a similar stage during the
season where possible. Furthermore, exclusion of the
11 genotypes, which required more than four harvests

I by vatiance component

# by ofpring-midparent

in 2003, hardly changed the heritability estimate for
fruit weight, in contrast to AA and TPH.

malysis regrassion anal ysis Our results suggest that reasonably rapid progress

AA through breeding can be expected for these traits. The
genetic advance in one cycle of selection can be predicted

2002 0.61 (0.15) 0.56 (022) as i0,,h2, where i = selection intensity constant, G, =
square root of the phenotypic variance in the unselected

2003 038 (0.12) 0.4 013) population, and 42 = narrow-sense heritability (Poehl-
Combined years 0.54 (0.27) 0.4 (0.12) man and Sleper, 1995). Using the data from the factorial
population and assuming a selection intensity of 5% (i

TPH =2.063), the predicted gain in AA is 7.3 pmol-g-! fruit
2002 0.55 (0.10) 0.5 (0.20) based on 2002 data, 4.3 yr.nol-gf1 fruit baseq on 2003
data, and 6.0 ymol-g-! fruit based on combined year

2003 033 (0.18) 0.34 (0.13) data. Based on the population means for the individual

. and combined years, these gains represent increases of
Combined years 048 0.15) 0.4 (0.12) 19%, 11%, and 16% over the unselected mean in 2002,
Fruit wei ght 2003, and combined years, respectively. For TPH, the
predicted gains with a selection intensity of 5% are 63

2002 0.72 (0.33) 0.61 (0.20) mg/100 g fruit (19% increase), 35.5mg/100 g fruit (12%
increase), and 50.1 mg/100 g fruit (16% increase), based

2003 06603 0.6 16) on2002,2003, and combined year data, respectively. For
Combined years 0.77 (0.31) 0.61 (0.12) fruit weight, predicted gains are 1.36 g (40% increase),

1.26 g (37% increase), and 1.38 g (40% increase) based

antiradical efficiency (i.e., the rate of DPPH radical quenching in
grams per minute)] that ranged from 4.02 x 10+ to 10.15 x 10+
per g fruit. Correlation between total phenolics and free-radical
scavenging activity was 0.83. Liu et al. (2002) reported a TPH
range of 359 to 512 mg/100 g fresh weight among four cultivars
in one season, and antioxidant activity (determined by the total
oxyradical scavenging capacity and expressed as median effec-
tive dose) that ranged from 802 pg-mL-! (least effective) to 312
pug-mL-' (most effective). The correlation between TPH and AA
was r = 0.99. TPH and AA in individual genotypes have been
reported by others (Kédhkonenetal., 1999; Proteggente etal., 2002;
Wada and Ou, 2002), but none of the reports have examined a
mating design or the effect of year on these traits.

This study demonstrated that in our red raspberry factorial
population, substantial variation exists in AA, TPH, and fruit
weight. Narrow-sense heritability estimates for AAand TPH were
moderate, and for fruit weight were moderate-high. Previous heri-
tability estimates for AA and TPH were not identified in a search
of the literature. However, Nestby (1994) reported a broad-sense
heritability estimate of H2=0.42 for fruit weight, based on 1 year
of data from 10 offspring in each of two replications of 19 red
raspberry families. Fejer and Spangelo (1974) reported a broad-
sense heritability estimate of H2=0.58 for fruit weight among 14
replicated progenies of selections from selfed (S,) red raspberry
cultivars. Fejer (1977) reported data from red raspberry diallel
crosses supporting predominantly additive inheritance for fruit
weight, but with a significant nonadditive component as well.
Our moderate-high narrow-sense heritability estimate for fruit
weight in a factorial design generally concurs with the findings in
the previous studies. However, we found that the female x male
interaction was of only borderline significance, which contrasts
with the significant specific combining ability Fejer (1977) re-
ported. Fruit size in raspberry tends to decrease as the harvest
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on 2002, 2003, and combined year data. The predicted
gain based on 2003 data for all three traits is considerably lower
than that based on 2002 data, suggesting that combined year
data may provide a more accurate prediction of genetic advance.
Predicting gain per cycle also depends on accurate selection of
individuals with high levels of the trait.

The above expected gains are based on all females, including
the R. parvifolius derivative, and are encouraging in that they
indicate that the lowering effect of this parent on AA and TPH
can be rapidly overcome. However, it could be argued that it is
more appropriate to exclude this parent in the heritabilities used
in estimating gain. In this case, the expected gains would be ap-
proximately half those above.

Year effects were significant for AA and TPH, although not
for fruit weight. Thus, AA and TPH should be measured in more
than one year to obtain reliable values. However, the lack of
significant year x genetic effect interactions suggests that rank-
ing of families for AA or TPH should not change substantially
between years.

The genotypes used to form the factorial share some com-
mon ancestry. The heritability estimates we report may be
underestimates of the actual values, since we did not adjust the
heritability estimates to account for the parental coancestries.
The coancestries among our 42 full-sib families ranged from
0.026 to 0.213; hence a uniform inbreeding coefficient could not
be used to adjust the variance values used in the estimates. The
information reported by Durel et al. (1998) on the heritabilities
of agronomic traits in apple indicates that lack of adjustment for
parental relatedness resulted in underestimates for heritability.
Whether adjusted estimates are more relevant than the unadjusted
ones in determining breeding strategy is questionable. Dale et
al. (1993) reported that the inbreeding coefficients of 137 red
raspberry cultivars released since 1960 from breeding programs
throughout the world ranged from 0.0 to 0.625. Based on the

409

$S9208B 93l) BIA £0-/0-SZ0Z 1e /woo Aiojoeiqnd-poid-swid - ylewlaiem-jpd-awiid//:sdny wolj papeojumoq



coefficients of relationship, the cultivars clustered into 10 groups
and the mean inbreeding coefficient for each group ranged from
0.065 to 0.208. The inbreeding coefficients calculated for the
parents in our study are consistent with the range reported by
Dale et al. (1993). Thus, the coancestries among the parents in
our study are probably similar to the coancestries among parents
in red raspberry breeding programs throughout the world. The
heritability estimates obtained without adjustment for inbreeding
could have more relevance to breeding programs with significant
inbreeding than adjusted estimates.

Total phenolic content and AA were highly phenotypically cor-
related (r=0.93) in this study. Asnoted above, Liu et al. (2002) and
Gonzalezetal. (2003) also observed high phenotypic correlations.
In their survey of Rubus species, Deighton et al. (2000) observed
correlations » = 0.96 between TPH and AA by FRAP assay and r
=0.67 between TPH and A A by the Trolox equivalent antioxidant
capacity (TEAC) assay. Similarly, Moyer et al. (2002), in their
survey of Rubus species and cultivars, demonstrated a correlation
r =0.90 between TPH and AA by FRAP, and r = 0.92 between
TPH and AA by oxygen radical absorbance capacity (ORAC).
We obtained a genetic correlation of 0.59 between TPH and AA,
suggesting that a substantial additive genetic component underlies
these traits, but that sizeable nonadditive components or environ-
mental influences are present as well. While the contributions of
individual compounds to the AA in the fruit were not established
in this study, there are many phenolic compounds in cane fruit
and berry extracts that potentially provide AA, including phenolic
acids, flavonols, and anthocyanins. For example, Héakkinen et
al., (1999a) reported a high proportion of ellagic acid relative to
other phenolic components in red raspberry extracts. Ellagic acid
is thought to derive from hydrolysis of the significant amounts
of ellagitannins that are present in the fruit and that appear to
possess high AA (Mullen et al., 2002). However, Gonzélez et al.
(2003), in their study of four red raspberry cultivars, found no
significant correlation between ellagic acid content and AA in fruit
extracts, as determined by antiradical efficiency assay. Addition-
ally, non-phenolic compounds, including vitamin C, of which red
raspberries contain significant amounts (Gonzalez et al., 2003;
Hikkinen et al., 1999b), also function as antioxidants, and could
have contributed to AA in this study. We did not attempt special
preservation of vitamin C content during fruit extraction, so its
role in providing AA was not determined. But the contribution of
nonphenolic antioxidants to AA in red raspberry might explain
why the genetic correlation between TPH and AA is much lower
than the phenotypic correlation. Most, but not all, plant phenolics
are products of phenylpropanoid metabolism, whereas production
of nonphenolic antioxidant compounds, such as vitamin C or
folate, occurs via distinct separate pathways, so nonadditive and
environmental factors might influence phenolic and nonphenolic
antioxidant production very differently.

Both TPH and A A showed low but significantinverse phenotyp-
ic correlations with fruit weight and very low genetic correlations,
indicating there are predominantly environmental or nonadditive
genetic causes for the phenotypic correlation. This suggests that
breeding to increase TPH or AA will not compromise progress
in fruit size, if that is also an objective of the breeding program.
Unfortunately, it was beyond the scope of the study to assess other
fruit quality traits, such as flavor and color. However, individual
anthocyanin levels were measured (unpublished data).

ForTPHand AA, parental sources together accounted for=13%
to 27% of the total variation observed among the families, but
the relative contribution by females to the total variation differed
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more than 2-fold between years, while the male effect contribu-
tion varied little. The cause for fluctuation between years is not
entirely clear. One of the female parents was an offspring of an
open-pollinated R. parvifolius x R. idaeus hybrid, with fruit that
were clearly less pigmented than those of other parents. Many
of the offspring of the R. parvifolius derivative parent were also
visibly pigment deficient. Since normal anthocyanin pigment
production reflects an intact flavonoid synthetic pathway, it is
possible, but not requisite, that reduced pigmentation results
from abnormal function or regulation of the flavonoid synthetic
pathway proximal to the point at which anthocyanin synthase
(leucoanthocyanidin dioxygenase) directs flavan-3,4-diol precur-
sors into anthocyanin production. If this were the case, decreased
pigmentation in the R. parvifolius derivative progeny might be
accompanied by altered levels (or altered responses to environ-
mental influences) of the flavonoid compounds arising earlier
in the synthetic pathway. Thus, potentially the R. parvifolius
derivative female parent could have accounted for some of the
fluctuation in female source contribution to total variation in TPH
and AAbetween years. When the analyses were repeated following
exclusion of R. parvifolius derivative progeny, variation among
female parents was reduced, but the fluctuation in female parent
effect between years remained. Therefore, although this parent
clearly contributed considerably to overall variation in TPH and
AA among the factorial genotypes, its inclusion does not appear
to explain the year-to-year difference in female parent contribu-
tion to variation in TPH and AA.

Also observed during the second year of the study was the
increased number of plants that required a high number of col-
lections to obtain 100 g fruit. Eleven factorial genotypes required
5—-10collections to obtain sufficient fruit, and virtually all of these
plants were noted for poor vigor, scant new growth, small plant
size,low fruitnumber and slow fruitripening, suggesting disease or
physiological stress. Itis possible that the diseased/stressed plants
could account for some of the between-year changes in variance
for TPH or AA, since phenolic production in the fruit could be
altered. Forexample, abiochemical or structural stress response in
the vegetative part of a plant might compel that portion to compete
with the fruiting structures for limited photosynthate, decreasing
the resources available to the fruit for phenolic synthesis. Con-
versely, disease or stress that directly affects the fruiting portion
of the plant might induce higher phenolic production within the
fruit itself. Regardless of cause, exclusion of these 11 genotypes
from analysis increased the heritability estimates for TPH and
AA by =10%. This suggests that minimizing stress and disease
through good horticultural management can optimize variance
analyses and increase heritability and hence the expected gain.

The largest proportion of variation for all three traits was al-
located to the residuals, indicating that within-plot genetic and
environmental effects, their interactions, and experimental error
accounted for most of the variation observed in this population.
The within-plot environmental effects were probably small, as the
proximity of the two full-sibs minimized differences in exposure.
We attempted to reduce experimental error by employing uniform
procedures in plant maintenance, fruit collection and extraction,
and assay performance, but not all contributions to experimental
error were defined or controlled for in this study. We acknowledge
that this error could account for considerable within-plot variation,
but we propose that the bulk of the large within-plot variances
for all three traits was most likely attributable to genetic effects
within full-sib families. If this were the case, our data indicate
that evaluation of fewer large families, rather than many small
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families, could be used to take advantage of the considerable
within-family variation when selecting improved genotypes.

We also noted significant variation among plots within full-sib
families, evident in 2003 and in combined-year analysis. Some
of this variation may be attributable to genetic (within-family)
effects, since each plot contained unique (not cloned) genotypes,
and plot means were based on only two individuals. The distri-
bution of within-family plots among four replications, however,
suggests thatenvironmental factors and repeated-measure effects
in the combined year situation contributed largely to the varia-
tion among plots within full-sib families. Thus, it is evident that
environment influenced the within-family differences observed
in this design. Measures that minimize environmental differences
or allow for their adjustment, including evaluating plants in an
appropriately chosen design and good plant husbandry, could
improve accuracy of evaluation and selection.
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