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ABSTRACT. Ten phenological and fruit quality traits were evaluated in seedlings from nine F1 low to medium chill full-
sib peach (Prunus persica) families and their parents over 2 years at two locations (Fowler, CA, and College Station,
TX) to estimate variance components, genotype by environment interaction (G·E), and phenotypic correlations using
restricted maximum likelihood mixed and multivariate models. The removal of nectarine [P. persica var. nucipersica
(fruit without fuzz)] and pantao (flat shape fruit) seedlings from the analysis decreased the heritability for the fruit
size, blush, tip, and soluble solids concentration (SSC), indicating the importance of taking the effects of the major
gene of nectarine/pantao into account when assessing the heritability of traits. A strong correlation coefficient (r =
0.92) found between ripe date (RD) and fruit development period (FDP) and between fruit weight (FW) and fruit
diameter (FD), indicates that either measure is equally effective, although the negative correlation between bloom
date (BD) and FDP (r = L0.46) implies earlier blooming during cool temperatures tends to extend FDP. FW, FD,
blush, and SSC had moderately weak correlations with RD (r = 0.56, 0.53, L0.41, and 0.48) and FDP (r = 0.57, 0.56,
L0.50, and 0.39, respectively), which could be explained either by the presence of a strong link between quantitative
trait loci of these traits and the ripening date locus or the pleiotropic effect of ripening date on many quantitative fruit
characters. The traits RD, FDP, and titratable acidity (TA) had the highest broad-sense heritability (H2) and lowest
G·E. FW, tip, and shape showed the lowest H2, the highest of G·E variance to the genetic F (G·E variance/total
genotypic variance), and high G·E, whereas the other traits showed moderate G·E. For the traits that had a higher
G·E interaction, selection for or against these traits should be done at the production location. A moderate narrow-
sense heritability (h2) was estimated for BD, blush, fruit tip, and shape. FW and FD showed low to moderate h2 while
H2 was high, whereas RD, FDP, SSC, and TA showed low h2 and high H2 estimates, indicating important nonadditive
effects for these traits.

Peach (Prunus persica) is among the five most-produced
tree fruit crops in the United States (�875,000 t) and the world
(�24.5 million tonnes) (Food and Agriculture Organization of
the United Nations, 2020). The fruit skin can be either pubes-
cent (peach) or glabrous [nectarine (P. persica var. nuciper-
sica)]. Nectarine is controlled by a recessive gene (g) and
mapped on linkage group 5 (LG5) (Dirlewanger et al., 1998).
Also, the peach fruit shape differs from round to flat (pantao) in
appearance (Bassi and Monet, 2008; Blake, 1932). It is con-
trolled by the S-locus (Lesley, 1940) located at the end of LG6
(Dirlewanger et al., 1998). The fruit is characterized by varying
the flesh color from white, yellow, orange, and red, and these
color variations are a result of different levels of carotenoid and
anthocyanin compounds (Cevallos-Casals et al., 2006).

In recent years, anthocyanin-rich fruits and vegetables have
become more attractive to consumers and making them more
marketable compared with other crops as they have health-
promoting properties. Research at Texas A&M University
(TAMU) has highlighted the importance of antioxidant activity
of stone fruit (Prunus sp.) and that some of them overlapped
that of rabbiteye blueberry [Vaccinium ashei (Vizzotto et al.,
2007)].

Recent trends in peach breeding include developing culti-
vars that extend the harvest period and are adapted to
subtropical and tropical zones. This is a response to consumer
demands to have peach fruit available throughout the year
(Byrne, 2012). Likewise, fruit quality is essential for a new
commercial cultivar. Selection for these traits is complicated
because most of them are controlled by several loci that are
influenced by environmental factors (Bliss, 2010). Thus,
recurrent selection is an efficient breeding technique used to
increase the frequency of favorable alleles for these complex
traits (Hallauer and Carena, 2012). Over the past decade,
peach consumption per capita has decreased, most likely due
to the inconsistent quality of the fruit in the market. This issue
has spurred more effort in the fruit quality improvement in
peach breeding programs throughout the world (Byrne, 2012;
Crisosto and Kader, 2000).
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In general, phenological and fruit quality traits are important
in the development of new peach cultivars. BD is a reliable
estimate of chilling (de Souza, 1996), and is controlled by both
chilling requirement and heat unit accumulation in low and
medium chill environments (Rodriguez and Sherman, 1986).
RD is affected by fruit crop load, cultural practices, weather
conditions such as temperature, and genetics (Blake, 1932), and
has been a focus of many breeding programs, particularly in the
interest of developing earlier ripening cultivars (Byrne et al.,
2012). FDP has been defined as the interval between BD and
RD (Blake, 1932), and like RD, is influenced by both genetic
and nongenetic factors (Weinberger, 1948).

Fruit size is an important characteristic for the development
of new cultivars of peach. It is a function of both cell number
and cell size (Scorza et al., 1991), and can be measured as both
FW and FD (de Souza, 1996). Fruit size in peach appears to be
quantitatively inherited. It has been suggested to exhibit dom-
inance for smaller size fruit (Hesse, 1975), although this may be
an illusion resulting from multiplicative action among traits
controlling fruit size andmass (Hansche et al., 1972;Marini and
Sowers, 1994). Blush is a quantitative trait and expressed
during the final stage of fruit development (Bassi and Monet,
2008; Frett et al., 2014), and is affected by temperature,
exposure to light, and other environmental factors (Corelli-
Grappadelli and Coston, 1991; de Souza, 1996). Blush has also
been reported to be qualitatively controlled by several major
genes in different germplasms (Beckman and Sherman, 2003).
A major quantitative trait locus (QTL) which explains 72% of
the variation in blush has also been reported on LG3 and located
at the same genomic region of the candidate gene (PprMYB10)
for skin and flesh coloration for peach (Frett et al., 2014) and
other Rosaceae crops (Lin-Wang et al., 2010). A high percent-
age of red skin blush (blush) caused by the accumulation of
anthocyanins is desirable for fresh market sale of peaches and
nectarines in the United States (Beckman et al., 2005; Frett
et al., 2014; Hesse, 1975).

Fruit shape is a function of the prominence of the pistil tip
and the suture of the fruit. The shape is influenced by chilling
accumulation and temperature during the early stages of fruit
development (de Souza et al., 1998b; Topp and Sherman,
1989), and has traditionally been evaluated using a subjective
scale (de Souza et al., 1998b; Rodriguez and Sherman, 1986;
Sherman et al., 1984; Topp and Sherman, 1989).

Consumer acceptance and the organoleptic quality of fleshy
fruits are most strongly affected by the content and composition
of soluble sugars and organic acids (Crisosto and Crisosto,
2005; Dirlewanger et al., 1999). SSC is influenced by the
amount of light received, canopy position, available water
during fruit development, plant nutrition, thinning practices,
position in the canopy, and temperature during fruit develop-
ment (Westwood, 1993). TA and, in particular, the sugar/acid
ratio, is an essential component of the organoleptic quality for
fruits in the Rosaceae family (Crisosto and Crisosto, 2005). The
major gene D conditions low acidity in peach (Boudehri et al.,
2009; Dirlewanger et al., 2009).

Several studies have focused on estimating heritability on a
progeny-mean basis expressed as the proportion of genetic
variance among a progeny to that of the phenotypic variance
(Bernardo, 2010). Linear regression of offspring performance
on mid parent performance has also been a useful method
(Falconer, 1989), but is only an accurate estimate when the
inbreeding coefficient is equal to zero (Fernandez and Miller,

1985). Although other methods of analysis based on variance
components have been used, most require robust experimental
designs with reciprocal crossing and replications, all of which
have limited feasibility in fruit tree crops (de Souza, 1996). In
contrast, random-effects models such as residual maximum
likelihood (REML), which were first used in animal breeding
(Henderson, 1984; Searle, 1971) and later in plant breeding
(Huber, 1993; McCutchan et al., 1985; Tancred et al., 1995;
Vileila-Morales et al., 1981), provide a robust analysis with the
use of unbalanced and non-normal data in perennial plant
species, as it maximizes the genetic variance likelihood after
correcting for the fixed effects (Banks et al., 1985; Kouassi
et al., 2009; Westfall, 1987). Studies by Vileila-Morales et al.
(1981) and de Souza et al. (1998a, 1998b) have thus far been the
only examples of using such a model for analyzing variance
components in peach.

Moreover, for plant breeders and agronomists, a genotype
plus genotype by environment (GGE) biplot is a beneficial tool
for the graphical display of the G·E results. Research with a
large number of genotypes evaluated across multiple locations
and years makes the G·E and stability analysis a major
challenge. Hence, the GGE biplot analysis is the appropriate
tool for analyzing and interpreting data of multienvironment
trials (Yan and Tinker, 2006). Likewise, correlations between
traits also can be especially useful in plant breeding where the
indirect selection may be applied for a trait. It is important to
keep in mind that the implication of phenotypic correlation in a
breeding program is limited by the fact that both genetic and
environmental correlations are included (de Souza, 1996).

Overall, peach fruit quality traits are complex and affected
by genetics, the environment, environmental interaction with
genetics, and cultural practices (Byrne, 2005; Crisosto et al.,
1997). Thus, in this study, we hypothesized that understanding
genetic parameters, including variances, heritability, and rela-
tionships among traits will increase the peach breeding effi-
ciency and help breeders in selecting for superior cultivars.

This research was conducted in low-medium chill early-
ripening peach/nectarine germplasm with objectives to assess
the effects of major genes (pantao and nectarine) on heritability
for fruit quality traits, phenotypic correlation, and G·E for
phenological traits (BD, RD, and FDP) and quality traits (FW
and FD, blush, tip, shape, SSC, and TA) in high chill arid vs.
low chill humid locations.

Materials and Methods

PLANT MATERIALS. A total of 369 seedlings (2 to 4 years old)
from nine F1 families (Supplemental Fig. 1) along with parental
genotypes, were budded onto peach rootstocks ‘Nemaguard’
(P. persica · Prunus davidiana) and planted in College Station,
TX, and Fowler, CA. The number of seedlings in each family
ranged from 8 to 87 with an average size of 41. Each site
included one replicate of each seedling and three to four
replicates of each parent.

PEACH GERMPLASM USED IN HERITABILITY STUDY. The parents
used reflect the diversity of germplasm used in the Low Chill
Peach Breeding Program at TAMU over the past 35 years.
These crosses were done to introgress high-quality and subacid
qualities from the peach/nectarine germplasm developed at the
U.S. Department of Agriculture (USDA) Stone Fruit Breeding
Program (Parlier, CA) into low/medium chill germplasm by
crossing them with low/medium chill peaches developed in
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Texas. The low chill, yellow-fleshed, acid-sweet peaches
(TX2B136, ‘Victor’, and ‘Tropic Zest Three’) from the
Texas program are mainly derived from Florida peach
germplasm (‘Tropic Beauty’ and related selections) and
medium chill peach germplasm developed in the USDA
Stone Fruit Breeding program in Byron, GA (‘Goldprince’
and ‘Springbrite’). The medium chill subacid white-fleshed
cultivar, White Delight Two, is a result of crosses among
Texas peaches and subacid white California material devel-
oped by Zaiger Genetics (Modesto, CA). The other materials
are low to medium chill California peach and nectarines
developed by the USDA (Parlier, CA) and selected for high
quality early in the season. These include the subacid, white-
fleshed pantao peach cultivar Galaxy that was developed via
crossing materials from the New Jersey Agricultural Exper-
iment Station Stone Fruit Breeding Program (New Brunswick,
NJ) and P34-106, a derivative of the early medium chill
nectarine, ‘Armking’. The three subacid, yellow-fleshed nec-
tarine selections (Y426-371, Y434-40, Y435-246) were de-
veloped from a diversity of germplasms, including ‘Armking’,
and germplasms from the University of Florida (Gainesville),
Rutgers University (New Brunswick, NJ), and Georgia USDA
Stone Fruit Breeding Program (Byron, GA) (Supplemental
Table 1).

PLOT ESTABLISHMENT AND DESIGN. The College Station, TX,
plot was randomized with one tree of each seedling and four
replicates of each parent, whereas planting at the Fowler, CA,
site was organized by progeny with three replicates of each
parent. Trees at College Station were planted in staggered
double rows, with 1.7 m between rows, and 0.67 m spacing
within rows. Double rows were spaced 5 m apart. All trees were
trained as a central leader. Trees in the Fowler plot were trained
as a two-scaffold ‘‘Y’’ and spaced 1 m within rows and 4 m
between rows. At each location, irrigation, fertilization, pest
and weed control, pruning, and fruit thinning were done
according to typical commercial practice.

Progenies and parents were evaluated at the two locations
over 2 years: Fowler for 2011 and 2012; and College Station for
2012 and 2013. Fowler is located in the center of the San
Joaquin Valley in central California and is ideal for peach
production with a semiarid Mediterranean climate. College
Station is located in east-central Texas with a sub-humid and
warm temperate climate with mild winters and warm to hot,
humid summers. The locations differ greatly in terms of
climate, as College Station has more rainfall (1000 mm for
College Station; 284 mm for Fowler), humidity, cloudy days
(College Station receives 27% less sunlight per year), and
warmer night temperatures during fruit development (Weather
Underground, 2018). Also, College Station is much more likely
to experience late spring freezes, extreme temperature swings,
and fewer chilling hours (�540 vs. �1090 h) than the Fowler
location. The College Station site also has poorer soil drainage
and more sodic irrigation water than Fowler. These environ-
mental factors make College Station less suitable for stone fruit
production (Supplemental Table 2).

DATA COLLECTION. Data were recorded on peach phenolog-
ical and fruit quality traits from nine families (Supplemental
Table 3) and eight parents (Supplemental Table 4). The
collection of data at the Texas site was conducted by the
TAMU Stone Fruit Breeding program. At the California site,
data were collected by the staff of The Burchell Nursery
(Fresno, CA) and Fruit Dynamics (Fresno, CA). Following

harvest, the samples of five fruit were placed in paper bags at
Fowler and in plastic zip-lock bags at College Station and
placed in cold storage at 1 to 4 �C and evaluated within 1 week
of collection. Pictures of the five-fruit samples were taken of the
exterior of the fruit from four positions: top, cheek (one side),
suture, and tip, as well as with transverse and equatorial
bisecting cuts revealing the interior of the fruit.

EVALUATIONS. BD was visually assessed in the field and
recorded when�60% to 80% of the flowers had opened on each
tree. The RD was determined by the presence of two to five soft
fruit, at which point a sample of five firm mature fruit was
collected for further evaluation of other traits. Fruit were
visually inspected in the field for maturity weekly. Both BD
and RD were converted into day of the year. FDP was calcu-
lated as the number of days between BD and RD. FW was
recorded as the average FW in grams of a five-fruit sample. FD
was measured in millimeters across the fruit cheek using a
standard caliper based on the average of five fruit.

SSC (percent) was measured using a temperature-compen-
sating refractometer. All measurements done by TAMU staff
were done using a hand-held refractometer in which juice from
individual fruit was measured and the average of three to five
fruit was recorded. The Fruit Dynamics staff used a composite
sample consisting of macerated fruit pulp that was centrifuged
to collect the juice from a five-fruit sample. SSC data obtained
from the two procedures proved to be highly correlated, thus
data from the two samples were averaged.

TA was measured with 10 g of cheesecloth-filtered juice that
was diluted with 30 mL of de-ionized water and placed in a
40-mL glass beaker. Samples were titrated with 0.1 N NaOH to
a pH of 8.1. A two-point calibration pH meter was used to
determine the titration endpoint. Results were expressed as
equivalents of anhydrous malic acid per 1000 mL of juice (eq
H+/1000 mL). The following conversion formula was used:
TA = [(mL NaOH · N · 0.067045) / mL juice] · 1000, where
mLNaOH is equal to milliliters NaOH used in the titration, N is
the normality of NaOH, and 0.067045 is a milliequivalent
factor of malic acid in stone fruit. Samples from the Fowler site
were evaluated by the Fruit Dynamics staff within 2 to 5 d in
cold storage (4 to 5 �C) after harvest. Juice from the same
composite fruit sample used for soluble solids measurement
was used for TA. At the College Station location, fruit were
squeezed manually using a fruit press, and the resulting juice
was stored in 60-mL plastic containers at approximately
–20 �C. The frozen samples were allowed to thaw at room
temperature for �2 h before measurement.

Fruit red blush was evaluated for the amount of red pig-
mentation on the skin of the fruit using a 0 to 5 scale [0 = 0% red
coverage, 1 = 1% to 20%, 2 = 21% to 50%, 3 = 51% to 80%, 4 =
81% to 99%, 5 = 100% (Frett et al., 2012)].

Fruit tip and shape were subjectively evaluated on a 1 to 9
scale. Tip ratings were based on the prominence of the tip at the
distal end of the fruit and shape ratings assessed both tip and
suture prominence in which 1 = very large tip and/or suture, 3 =
large tip and/or suture, 5 = moderate tip and/or suture, 7 =
mostly round with slight tip and/or suture, 9 = round fruit. The
most desirable shape would be round and symmetrical.

STATISTICAL ANALYSIS. All statistical analyses were per-
formed using JMP Pro (version 13.2; SAS Institute, Cary,
NC). Before statistical analyses, data were tested for normality
using a Shapiro-Wilcox test. Data from all traits proved to be
non-normally distributed. As transformations of the data did not
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improve its normality, the nontransformed data were used in all
analyses.

A linear mixed model with REML procedure was used to
estimate the additive genetic (s2

A), nonadditive genetic (s2
d),

and G·E (s2
g · e) variances for all traits. In the linear mixed

model, the genotypes and genotype-environment interaction
were considered as random effects and the environments as
fixed effects. Because we ultimately considered two environ-
ments, only 1 df was available for this term.

Parental [female parent (FP), pollen/male parent (PP)] vari-
ances were treated as s2

A, progeny variance was regarded as s2
d ,

and the sum of the parental and progeny variances were regarded
as the total genotypic variance (s2

g). The interaction of genotype
(FP, PP, or progeny) and the environment was treated as s2

g · e,
and the phenotypic variance (s2

p) was calculated as follows:

s2
p =s

2
A +s

2
d +s

2
g · e

.
E;

where E = number of environments = 2 (de Souza et al., 1998a,
1998b; Holland et al., 2003; Liang et al., 2017; Wu et al., 2019).
The size of the G·E variance relative to the genetic variance was
assessed using the ratio s2

g · e=s2
g and further examined using the

package GGEbiplots (Dumble, 2017) of R (version 4.0.2; R
Foundation for Statistical Computing, Vienna, Austria). Broad-
sense heritability (H2) estimates were calculated as follows:

H2 =
s2
g

s2
g +

sg · e
2

E

Narrow-sense heritability (h2) estimates were calculated as
follows:

h2 =
s2
A

s2
g +

sg · e
2

E

(Connor et al., 2005; Hallauer et al., 2010; Holland et al., 2003).
A bivariate model was used to estimate phenotypic correla-

tions. Correlations were computed on a pairwise basis for all
traits and between environments. The significance of correla-
tion estimates was discussed based on the magnitude of the
estimate because the sampling variances for the correlation
estimates were not available. Thus, correlation estimate (r) $
0.65 was considered strong to very strong; a correlation esti-
mate between 0.50 and 0.64 was considered moderately strong;
a correlation estimate between 0.30 and 0.49 was considered
moderately weak (de Souza et al., 1998a).

Results and Discussion

MAJOR GENE EFFECTS ON HERITABILITY. Previous reports have
described the effects on fruit quality (size, shape, and blush)
caused by the major genes that condition the pantao and
nectarine forms of P. persica that could be due to pleiotropy
or a strong linkage between loci conditioning the quality
traits and the major genes (Wang, 2009; Wang et al., 2010;
Wen et al., 1995a, 1995b; Wu et al., 2003a, 2003b). Because
several of these progenies were segregating for one or both of
these traits [25% of the seedlings (Supplemental Fig. 1)], the
analysis was run after removing both nectarine and pantao
seedlings to assess their influence of these major genes on the
heritability, for fruit size, blush, tip, shape, SSC, and TA

traits. The results showed that FW, SSC, tip, and blush
decrease approximately the same for h2 and H2 except for FD,
which had a larger decrease in h2 vs. H2. There was an �41%
to 86% decrease in additive genetic variance and an �14% to
122% decrease in nonadditive genetic variance for FW and
FD (Table 1). Most of this effect was due to the elimination of
the nectarine seedlings (data not shown). Because nectarines
tend to be smaller than peaches (Oberle and Nicholson, 1953;
Wang, 2009; Wang et al., 2010; Wen et al., 1995a, 1995b;
Wu et al., 2003b), this decreased the genetic variability of the
families. The broad-sense heritability for FW and FD, al-
though lower, remained high. The original analysis (run with
peach, nectarine, and pantao seedlings) indicated that the h2

was higher (0.40) for FD than FW (0.16) (Table 1), whereas,
with the removal of the seedlings expressing these major
traits, both fruit size measurements have low h2 (0.09 and
0.11 for FD and FW, respectively) (Table 1). The narrow-
sense heritability for blush was also lower (from 0.42 to
0.31). As anticipated, this was mainly due to the removal of
the nectarine genotypes, as nectarines typically tend to have
higher blush (Wang et al., 2010; Wen et al., 1995a, 1995b)
than do peaches. Likewise, tip ratings showed a decrease in
the estimated h2 (from 0.29 to 0.22). This was primarily due
to the removal of the nectarine seedlings, as the nectarines
tend to be rounder with less-pronounced tips (Wang, 2009),
which decreased additive variance for this trait by �43%.
The h2 for SSC was also lower (from 0.16 to 0.03), as
expected, this was mainly due to the removal of the nectarine
and pantao genotypes, because nectarines and flat fruit
showed a tendency of having higher SSC and total sugar
content than peaches and round fruit, respectively (Cantín
et al., 2009; Wang et al., 2010). This points to the importance
of taking the effect of these major genes, which may have
pleiotropic effects on the traits of interest, into account when
assessing the genetic components of trait inheritance.

PHENOTYPIC CORRELATIONS. The only strongly correlated
traits were found between RD and FDP (r = 0.92) (Table 2),
which reflects that RD is used to calculate FDP, and between
FW and FD (r = 0.92), which are two ways of measuring fruit
size, thus these were expected. In addition to that, a moderately
weak correlation was observed between BD with FDP (–0.46);
however, earlier blooming does not necessarily result in a
longer development period.

The bloom time in peach depends on the chill units and the
growing degree hour accumulations to release from endodor-
mancy and to complete full bloom, respectively. Thus, the lack
of chilling might cause the low chill genotypes to bloom early,
whereas the bloom of the higher chill genotypes was delayed by
insufficient chilling. Likewise, the higher temperature at the
early stage of growth can shorten the FDP and vice versa.

Negative correlations between fruit blush and both RD
(–0.41) and FDP (–0.50), were moderately weak, as previously
reported (de Souza et al., 1998b). This also may be the result of
later-ripening fruit developing less skin color due to a denser
tree canopy later in the season. Fruit positioned deep in the tree
canopy have less blush (Bible and Singha, 1993; Lewallen and
Marini, 2003). Both RD and FDP had positive and moderately
weak correlations with FW (0.56 and 0.57) and FD (0.53 and
0.56), respectively, suggesting that the longer a fruit is on the
tree, the more resources can be sequestered and allocated to it.
The correlations of RD and FDP with SSC (0.48 and 0.39,
respectively) support earlier conclusions that it is more difficult
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to select for high sugar progeny that are earlier ripening or have
a short development period (de Souza et al., 1998b; Wu et al.,
2003b).

Overall, the correlation of RD with several traits could have
resulted from either the tight linkage between the RD locus and
other QTLs or the pleiotropic effects of the maturity date locus
on other fruit quality traits where most of the QTLs of these
traits colocalized with the RD QTL on LG4 in peach (Eduardo

et al., 2011; Hern�andez Mora et al.,
2017; Pirona et al., 2013) or other
Prunus species (Dirlewanger et al.,
2012).

VARIANCE COMPONENT AND

HERITABILITY. Substantial variabil-
ity among progenies was observed
for all the traits evaluated and was
comparable to, if not greater than,
the parents when considering both
range and variance (Supplemental
Tables 3 and 4).

The BD was moderately herita-
ble (h2 = 0.46) (Table 3), which was
not unexpected given previous her-
itability estimates (h2 = 0.39 to 0.92)
(de Souza et al., 1998b; Hansche
et al., 1972; Hern�andez Mora et al.,
2017) and wide range of bloom
dates for the parents (20 to 70 d)
(Supplemental Table 4).

Although h2 for RD (0.79 to
0.94) and FDP (0.73 to 0.98) was

previously reported (de Souza et al., 1998b; Hansche and Beres,
1980; Hansche et al., 1972; Hern�andez Mora et al., 2017;
Vileila-Morales et al., 1981), in this study, both of the RD and
FDP had low h2 (0.03 and 0.06, respectively) and high H2 (0.91)
(Table 3). This low additive and high nonadditive heritability
suggest major gene action in this germplasm, as has been
previously suggested (Hesse, 1975; Vileila-Morales et al.,
1981). The lower heritability that was observed in the study

Table 1. Variance component, broad-sense heritability (H2), and narrow-sense heritability (h2) for peach fruit quality traits of nine peach families
evaluated at Fowler, CA, and College Station, TX, environments, comparing the effect of the removal of nectarine and pantao seedlings.

Variance componentz FWy FWx FD FDx Blush Blushx Tip Tipx Shape Shapex SSC SSCx TA TAx

Proportion of total variance (%)
FP 2.81 7.60 18.93 4.47 13.93 12.37 0.68 4.48 3.75 2.95 0.81 1.24 1.96 0.00
PP 9.02 0.08 13.32 1.99 19.15 10.78 21.12 10.49 17.19 14.13 12.04 1.22 4.37 1.10
Progeny 36.84 34.75 27.39 31.58 24.37 25.52 26.04 22.23 8.84 5.49 45.82 39.55 72.33 71.82
Env · FP 0.00 0.00 1.15 1.92 0.00 0.00 0.00 0.00 0.00 0.00 2.35 3.92 2.11 1.57
Env · PP 0.00 0.00 0.00 0.00 0.05 0.00 0.42 0.77 3.12 3.92 0.00 0.00 0.71 0.39
Env · Progeny 51.33 57.57 39.21 60.05 42.50 51.33 51.74 62.03 67.10 73.52 38.98 54.08 18.52 25.12

Genetic variance
s2
A 95.21 56.23 15.11 2.05 0.21 0.12 0.14 0.08 0.10 0.07 0.64 0.07 0.01 0.00

s2
d 296.69 254.19 12.83 10.00 0.15 0.13 0.16 0.12 0.04 0.02 2.27 1.17 0.09 0.06

s2
g 391.89 310.42 27.94 12.05 0.36 0.25 0.30 0.20 0.14 0.10 2.90 1.24 0.10 0.07

s2
g · e 413.35 421.14 18.91 19.63 0.27 0.27 0.32 0.34 0.33 0.33 2.04 1.71 0.03 0.02

s2
p 598.57 520.98 37.40 21.86 0.49 0.39 0.46 0.37 0.30 0.26 3.92 2.09 0.11 0.08

Heritability
h2 0.16 0.11 0.40 0.09 0.42 0.31 0.29 0.22 0.32 0.28 0.16 0.03 0.07 0.01
H2 0.65 0.60 0.75 0.55 0.73 0.65 0.65 0.54 0.46 0.37 0.74 0.59 0.88 0.84
zFP = female parent; PP = pollen parent; Env = environment; s2

A = parental variances; s2
d = progeny variance; s2

g = variance of parents and
progeny; s2

g · e = variance of the interaction of genotype and environment, sum of the environment · FP, environment · PP, and environment · progeny;
s2
p (phenotypic variance) = ðs2

A +s2
d +s2

g · e=EÞ; h2 (narrow-sense heritability) = s2
A=s2

p; H
2 (broad-sense heritability) = ðs2

A +s2
dÞ=s2

p; E = number of
environments.
yFW = fruit weight in grams; FD = fruit diameter in millimeters; Blush = visually based on coverage of red blush on skin using 0–5 scale (0 = 0% red
coverage, 1 = 1% to 20%, 2 = 21% to 50%, 3 = 51% to 80%, 4 = 81% to 99%, 5 = 100%); Tip = fruit tip visually based on 1–9 scale (1 = very large tip,
3 = large tip, 5 = medium protruding tip, 7 = slight tip, 8 = flat tip, 9 = slightly indented tip); Shape = fruit shape visually based on 1–9 scale (3 = large
tip and/or suture, 5 = moderate tip and/or suture, 7 = mostly round with slight tip and/or suture, 9 = round fruit); SSC = percent soluble solids
concentration; TA = titratable acidity expressed as Eq H+/1000 mL of juice.
xAnalysis run without both nectarine and pantao seedlings.

Table 2. Phenotypic correlations among 10 peach phenological and fruit quality traits in nine peach
families evaluated at Fowler, CA, and College Station, TX, environments without nectarine and
pantao genotypes.

Traitz RD FDP FW FD Blush Tip Shape SSC TA

BD –0.09NS –0.46** –0.24** –0.25** 0.32** 0.02NS –0.21** 0.18** –0.22**
RD 0.92** 0.56** 0.53** –0.41** 0.06NS 0.00NS 0.48** –0.07NS

FDP 0.57** 0.56** –0.50** 0.04NS 0.07NS 0.39** 0.01NS

FW 0.92** –0.32** 0.05NS 0.13** 0.05NS –0.04NS

FD –0.28** 0.12** 0.12** 0.06NS –0.05NS

Blush 0.11* 0.02NS –0.12** –0.16**
Tip 0.26** 0.11* –0.15**
Shape 0.03NS 0.07NS

SSC –0.25**
zBD = bloom date in day of the year; RD = ripe date in day of the year; FDP = fruit development in
days; FW = fruit weight in grams; FD = fruit diameter in millimeters; Blush = visually based on
coverage of red blush on skin using 0–5 scale (0 = 0% red coverage, 1 = 1% to 20%, 2 = 21% to 50%,
3 = 51% to 80%, 4 = 81% to 99%, 5 = 100%); Tip = fruit tip visually based on 1–9 scale (1 = very large
tip, 3 = large tip, 5 = medium protruding tip, 7 = slight tip, 8 = flat tip, 9 = slightly indented tip); Shape
= fruit shape visually based on 1–9 scale (3 = large tip and/or suture, 5 = moderate tip and/or suture,
7 = mostly round with slight tip and/or suture, 9 = round fruit); SSC = percent soluble solids
concentration; TA = titratable acidity expressed as Eq H+/1000 mL of juice.
NS, *, **Nonsignificant or significant at P # 0.05 or 0.01, respectively.
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compared with the previous studies could be attributed to the
poor environmental conditions.

Fruit size, measured as FW and FD, exhibited low (0.16) to
moderate (0.40) h2, which decreased more after eliminating
nectarine and pantao fruit (0.11 and 0.09, respectively) (Table
1). Thus, the estimates of h2 for FD and FW were generally
lower than previously reported (0.29–0.60) (de Souza et al.,
1998b; Fresnedo-Ramírez et al., 2015; Frett, 2016; Hansche,
1986; Hansche et al., 1972), especially if considering only the
peach seedlings, despite displaying substantial variability
among families, in many of which transgressive segregation
was observed (Supplemental Tables 3 and 4). As was the case
with RD and FDP, H2 was high for FD (0.55 to 0.75) and FW
(0.60 to 0.65) (Table 1), indicating important nonadditive
effects for these traits.

These changes in heritability were not surprising, as herita-
bility is known as population-specific and is influenced by
multiple factors, including the amount of genetic variation
present in a population, sample size, experimental design,
pedigree structure, the statistical procedure conducted, and the
environment in which plants are grown (Visscher et al., 2008).

Blush showed moderate additive inheritance (h2 = 0.31 to
0.42) in both analyses (with and without nectarine and pantao)
(Table 1), as was previously reported (de Souza et al., 1998b;
Hansche and Beres, 1980; Hern�andez Mora et al., 2017).
However, the high H2 (0.65 to 0.73) supports the notion that a
fewmajor genes are affecting the accumulation of anthocyanins
in the peach skin (Wen et al., 1995a, 1995b).

Fruit tip and shape showed moderately low h2 (0.22 to 0.29
and 0.28 to 0.32) in both analyses, respectively (Table 1), which
was lower than previous estimates (0.43 to 0.45) by de Souza
et al. (1998b). The moderate H2 (0.37 to 0.46 and 0.54 to 0.65)
indicates substantial environmental effects on these traits and
moderate to high G·E interaction.

Table 3. Variance component, broad-sense heritability (H2), and
narrow-sense heritability (h2) for three peach phenological traits
evaluated at Fowler, CA, and College Station, TX, environments
without nectarine and pantao genotypes.

Variance componentz
BDy RD FDP

Proportion of total variance (%)

FP 9.41 1.18 0.00
PP 25.96 1.30 5.70
Progeny 18.18 81.52 78.27
Env · FP 10.90 0.38 0.00
Env · PP 0.00 0.00 0.00
Env · Progeny 35.54 15.62 16.03

Genetic variance
s2
A 16.52 8.34 21.27

s2
d 8.49 274.51 292.30

s2
g 25.01 282.85 313.57

s2
g · e 21.69 53.89 59.88

s2
p 35.85 309.80 343.51

Heritability
h2 0.46 0.03 0.06
H2 0.70 0.91 0.91
zFP = female parent; PP = pollen parent; Env = environment; s2

A =
parental variances; s2

d = progeny variance; s2
g = variance of parents

and progeny; s2
g · e = variance of the interaction of genotype and

environment, sum of the environment · FP, environment · PP, and
env i ronmen t · progeny ; s2

p ( pheno typ i c va r i ance ) =
ðs2

A +s2
d +s2

g · e=EÞ; h2 (narrow-sense heritability) = s2
A=s2

p; H2

(broad-sense heritability) = ðs2
A +s2

dÞ=s2
p; E = number of

environments.
yBD = bloom date in day of the year; RD = ripe date in day of the year;
FDP = fruit development period in days.

Table 4. Pearson correlation coefficients between two environments
(Fowler, CA, and College Station, TX) measured for 10 traits in
nine peach families without nectarine and pantao (flat shape)
genotypes.

Traitz Correlation coefficient

BD 0.78**
RD 0.87**
FDP 0.87**
FW 0.61**
FD 0.62**
Blush 0.63**
Tip 0.61**
Shape 0.45**
SSC 0.76**
TA 0.95**
zBD = bloom date in day of the year; RD = ripe date in day of the year;
FDP = fruit development period in days; FW = fruit weight in grams;
FD = fruit diameter in millimeters; Blush = visually based on coverage
of red blush on skin using 0–5 scale (0 = 0% red coverage, 1 = 1% to
20%, 2 = 21% to 50%, 3 = 51% to 80%, 4 = 81% to 99%, 5 = 100%);
Tip = fruit tip visually based on 1–9 scale (1 = very large tip, 3 = large
tip, 5 = medium protruding tip, 7 = slight tip, 8 = flat tip, 9 = slightly
indented tip); Shape = fruit shape visually based on 1–9 scale (3 = large
tip and/or suture, 5 = moderate tip and/or suture, 7 = mostly round with
slight tip and/or suture, 9 = round fruit); SSC = percent soluble solids
concentration; TA = titratable acidity expressed as Eq H+/1000 mL of
juice.
**Significant at P # 0.01.

Table 5. Genetic variance ðs2
gÞ, genotype by environment variance

ðs2
g · eÞ, and the genotype by environment variance relative to the

genetic variance ðs2
g · e=s2

gÞassessed for 10 traits in nine peach
families without nectarine and pantao (flat shape) genotypes.

Traitz s2
g s2

g · e s2
g · e=s2

g

BD 25.01 21.69 0.87
RD 282.85 53.89 0.19
FDP 313.57 59.88 0.19
FW 310.42 421.14 1.36
FD 12.05 19.63 1.63
Blush 0.25 0.27 1.05
Tip 0.20 0.34 1.69
Shape 0.10 0.33 3.43
SSC 1.24 1.71 1.38
TA 0.07 0.02 0.37
zBD = bloom date in day of the year; RD = ripe date in day of the year;
FDP = fruit development in days; FW = fruit weight in grams; FD =
fruit diameter in millimeters; Blush = visually based on coverage of red
blush on skin using 0–5 scale (0 = 0% red coverage, 1 = 1% to 20%, 2 =
21% to 50%, 3 = 51% to 80%, 4 = 81% to 99%, 5 = 100%); Tip = fruit
tip visually based on 1–9 scale (1 = very large tip, 3 = large tip, 5 =
medium protruding tip, 7 = slight tip, 8 = flat tip, 9 = slightly indented
tip); Shape = fruit shape visually based on 1–9 scale (3 = large tip and/
or suture, 5 = moderate tip and/or suture, 7 = mostly round with slight
tip and/or suture, 9 = round fruit); SSC = percent soluble solids
concentration; TA = titratable acidity expressed as Eq H+/1000 mL of
juice.
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The range for SSC varied widely from 7.2% to 21.7%
(Supplemental Table 3). A greater variability was observed
among progeny than parents (Supplemental Table 4), as re-
flected by the wider range among progeny. The low h2 estimate
for SSC in both analyses (0.16 and 0.03, respectively), was
higher than that of 0.01 reported by Hansche et al. (1972), but
was considerably lower than other estimates (0.33, 0.43, 0.72)
(Brooks et al., 1993; de Souza et al., 1998b). H2 was much
higher (0.74) (Table 1), supporting the conclusion that sugar
content in peach is affected by major genes (Cantín et al., 2009;
Dirlewanger et al., 2009; Quilot-Turion and Genard, 2009). The
distribution of SSC appeared to be skewed (+0.6 and +1.1 for
California and Texas, respectively) toward the lower end
(Supplemental Fig. 2), suggesting dominance for low sugar in
these populations. Nevertheless, some genetic improvement for
this trait should be possible, given the observation of trans-
gressive segregation in some progenies.

A substantial amount of variability was associated with TA,
as indicated by the range (0.2 to 2.2 mL Eq H+/1000 mL of
juice), with a mean of 0.7 (Supplemental Table 3). Both the

range and variance among progeny
were comparable to that of the par-
ents for this trait (Supplemental
Table 4). TA showed very low ad-
ditive inheritance in the original
analysis and after eliminating nec-
tarine and pantao (h2 = 0.07 and
0.01, respectively), which was
lower than the previously reported
(#0.19) (Hansche, 1986; Hansche
and Beres, 1980; Hansche et al.,
1972) to moderate (0.31) (de Souza
et al., 1998b) estimates. The esti-
mate of H2 was high (0.88) (Table
1), reflecting the fact that these
populations were segregating for
the D-gene, which conditions a
low level of acidity (Boudehri
et al., 2009; Dirlewanger et al.,
1999). The existence of this major
gene in these populations is evi-
dent in the bimodal distribution
associated with this trait (Supple-
mental Fig. 3). Although the selec-
tion for either low- or high-acid
fruit is straightforward, the selec-
tion of the acidity levels within each
extreme acidity class is more chal-
lenging.

Again, the low heritability for
most of the traits in this study is not
unexpected, because parental germ-
plasm used either commercial culti-
vars or advanced selections that had
been selected for desirable traits.
Hence, selection alters the heritabil-
ity of the traits as a result of changes
in gene frequencies (Falconer, 1989;
Hansche, 1983). Heritability of the
same trait can be changed across
populations over time, based on the
definition, due to several factors,

including changes in the genetic variance because of change in
allele frequencies as a result of selection/inbreeding or introduc-
tion of new variants into the population throughout mutation/
migration, as well as environmental variance, which may vary
across populations (Visscher et al., 2008).

In general, given the appreciable variability, moderate h2

and moderate to high H2 of these traits, breeders can achieve
rapid genetic gain through the selection of parents based on
phenotype and recurrent mass selection (Topp and Sherman,
2000). Intrapopulation recurrent selection method has been
used to improve the quantitative traits to increase the frequen-
cies of desirable alleles in the population, while maintaining a
high degree of heterozygosity. This is the most common
improvement method that has been applied in peach breeding
programs, which allows combining several quantitative traits
(Scorza et al., 1985).

However, the incorporation of marker-assisted selection
(MAS) tools can provide breeders with more informed deci-
sions and efficiency on selecting parents with desirable geno-
types through marker-assisted parent selection, selecting

Fig. 1. Genotype plus genotype · environment (GGE) biplot representing the discrimination and representative-
ness of environments for the bloom date (A), fruit weight (B), fruit diameter (C), and blush (D) of peach
genotypes (without nectarine and pantao) grown in Fowler, CA, and College Station, TX, environments.
Principal component 1 and 2 (PC1 and PC2) describe the proportion of total GGE variation accounted for
primary and secondary effects.
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favorable crosses with efficient combining abilities through
marker-assisted cross selection, and culling of undesirable
seedlings of a given trait before growing them in the field
through marker-assisted seedling selection. Thus, MAS tools
will accelerate the traditional breeding methods and save
resources for developing high-quality peach cultivars (Bliss,
2010; Byrne, 2005; Collard et al., 2005; Edge-Garza et al.,
2015; Ru et al., 2015).

G·E EFFECTS. Understanding the G·E interaction is impor-
tant for the selection efficacy in a plant breeding program. G·E
implies the differential performance of genotypes across envi-
ronments that arises from the variations in the genotype
sensitivities to the environmental conditions. The analysis
was done considering the two major gene effects (pantao and
nectarine).

RD, FDP, and TA showed very high H2 (0.91, 0.91, and 0.84,
respectively) (Tables 1 and 3), strong correlations between
environments (0.87, 0.87, and 0.95, respectively) (Table 4), and

minimal s2
g · e=s2

g (0.19, 0.19, and
0.37, respectively) (Table 5), whereas
the other traits, BD, FW, FD, blush,
tip, and SSC, showed high to mod-
erate H2 (0.70 to 0.54) (Tables 1
and 3), strong to moderate correla-
tion coefficient among environ-
ments (0.78 to 0.61) (Table 4), and
a moderate G·E (s2

g · e=s2
g be-

tween 0.87 and 1.69) (Table 5). The
higher G·E effect for these traits is
further supported by the high PC2
values (ranged from 6.7% to 18.6%)
(Supplemental Table 5), implying
that the environments did discrim-
inate among the populations for
these traits. Finally, the maximal
G·E effect was noticed for shape
(s2

g · e=s2
g = 3.43) (Table 5), and is

supported by the lowest correlation
between the environments (0.45)
(Table 4) and the highest PC2 value
(26.3%) (Supplemental Table 5),
indicating there is a discrimination
between the two environments for
shape.

For BD and SSC, the sharper
angle and less distance were ob-
served between California and
Texas as compared with other traits
and is supported by a stronger cor-
relation between these environ-
ments (0.78 and 0.76) (Table 4),
whereas less sharp angles, the wide
distance between the two environ-
ments, and weak correlation was
observed in shape (0.45). The dis-
tance between the two environ-
ments explains their similarity or
dissimilarity in discriminating the
genotypes (Yan and Tinker, 2006).

GGE biplot showed the vectors
were different in length for BD in
which the Texas environment had

longer vector than California and was discriminating the
genotypes (Fig. 1). This illustrated the higher variability among
the families in College Station, TX (29 to 75 d) compared with
Fowler, CA (37 to 54 d) (Supplemental Table 6). This was
expected, as BD was strongly affected by the temperature, as
bloom began earlier in College Station because of warmer
January (12.8 vs. 9.1 �C), February (14.4 vs. 10.7 �C), and
March (17.8 vs. 13.3 �C) temperatures than Fowler. Besides,
some of the higher chill genotypes had delayed bloom in the
lower chill College Station site as compared with Fowler (�540
vs. �1087 h) (Supplemental Table 2).

GGE biplot for FW and FD showed that the length of the
environmental vector of California was longer than that of
Texas (Fig. 1), indicating that California was more capable of
discriminating the families than Texas. As anticipated, the fruit
was �29% heavier at the more favorable Fowler, CA, site as
compared with College Station, TX (Supplemental Table 6).
The trend for smaller size observed at College Station, TX, as

Fig. 2. Genotype plus genotype · environment (GGE) biplot representing the discrimination and representative-
ness of environments for the fruit tip (A), fruit shape (B), and soluble solids concentration (C) of peach
genotypes (without nectarine and pantao) grown in Fowler, CA, and College Station, TX, environments.
Principal component 1 and 2 (PC1 and PC2) describe the proportion of total GGE variation accounted for
primary and secondary effects.
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compared with Fowler, CA, was due to the warmer temper-
atures during fruit development (Supplemental Table 2),
resulting in a shorter FDP and smaller size (Supplemental
Table 6). The fact that the families studied tended to be early
ripening might have influenced this, as early-ripening peaches
tend to have smaller size compared with medium- to late-
ripening peaches (Fresnedo-Ramírez et al., 2015; Frett, 2016).
This is supported by the moderate correlations between RD/
FDP and fruit size (FW/FD) in this study (Table 2) and earlier
studies (Dirlewanger et al., 1999; Lopez and Dejong, 2007;
Ruiz and Egea, 2008). For FW and FD, the differential
response of families to the environment in which they are
grown was not linked to any specific parents (Supplemental
Table 7). Given the moderate size of this G·E interaction, it is
not a major impediment for the selection for large fruit size.
As with any genotype, it is essential to test it in the region in
which it is to be grown to make the best decision on whether to
use it or not.

For blush, the California site was a more discriminatory
environment compared with the Texas site (Fig. 1). Generally,
fruit in Texas had more blush on the skin than California (3.3
vs. 2.9) (Supplemental Table 6). Five of the nine families had
significantly higher blush in Texas compared with California
(Supplemental Table 7) and were not related to specific
parent(s). This quantitative trait is affected by exposure to
sunlight and other environmental factors (Corelli-Grappadelli
and Coston, 1991; de Souza, 1996).

The fruit tip and shape trait biplots showed that Texas
discriminated the genotypes differently from the California
environment (Fig. 2). In general, mean fruit tip and fruit shape
ratings were higher (fruit was rounder) in California as com-
pared with Texas (Supplemental Table 6). Both fruit tip and
shape generally become less desirable when the fruit is exposed
to lower chilling conditions and warm temperatures during the
early part of fruit development (de Souza et al., 1998b; Topp
et al., 1993). A comparison of mean monthly temperatures of
the two locations revealed that temperatures were much warmer
at College Station, TX, for 2 years than the Fowler, CA, site
during bloom and early fruit development (Supplemental Table
2), which explains the lower fruit tip/shape ratings for Texas
compared with California (Supplemental Table 6). The selec-
tion for tip or shape for peaches (neither nectarine nor flat types)
should be done on a regional basis with the best differentiation
possible under the warmer climatic conditions that favor larger
tip and suture development.

Supplemental Table 8 shows that most tip ratings were com-
parable (not significant) except for two families (TX2B136 ·
‘Galaxy’ and ‘Victor’ · Y426-371) in which the tip ratings
were higher at Texas vs. California. For shape, the interaction
resulted from two families (‘White Delight Two’ · Y434-40
and ‘Victor’ · Y435-246), which deviated and behaved dif-
ferently; however, the shape rating was lower at College
Station, TX.

GGE biplot for SSC indicated that families responded
differently across environments, as we observed the difference
in the length of the environmental vectors (Fig. 2). Texas
showed more SSC than California (12.3 vs. 11.0) (Supplemen-
tal Table 6), likely due to greater environmental stresses
affecting this site, such as shallow and droughty soils as well
as smaller fruit sizes, all of which can result in higher SSC
(Veihmeyer and Hendrickson, 1949). This trait is strongly
influenced by numerous environmental factors, including tem-

perature, canopy position, water availability, crop load, and
agricultural practices during the FDP (Crisosto et al., 1997).
Five of the nine families showed higher SSC in Texas compared
with California, two families of which had Y434-40 as a male
parent and three with ‘Victor’ as a female parent, resulting in
the interaction (Supplemental Table 8). The responses of these
families across environments could not be explained in this
study; however, the preceding parents along with the Y426-371
parent are characterized by a short FDP (Supplemental Table
1). More work needs to be done to determine the reason and
importance of this interaction.

Conclusions

All traits evaluated were associated with large phenotypic
variability, which is necessary for genetic improvement. Re-
moval of pantao and nectarine fruits from the analysis resulted
in a lower h2 and H2 for FW, FD, blush, tip, and SSC traits. This
emphasizes the importance of taking into account the effect of
major genes segregating within populations in developing
breeding strategies. A strong correlation was found between
RD and FDP and between FW and FD, suggesting that either
measure is equally effective. RD and FDP were moderately
correlated with FW, FD, blush, and SSC, which may be
explained by either presence of the pleiotropic effect of the
ripening date gene on several quality traits or there is a strong
linkage between the ripening date locus and QTLs of these
traits.

All but three traits (RD, FDP, and TA) showed G·E and had
differential responses for genotype across environments, sug-
gesting that, for these traits, selection for or against these traits
should be practiced only where the plants are intended to be
grown. BD, FD, blush, fruit tip, and shape traits showed
moderately heritable on a narrow-sense basis, whereas RD,
FDP, FW, SSC, and TA were associated with low additive
heritability. H2 estimates for these traits were high, suggesting
an important nonadditive genetic component.
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Supplemental Fig. 1. Total number and segregating progenies for pantao (flat shape), nectarine, and peach in nine peach families included in the study.

Supplemental Fig. 2. Distribution of fruit soluble solids concentration (SSC) of nine peach families evaluated for 2 years at Fowler, CA, and College Station, TX,
environments without nectarine and pantao (flat shape) genotypes.

J. AMER. SOC. HORT. SCI. 146(1):1–5. 2021. 1



Supplemental Fig. 3. Distribution of titratable acidity (TA) for nine peach families evaluated for 2 years at Fowler, CA, and College Station, TX, environments
without nectarine and pantao (flat shape) genotypes.

Supplemental Table 1. Common phenotypic and fruit quality characteristics of the eight peach parents included in the study.

Genotype FTz

Blooming
date

Ripening
date

Blush
(0–5 scale) FW (g) FD (mm) SSC (%)

TA (Eq H+/1000 mL
of juice)

Y426-371 Ne-Yel 18 Feb. 28 May 90 79 55 12.9 0.41
Y434-40 Ne-Yel 6 Feb. 16 May 70–90 76 55 12.7 0.44
Y435-246 Ne-Yel 22 Feb. 12 June 20–50 63 50 12.5 0.34
‘Galaxy’y Pc-Wh 19 Feb. 12 June 40–70 141 77 12.6 0.24
‘Victor’ Pc-Yel 11 Feb. 18 May 50–70 116 64 10.7 0.87
TX2B136 Pc-Yel 5 Feb. 2 June 60–80 120 63 11.0 1.29
‘White Delight Two’ Pc-Wh 20 Feb. 7 June 70–80 118 62 13.0 0.33
‘Tropic Zest Three’ Pc-Yel 5 Feb. 8 June 30–40 108 62 12.2 1.00
zFT = fruit type (Ne = nectarine, Pc = peach, Yel = yellow fleshed, Wh = white fleshed); Blush = visually based on coverage of red blush on skin
using 0–5 scale (0 = 0% red coverage, 1 = 1% to 20%, 2 = 21% to 50%, 3 = 51% to 80%, 4 = 81% to 99%, 5 = 100%); FW= fruit weight; FD = fruit
diameter; SSC = soluble solids concentration; TA = titratable acidity.
yPantao (flat shape) is heterozygous for round shape; homozygous pantao types do not survive.

2 J. AMER. SOC. HORT. SCI. 146(1):1–5. 2021.



Supplemental Table 2. Minimum (Min), mean, and maximum (Max) temperatures by month, annual precipitation, and accumulated chill time for
2 years at Fowler, CA, and College Station, TX, environments.

Month

CA 2011 CA 2012 TX 2012 TX 2013

Temp (�C)
Mean Min Max Mean Min Max Mean Min Max Mean Min Max

Nov.z 12.4 6.4 17.8 12.2 6.7 17.2 17.1 10.3 23.4 17.3 10.0 24.1
Dec.z 10.7 6.9 14.2 7.6 0.5 14.6 11.7 6.8 16.5 13.9 7.7 20.1
Jan. 8.2 4.9 11.5 9.9 3.2 16.1 13.4 6.9 19.7 12.2 6.6 17.6
Feb. 9.7 3.8 15.5 11.7 5.7 17.4 14.5 9.8 19.1 14.3 8.5 20.1
Mar. 13.1 7.6 18.4 13.5 7.2 19.7 19.6 14.5 24.4 16.0 9.1 22.7
Apr. 16.2 9.4 22.6 17.4 10.9 23.6 23.0 17.2 28.5 19.3 13.2 25.1
May 18.8 11.2 25.9 22.4 14.0 30.6 26.0 20.3 31.3 24.0 18.0 29.6
June 24.0 16.2 31.2 25.6 17.3 33.7 29.2 23.2 34.8 29.1 22.9 35.0
July 27.9 19.6 36.0 28.6 19.9 37.1 29.6 23.9 34.7 29.7 23.4 35.4
Aug. 28.1 19.0 36.9 30.5 21.7 38.9 30.8 24.7 36.6 30.9 24.0 37.4

Annual precipitation (mm)

252 244 1045 1000
Accumulated chill time (h)y

948 1225 520 559
zPrevious year.
yAccumulated chill hours below 7.2 �C from 1 Nov. to 28 Feb.

Supplemental Table 3. Descriptive statistics of 10 peach phenological and fruit quality traits evaluated on nine families for 2 years at Fowler, CA,
and College Station, TX, environments without nectarine and pantao (flat shape) genotypes.

Traitz Observations (no.) Mean s2
p
y

SD CV Min Max

BD (d) 789 49.0 66.1 8.1 16.6 29.0 80.0
RD (d) 860 145.0 398.1 20.0 13.8 101.0 207.0
FDP (d) 781 95.2 499.2 22.3 23.5 50.0 159.0
FW (g) 754 100.1 1004.8 31.7 31.7 31.6 250.0
FD (mm) 759 57.9 40.2 6.3 11.0 36.3 87.6
Blush (1–5 scale) 782 3.1 0.7 0.8 26.6 1.0 5.0
Tip (1–9 scale) 781 7.6 0.7 0.8 10.8 5.0 9.0
Shape (1–9 scale) 784 7.1 0.5 0.7 10.1 5.0 9.0
SSC (%) 758 11.5 3.6 1.9 16.5 7.2 21.7
TA (Eq H+/1000 mL of juice) 499 0.6 0.1 0.3 49.4 0.2 2.2
zBD = bloom date in day of the year; RD = ripe date in day of the year; FDP = fruit development; FW = fruit weight; FD = fruit diameter; Blush =
visually based on coverage of red blush on skin using 0–5 scale (0 = 0% red coverage, 1 = 1% to 20%, 2 = 21% to 50%, 3 = 51% to 80%, 4 = 81%
to 99%, 5 = 100%); Tip = fruit tip visually based on 1–9 scale (1 = very large tip, 3 = large tip, 5 =medium protruding tip, 7 = slight tip, 8 = flat tip,
9 = slightly indented tip); Shape = fruit shape visually based on 1–9 scale (3 = large tip and/or suture, 5 = moderate tip and/or suture, 7 = mostly
round with slight tip and/or suture, 9 = round fruit); SSC = soluble solids concentration; TA = titratable acidity.
ys2

p = phenotypic variance; Min = minimum value; Max = maximum value.
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Supplemental Table 5. Trait-wise principal components 1 and 2
variances (PC1 and PC2) of total genotype plus genotype by
environment (GGE) variation for bloom date (BD), fruit weight
(FW), fruit diameter (FD), blush, tip, shape, and soluble solids
concentration (SSC) in peach evaluated at Fowler, CA and College
Station, TX environments. Pantao (flat shape) and nectarine
genotypes were removed.

Traitsz
GGE

PC1 (%) PC2 (%)

BD 93.3 6.7
FW 81.8 18.2
FD 81.4 18.6
Blush 82.1 17.9
Tip 81.9 18.1
Shape 73.7 26.3
SSC 88.7 11.3
zBD = bloom date in day of the year; FW = fruit weight in grams; FD =
fruit diameter in millimeters; Blush = visually based on coverage of red
blush on skin using 0–5 scale (0 = 0% red coverage, 1 = 1% to 20%, 2 =
21% to 50%, 3 = 51% to 80%, 4 = 81% to 99%, 5 = 100%); Tip = fruit
tip visually based on 1–9 scale (1 = very large tip, 3 = large tip, 5 =
medium protruding tip, 7 = slight tip, 8 = flat tip, 9 = slightly indented
tip); Shape = fruit shape visually based on 1–9 scale (3 = large tip and/
or suture, 5 = moderate tip and/or suture, 7 = mostly round with slight
tip and/or suture, 9 = round fruit); SSC = percent soluble solids
concentration.

Supplemental Table 4. Descriptive statistics of 10 peach phenological and fruit quality traits evaluated on eight parents for 2 years at Fowler, CA,
and College Station, TX, environments.

Traitz Observations (no.) Mean s2
p
y

SD CV Min Max

BD (d) 67 46.2 97.8 9.9 21.4 20.0 70.0
RD (d) 78 150.3 242.0 15.6 10.3 124.0 179.0
FDP (d) 67 103.5 297.6 17.3 16.7 66.0 133.0
FW (g) 73 103.0 1013.8 31.8 30.9 43.0 175.0
FD (mm) 72 61.0 85.9 9.3 15.1 47.0 88.0
Blush (1–5 scale) 76 3.1 0.6 0.8 25.3 1.5 5.0
Tip (1–9 scale) 75 8.2 0.9 0.9 11.6 6.0 9.0
Shape (1–9 scale) 75 7.5 0.7 0.9 11.5 6.0 9.0
SSC (%) 75 12.3 3.1 1.8 14.4 8.8 17.0
TA (Eq H+/1000 mL of juice) 36 0.5 0.1 0.3 63.5 0.2 1.3
zBD = bloom date in day of the year; RD = ripe date in day of the year; FDP = fruit development; FW = fruit weight; FD = fruit diameter; Blush =
visually based on coverage of red blush on skin using 0–5 scale (0 = 0% red coverage, 1 = 1% to 20%, 2 = 21% to 50%, 3 = 51% to 80%, 4 = 81%
to 99%, 5 = 100%); Tip = fruit tip visually based on 1–9 scale (1 = very large tip, 3 = large tip, 5 =medium protruding tip, 7 = slight tip, 8 = flat tip,
9 = slightly indented tip); Shape = fruit shape visually based on 1–9 scale (3 = large tip and/or suture, 5 = moderate tip and/or suture, 7 = mostly
round with slight tip and/or suture, 9 = round fruit); SSC = soluble solids concentration; TA = titratable acidity.
ys2

p = phenotypic variance; Min = minimum value; Max = maximum value.
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Supplemental Table 6. Mean, number of observations, minimum (Min), and maximum (Max) of 10 peach phenological and fruit quality traits
evaluated on nine families in Fowler, CA, and College Station, TX, environments. Pantao (flat shape) and nectarine genotypes were removed.

Traitz
Fowler, CA College Station, TX

Mean Observations (no.) Min Max Mean Observations (no.) Min Max

BD (d) 44.9 256 36.5 53.5 52.6 233 29.0 75.0
RD (d) 151.3 256 125.0 195.5 139.2 232 107.0 200.0
FDP (d) 105.0 255 74.0 150.5 87.1 232 53.0 153.0
FW (g) 114.7 240 31.6 204.4 88.7 234 45.9 156.0
FD (mm) 60.4 256 40.7 75.2 56.0 234 45.0 67.7
Blush (1–5 scale) 2.9 256 1.0 5.0 3.3 231 1.0 5.0
Tip (1–9 scale) 7.8 254 6.0 9.0 7.6 231 5.0 9.0
Shape (1–9 scale) 7.2 254 5.5 8.5 6.9 231 5.0 8.5
SSC (%) 11.0 255 7.6 15.2 12.3 226 8.0 21.7
TA (Eq H+/1000 mL of juice) 0.6 252 0.2 1.6 0.6 82 0.2 1.0
zBD = bloom date in day of the year; RD = ripe date in day of the year; FDP = fruit development; FW = fruit weight; FD = fruit diameter; Blush =
visually based on coverage of red blush on skin using 0–5 scale (0 = 0% red coverage, 1 = 1% to 20%, 2 = 21% to 50%, 3 = 51% to 80%, 4 = 81%
to 99%, 5 = 100%); Tip = fruit tip visually based on 1–9 scale (1 = very large tip, 3 = large tip, 5 =medium protruding tip, 7 = slight tip, 8 = flat tip,
9 = slightly indented tip); Shape = fruit shape visually based on 1–9 scale (3 = large tip and/or suture, 5 = moderate tip and/or suture, 7 = mostly
round with slight tip and/or suture, 9 = round fruit); SSC = soluble solids concentration; TA = titratable acidity.

Supplemental Table 7. Blush, fruit weight, and fruit diameter of nine peach families evaluated at Fowler, CA, and College Station, TX,
environments. Pantao (flat shape) and nectarine genotypes were removed.

Family

Fowler, CA College Station, TX Fowler, CA College Station, TX

Blushz

(1–5 scale) FW (g)
FD
(mm)

Blush
(1–5 scale) FW (g)

FD
(mm) Blush FW FD Blush FW FD

Mean Observations (no.)

‘Victor’ · Y426-371 3.3 110.8* 58.8* 3.7* 83.8 55.2 150 122 118 124 150 149
TX2B136 · Y434-40 2.9 109.7* 59.3* 3.4* 79.8 53.3 40 34 35 25 26 26
‘White Delight Two’ · Y434-40 2.7 116.6* 61.2* 3.1 89.4 56.3 58 44 49 60 74 74
TX2B136 · ‘Galaxy’ 2.5 151.8* 67.0* 2.9 118.6 61.7 19 14 15 15 21 20
‘Victor’ · Y435-246 2.7 120.0* 60.4* 3.1* 85.5 55.1 55 42 44 46 54 53
‘Victor’ · ‘Galaxy’ 2.8 122.5* 60.3* 3.4* 87.3 56.2 36 26 26 21 23 23
‘Tropic Zest Three’ · Y434-40 2.5 113.4* 62.3* 2.7 88.2 56.5 48 33 36 39 40 41
TX2B136 · Y435-246 2.9 101.8 58.9 3.4 88.2 56.6 14 12 11 11 12 12
‘Tropic Zest Three’ · Y435-246 2.3 118.4 62.0* 2.5 96.0 54.3 13 11 11 6 8 8
zBlush = visually based on coverage of red blush on skin using 0–5 scale (0 = 0% red coverage, 1 = 1% to 20%, 2 = 21% to 50%, 3 = 51% to 80%, 4
= 81% to 99%, 5 = 100%); FW = fruit weight; FD = fruit diameter.
*LSMeans of the two environments are significantly different for the same family, with t test (a = 0.05).

Supplemental Table 8. Fruit tip, fruit shape, and soluble solid concentration (SSC) of nine peach families evaluated at Fowler, CA, and College
Station, TX, environments. Pantao (flat shape) and nectarine genotypes were removed.

Family

Fowler, CA College Station, TX Fowler, CA College Station, TX

Tipz

(1–9 scale)
Shape

(1–9 scale)
SSC
(%)

Tip
(1–9 scale)

Shape
(1–9 scale)

SSC
(%) Tip Shape SSC Tip Shape SSC

Mean Observations (no.)

‘Victor’ · Y426-371 7.6 7.2 10.8 7.8* 7.1 12.2* 150 150 150 124 125 118
TX2B136 · Y434-40 7.9 7.4 11.5 7.8 7.3 12.3* 40 41 41 25 25 23
‘White Delight Two’ · Y434-40 7.2 7.0* 11.4 7.3 6.7 13.3* 57 57 60 60 60 59
TX2B136 · ‘Galaxy’ 7.4 7.4 11.4 8.0* 7.1 11.6 18 18 19 15 15 13
‘Victor’ · Y435-246 7.7 7.2* 10.4 7.8 6.5 12.0* 55 55 54 47 47 40
‘Victor’ · ‘Galaxy’ 7.3 7.0 10.2 7.3 6.7 11.8* 36 36 36 21 21 18
‘Tropic Zest Three’ · Y434-40 7.9 7.4 11.5 7.7 7.1 12.0 48 48 48 39 40 33
TX2B136 · Y435-246 7.8 7.5 10.8 7.8 7.5 11.7 14 14 13 11 11 11
‘Tropic Zest Three’ · Y435-246 8.0 7.5 11.4 7.7 7.7 11.7 13 13 13 6 6 6
zTip = fruit tip visually based on 1–9 scale (1 = very large tip, 3 = large tip, 5 = medium protruding tip, 7 = slight tip, 8 = flat tip, 9 = slightly
indented tip); Shape = fruit shape visually based on 1–9 scale (3 = large tip and/or suture, 5 = moderate tip and/or suture, 7 = mostly round with
slight tip and/or suture, 9 = round fruit).
*LSMeans of the two environments are significantly different for the same family, with t test (a = 0.05).
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