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Summary

Fruit quality and flavour are important targets in all
pear breeding programmes. Perceived sweetness is
directly influenced by the amount and type of sugar
accumulated in fruit. Limited information is available
on sugar composition in pear fruit and published
studies have been completed using cultivars rather
than breeding populations. The objective of this re-
search was to determine the quantitative genetic
parameters of sugar content in fruit of interspecific
hybrids from families making up a pear breeding
population. Glucose, fructose, sucrose and sorbitol
contents were measured in mature fruit. Most of the
sugars, except for sorbitol, showed genetic variability
and a relatively high (i.e., >0.5) ratio between the
estimated additive genetic variance and the total vari-
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ance. Sorbitol showed a high negative genetic correla-
tion (-0.65) with fructose. It could be suggested that
the main product of sorbitol conversion was fructose.
Sucrose showed a negative genetic correlation with
glucose (-0.37) and fructose (-0.16), which would be
expected given that sucrose is metabolised into fruc-
tose and glucose. Two parents with 100 % European
parentage showed the highest empirical breeding
values (eBV)s for fructose and total sugars. The parent
with 100 % Asian parentage showed the lowest eBV for
sorbitol. The mean percentages of the sugars across
the entire population were: glucose 13 %, fructose
59 %, sucrose 8 % and sorbitol 20 %, indicating fruc-
tose was the main sugar with sucrose less prominent.

Introduction

Pears are cultivated principally for the fresh market and
the canning industry (Jackson 2003), with about 80 %
of the total production destined for fresh consumption
(Itar 2007). Pear cultivars have been categorized into
two principal groups: European (Pyrus communis) and
Asian types (BarBosa et al. 2010) which in this study
included Japanese pear (P. pyrifolia) and Chinese pear
(P. x bretschneideri). Worldwide, there are numerous
pear breeding programmes that aim to improve fruit
quality (Hancock and LoBos 2008; BREWER and PALMER
2011). Sugars, organic acids, amino acids and aromatic
compounds all influence the flavour of fruit (Itar et al.
2010). The sugar composition (e.g., sucrose, glucose,
fructose and sorbitol) and amount accumulated in fruit
directly influence the perceived sweetness (DoyoN et al.
1991; Itar et al. 2010). Within the Rosaceae family,
studies about genetic parameters of sugars (principally
heritability) have been carried out in crops such as apple

(Kouassi et al. 2009), peach (Brooks et al. 1993) and
plum (NixoLic et al. 2007), but only limited research has
been carried out for pears. In fact, there is little informa-
tion about estimates of genetic parameters of sugars in
pear fruit (Kasura et al. 1979) and there is also limited
knowledge on sugar composition of phloem sap and un-
loading into pear fruit. The most closely studied system is
apple (Suni et al. 2000; KrAGes et al. 2001; ZHANG et al.
2004; Gao et al. 2005; Teo et al. 2006). Related available
information in pear fruit refers to sugar accumulation
(RicimonD et al. 1981; WRoLSTAD and SHALLENBERGER
1981), fruit sweetness (WHITE et al. 2000) and soluble
solids contents (MAcHIDA and Kozaki 1976; SHi et al. 2007;
SHIN et al. 2008). Moreover, pear studies about sugar
accumulation have been carried out on individual cultivars
only. Differences in sugar composition have been reported
between cultivars of Japanese (MoRIGUCHI et al. 1992; SH1
et al. 2007; CHor et al. 2009; Ital et al. 2010), Chinese
(MoriGucHI et al. 1992) and European pears (Hupina and
StamMPAR 2000b). Although interspecific hybrids are widely
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used in pear breeding programmes to introduce novel
traits (WHITE et al. 2000; CosTEs et al. 2005; SHIN et al.
2008; BReweR and PALMER 2011), to date there have been
no studies investigating sugar content in interspecific
hybrids between European and Asian pears. Some studies
have shown that estimates for interspecific populations
can differ markedly from those for intraspecific ones
(ArspacH and OraGuzIE 2002; CONNOR et al. 2005).
Genetic parameters of the different sugars accumu-
lated in the pear fruit are relevant given the importance
of sugar composition to fruit quality, in particular per-
ceived sweetness. A marker has been developed for Japa-
nese pear linked to the PpAIV2 gene, which is associated
with the sucrose content of ripening fruit in their later
stages of development, specific to cultivars with low
sucrose content. This marker could be used for selection
of high sucrose types with good taste (ITal et al. 2010).
Fructose in equal amounts is sweeter than both glucose
and sucrose (HARKER et al. 2002; RizkaLLA 2010). Fructose
has received considerable negative media attention be-
cause of its links to health risks and obesity, especially
when used as a bulk sweetener in drinks because it
bypasses the intake regulatory system. However, there is
no evidence linking amounts of less than 50 g of fructose
per day to harmful effects or obesity in humans (RizkaLra
2010). Moreover, this sugar is acceptable for diabetics
(HupiNa and StampaR 2000b). The objective of this re-
search was to determine the quantitative genetic param-
eters of sugar content and composition in fruit of inter-
specific hybrids from two pear breeding populations.
These populations provide a unique genetic resource con-
sisting of interspecific crosses from three Pyrus species to
create a degree of diversity not apparent in crosses
involving individual Pyrus species (WHITE et al. 2000;
BREWER et al. 2008). This approach will result in a more
generic understanding of sugar composition in pears that
spans three Pyrus species and their hybrids, and advances
information from previous studies that used small num-
bers of genotypes and genotypes from individual species.

Materials and Methods
Pear population

Two adjacent breeding populations, one with 17 families
planted in 2007 and the other with 20 families planted in
2008, were used for this research. The number of seedlings
per family varied considerably (3-1291 in the 2007 popu-
lation; 10-591 in the 2008 population). For each popu-
lation, a subset of the seedlings from as many families as
possible was planted in a randomised block design with
ten full-sib plants per plot and between one and six (four
in 2008) plots per family. These subsets were embedded in
the planting of the remaining trees. The seedlings were
planted at the Motueka Plant & Food Research Station
(41° 6’ S 172° 58 E) on their own roots at 3 m between
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rows and 0.75 m within rows. The aim was to evaluate ten
fruit from each of 10 to 15 seedlings, chosen from the de-
signed subset, per family. However, given the close plant-
ing and age of the seedlings, it was not possible to include
all families nor achieve the desired number of seedlings in
all cases, although all families had at least 90 fruit evalu-
ated (Table 1). When there were more than 15 usable
seedlings, a random selection was chosen from each plot.

The 20 chosen families were derived from interspecific
hybrids between European, Japanese and Chinese pears
(Table 1). Each parent was related to at least one of the
others and 58 % of possible pairings showed some degree
of relationship (data not shown). Thus, almost all the
families assessed had some degree of relationship between
them, except family C10 with families C8 and C9. Al-
though only six families showed no inbreeding, the
degree of inbreeding of the others was generally low
(median inbreeding coefficient = 0.10, maximum 0.30).

For each selected seedling, the trunk circumference
was measured (cm) and the total number of fruit counted
to calculate the number of fruit per trunk cross-sectional
area (TCA). The target crop load was set at 2.5 fruit per
TCA (cm?) and excess fruit were removed in mid-Decem-
ber. After thinning, the range for fruit per TCA for the
selected seedlings varied from 0.3 to 2.5. Harvesting was
carried out weekly from the end of January to March.
When fruit were deemed mature according to a combina-
tion of indicators (skin colour, skin finish, seed colours
and fruit firmness), 10 to 20 fruit from each seedling
were harvested into labelled paper bags (one bag per
seedling). The paper bags containing fruit were then
placed in a cool store for 30 days at 0 + 0.5 °C.

Preparation of samples for chemical analyses

After the 30 days of storage, each fruit was cut in half
horizontally about the region of maximum diameter where
the sugar content is considered to be more stable (WaNG
and SHENG 2005), and a 1-cm slice was cut from the upper
half. Using a stainless steel corer (1.1 cm in diameter), two
subsamples of flesh (without skin) were taken from the
first slice, one from each side to account for blush/shade
side effects on carbohydrate composition. The subsamples
from all the fruit from a seedling were immediately placed
in small plastic containers (50 ml) that were filled with
liquid nitrogen. Frozen samples were ground using a batch
mill chilled with liquid nitrogen (A11 basic analytical mill).
Four 2-second pulsations (28000 rotations per minute)
were made per sample resulting in the production of a fine
powder, in frozen form. Finally, approximately 0.2 g of
powder was placed in tubes containing 5 ml of ethanol
(80 %) and stored at -20 = 1 °C.

Sugar analyses

Sugar analyses were carried out using high performance
liquid chromatography (HPLC) (WasIk et al. 2007). The
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Table 1. Parentage and percentage of European, Japanese and Chinese pear for the families evaluated in the pear
population, and the numbers of plots, seedlings and fruit assessed for each family.

Parents Parentage (%) Number of

Family (Mother x Father)  European Japanese Chinese Plots Seedlings Fruit
C1l P9 x ‘Conf’ 75 0 25 2 7 140
Cc2 P3 x P11 69 13 18 3 10 94
c3 P13 x ‘Conf’ 63 25 12 1 5 99
c4 P13 x P1 63 25 12 2 10 98
c5 P1 x P13 63 25 12 4 15 150
cé P12 x P1 63 25 12 6 15 144
c7 P4 x P11 56 25 19 2 8 154
c8 P6 x P7 50 38 12 2 7 137
C9 P2 x P17 50 25 25 3 11 110
C10 P17 x‘Conf’ 50 25 25 2 8 150
Cl1 P8 x P11 44 13 43 3 16 154
C12 P11 x P8 44 13 43 2 14 137
C13 P12 x P5 38 50 12 4 15 148
Cl4 P12 x P9 38 25 37 5 15 150
C15 P9 x P13 38 25 37 3 6 106
Cl6 P14 x P11 31 38 31 1 5 93
Cc17 P12 x P11 31 38 31 5 15 150
C18 P15 x P11 31 38 31 2 8 157
C19 P13 x P11 31 38 31 3 15 149
C20 P16 x P10 31 25 44 2 6 120
Mean 48 26 26

Total 57 211 2640

‘Conf. =‘Conference’

stored samples were filtered through a 0.45 um nylon
membrane to obtain a filtrate. After filtration, 1200 pl of
adonitol (Sigma-Aldrich, USA, >99.0 %) at a concentra-
tion of 400 pg ml-1 was added as an internal standard to
400 pl of each sample to make a final volume of 1600 pl
in a vial. Finally, samples were analysed by HPLC. The
HPLC analysis system consisted of a LC-20 AD Promi-
nence Liquid Chromatograph (Shimadzu Corp., Kyoto,
Japan), a SiL-10 AF Auto Sampler (Shimadzu Corp.,
Kyoto, Japan), a CTO - 10 Asvp Column Oven (Shimadzu
Corp., Kyoto, Japan) and an Alltech 3300 ELSD Detector
(Grace Division Discovery Sciences, Australia). A Prevail
Carbohydrate ES 5 p analysis column (250 mm x 4.6 mm)
(Grace Division Discovery Sciences, Australia) and a
Prevail Carbohydrate ES 5 j guard column (Grace Divi-
sion Discovery Sciences, Australia) were used. A mul-
ti-point calibration approach was applied to obtain
standard calibration curves for the sugars. A calibration
curve was generated extending from 10 to 1000 pg ml-1.
The standards used for the sugar analyses were: D-glu-
cose (Merck, USA, >99.5 %), sucrose (Fisons, England,
>99.0 %), D-fructose (Univar, New Zealand) and D-sorb-
itol (Sigma-Aldrich, USA, > 99.5 %). Finally, chromato-

grams were registered for each sugar, and the result was
expressed in mg g-1 of fruit fresh weight.

Variables

The different sugars (glucose, fructose, sucrose, sorbitol and
total sugars) constituted the variables assessed. Variables
were measured on individual seedlings. Square root trans-
formations were applied to glucose and sorbitol measure-
ments before analysis to achieve normality of the residuals.

Statistical analysis

The linear mixed model approach was used to fit the
plant model (LyncH and WaLsH 1998), with the general
mean as the only fixed effect:

y=XB+Zu+e,

where y is the 211 x 1 vector of observations on individual
seedlings, X and Z are the incidence matrices for the fixed

and random effects respectively (dimensions 211 x 1 and
211 x q assuming n observations) and e is the 211 x 1
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vector of residuals. e is distributed with mean 0 and vari-
ance-covariance matrix R = 62l where o2 is the residual
variance and I is the identity matrix. u is distributed,
independently of e, with mean 0 and variance-covariance
matrix G = 652A where 642 is the additive genetic variance
and A is the numerator relationship matrix (i.e., twice the
coancestry matrix). For simplicity, the design was con-
sidered to be completely randomised, which is not an
unreasonable approximation given the selection process
undertaken for the evaluated seedlings. Two random
effects models were tested: both had genotypes (seed-
lings) with pedigree information but one incorporated
family to check for specific combining ability effects
whereas the other did not. Since the two models had the
same fixed effects and were nested, the likelihood ratio
test (LRT) was used to compare the two models, in con-
junction with graphical comparisons (e.g., scatter plots of
progeny mean empirical breeding values (eBV) on the
mid-parental eBV). Separate univariate analyses were
undertaken for each variable. Variance components for
the random effects and empirical breeding values (i.e.,
best linear unbiased predictors, BLUP) were estimated
directly from the model. The former were used to com-
pute the ratio between the estimated additive genetic

Table 2. Mean values per pear family for sugars.

variance and the total variance (Rg.1). In balanced exper-
iments without correlation between relatives this would
estimate the narrow sense heritability. However, in un-
balanced situations with correlation between relatives
this is not the case (PiEpHO and MOHRING 2007). Pheno-
typic correlations were computed as the Pearson’s corre-
lation coefficients between the raw data (transformed
where appropriate) and genetic correlations were ap-
proximated as the correlation between the eBV. Standard
errors for the estimates of Rg.r were obtained using the
jack knife method (Buzas 1997), which involved succes-
sively dropping each family from the calculations.

All statistical analyses and graphs were carried out
using R 2.13.0 (R. DEVELOPMENT CORE TEaM 2011), and the
mixed models were fitted using the asreml-r package
(BUTLER 2009).

Results

The simple family means of the untransformed variables
showed a high degree of variability between the families
(Table 2). The range was between 26 % (total sugars)
and 196 % (sucrose) of the overall mean.

Family Glucose Glucose* Fructose Sucrose Sorbitol Sorbitol* Total Sugars
(mgg™)
Cl 14.3 3.77 65.5 2.84 26.0 5.05 109
Cc2 13.7 3.66 55.0 11.19 18.5 4.22 98
a3 10.6 3.22 64.9 11.49 16.2 4.01 103
Cc4 12.3 3.48 64.3 9.65 25.7 4.99 112
C5 11.7 3.38 66.9 16.56 18.0 411 113
Cé6 10.2 3.17 751 12.51 19.5 4.29 117
Cc7 10.6 3.23 60.6 7.93 22.5 4.68 102
Cc8 15.7 3.92 56.0 3.41 17.3 4.10 92
c9 16.0 3.95 75.4 5.86 18.5 4.20 116
C10 12.6 3.52 72.0 4.75 15.8 3.91 105
Cl11 13.2 3.60 55.0 12.56 27.9 5.23 109
C12 12.7 3.52 50.1 17.91 23.8 4.81 104
C13 12.8 3.54 64.0 7.55 23.6 4.79 108
Cl4 18.0 4.22 67.2 4.54 24.9 4.93 115
C15 18.0 4.17 55.2 3.02 16.4 4.00 93
Cl6 13.8 3.67 56.4 2.30 18.1 4.22 91
C17 12.6 3.53 53.2 9.08 18.9 4.32 94
C18 12.6 3.53 50.6 6.22 25.9 5.07 95
C19 18.1 4.23 63.7 2.88 23.6 4.77 108
C20 18.9 4.33 56.4 6.86 23.6 4.81 106
Mean 13.9 3.68 61.4 7.96 21.2 4.53 104

* Square root transformed before computing the means.

Maximum and minimum values are in bold, and the mean of the family means is given at the bottom.
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Random effects

For glucose, the likelihood ratio test indicated that the
simpler model (e.g., that without family in the random
effects) was adequate (P >0.05). For fructose, sucrose,
sorbitol and total sugars, the LRT indicated that including
family in the model resulted in a statistically significant
improvement (P = 0.005, 0.008, 0.023 and 0.020 respec-
tively). However, for the simpler model (e.g., excluding
family) there was a strong correlation between mid-par-
ent eBV and the progeny mean eBV (Fig. 1). Further-
more, the family variance was less than one fifth of the
additive genetic variance in most of the cases. Therefore,
specific combining affects were not considered important
for breeding and the simple model was deemed adequate
for the analysis of all variables.

Empirical breeding values

The range for the parental eBV was between 21 % (total
sugars) and 281 % (sucrose) of the overall mean (Fig. 2).

Variance components

Values for genetic variances were larger than the residual
ones for most of the variables except for sorbitol and total
sugars (Table 3). The ratio Rg.t (Table 3) varied widely
from 0.18 (sorbitol) to 0.84 (glucose).

Genetic and phenotypic correlations

In two-thirds of the cases, genetic correlations were
larger than the corresponding phenotypic ones (Table 4).

Table 3. Variance components and the ratio Rg.t for the
variables evaluated in the pear population. The jack knife
standard errors for Rg.1 are also shown, along the minimum
and maximum values obtained on excluding successive
families.

Glucose* Fructose Sucrose Sorbitol*  Total

Sugars

Variance

Total 0.44 146 70.6 0.83 274

Genetic 0.37 79 53.7 0.15 84

Residual 0.07 67 16.9 0.68 190

Ratio between genetic and total variance, Rg:t

Rg:7 0.84 0.54 0.76 0.18 0.31

s.e. 0.20 0.24 0.27 0.17 0.31

Min Re:t 0.74 049  0.66 0.07 0.23

Max R 0.94 0.74 0.96 0.26 0.57

r=0.98

Progeny Mean eBV

55 60 65 70

Mid-parent eBV

Fig.1. Scatterplot showing the relationship between the
pear progeny means eBV and the mid-parent eBV for
fructose using the model without family in the random
effects. Each point presents a family and the solid line is
that of equality. The correlation coefficient is 0.98.

The two sets of correlations (e.g., genetic and pheno-
typic) showed a relatively high correlation (0.64). The
highest positive genetic correlation (0.76) was between
fructose and total sugars whereas the highest negative
correlation (-0.65) was between fructose and sorbitol.

Discussion

Combining ability

The pear seedlings evaluated in this study constituted a
breeding population. All the parents were related to at

Table 4. Genetic correlations (upper triangle) and pheno-
typic correlations (lower triangle) between all pairs of pear
traits.

Glucose* Fructose Sucrose Sorbitol* Total

Sugars

Glucose* - -0.03 -0.37 0.13 -0.06

Fructose 0.21 - -0.12 -0.65 0.76

Sucrose -0.21 -0.26 - 0.10 0.36

Sorbitol* 0.01 -0.03 -0.01 - -0.25
Total Sugars ~ 0.33 0.67 0.24 0.48 -

* Square root transformed before analysis.

* Square root transformed before analysis.
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Fig. 2. Parental pear eBV for the four individual sugars and total sugars. Parents have been sorted by total sugars.
Grey scale represents the parentage from 100 % European (black) to 100 % Asian (white; e.g., the open circle of P17).
All sugars measured in mg g™'; note the square-root scale for glucose and sorbitol. Horizontal bars show one standard
error each way.
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least one of the others and most families were slightly
inbred. Although, for some of the sugars, there was a sta-
tistically significant difference in the LRT test comparing
the models with and without family, the magnitude of the
specific combining effect was low. For all variables exam-
ined, at least one of the top ranked parents was a parent
of the top ranked families and similarly for the bottom
ranked parents and families.

Sugars

Sugars are distributed by a system of sieve elements
(phloem) to the fruit (Teo et al. 2006) and they are mainly
accumulated (more than 80 %) in vacuoles in the cells of
the pear fruit (Yamaki et al. 1993). Nevertheless, sugars
sequestered in vacuoles easily efflux into the cytosol and
the free space, where they are also accumulated, because
of the leakiness of the membrane encouraged by fruit
maturation and ripening (YAMAKI et al. 1993; Yamaki 1995).
Sugar accumulation is important for sweetness and fruit
quality (Yamaki 2010). Values for genetic variances were
superior to the environmental ones for all the sugars,
except for sorbitol. The latter is supported by Hupina and
StampPAR (2000a), who stated that sorbitol content is in-
fluenced by various environmental factors such as stress
(water stress and defoliation), foliar fertilization and
regular water supply. The relatively high Rg.t for fruc-
tose, glucose and sucrose may indicate that good progress
could be made breeding for high concentrations of these
sugars, although there may be a trade-off between
sucrose and glucose. However, as indicated by PiepHO and
MOHRING (2007), this should be verified by estimating ge-
netic gain directly. Nevertheless, these results suggested
that glucose, fructose and sucrose contents are influ-
enced by genetic conditions. The genetic variability ob-
served in this dataset for accumulation of the different
sugars analysed offers significant opportunities for selec-
tion and recombination of these desirable sugars such as
sorbitol, sucrose and fructose, which particularly con-
tribute to the flavour of the fruit and are important for
diabetic nutrition when sorbitol and fructose dominate
the sugar types (Hupina and Stampar 2000b). Sorbitol,
sucrose, fructose and glucose are the major storage
sugars in mature pear fruit (Kajura et al. 1979; YaMAKI
and MoricucHI 1989), with fructose and sorbitol the most
abundant in this study. While these four sugars also occur
in the fruit of other Rosaceae species such as apple, the
relative abundance of sorbitol and sucrose differs. In
apple fruit, sorbitol is the least abundant of these sugars,
while sucrose is the second most abundant (SunI et al.
2000; Kraces et al. 2001; BERUTER 2004; Gao et al. 2005).
In the present study, the opposite was found for pears,
where sucrose was the least abundant and sorbitol the
second most abundant (Table 2). The results for fructose
and glucose are similar between apples and pear, with
fructose being the most abundant sugar in both systems,
and glucose concentrations being second lowest. These

results highlight important differences in carbohydrate
metabolism within the Rosaceae, in particular in sorbitol
and sucrose metabolism.

Sorbitol was the only one of the four sugars to have a
Rg.T of less than 0.5. The difference between the highest
parental eBV for sorbitol (e.g, P8 and P9 at = 24 mg g1)
and the lowest (e.g., P3 and P17 at = 19 mg g-1) was small
relative to the other sugars. Sorbitol is the principal trans-
port sugar that occurs in leaves of the Rosaceae family
where it represents around 80% of the total sugars (CHo1
et al. 2009). It is loaded into phloem and then translo-
cated to the fruit (ZIMMERMANN and ZIEGLER 1975), where
it is unloaded into the parenchyma tissue (Yamaki 2010).
Sorbitol is actively converted into other sugars after
unloading in the fruit (Yamaki and MoRriGucHl 1989;
MoriGucHI et al. 1992). Sorbitol taken up in the cytosol
is converted to fructose, facilitated by the action of the
enzyme sorbitol dehydrogenase (Yamaxi 1995, 2010;
BERUTER 2004; Kanavama 2009), while sorbitol unloaded
apoplastically is metabolised to glucose by sorbitol oxi-
dase localized on the cell wall (Yamaki 1995). The genetic
correlation between sorbitol and fructose (-0.65) sug-
gests that sorbitol dehydrogenase activity was present.
Moreover, given the negligible genetic correlation between
sorbitol and glucose (0.13), it could be suggested that the
main product of sorbitol conversion was fructose, as has
been reported in apple (BERUTER 2004) and other fruit
crops (BieLEski and REDGWELL 1980, as cited in Hu et al.
1997).

The amounts of sorbitol measured in the present study
for pears were three times higher than those reported for
apple (Suni et al. 2000) where excessive sorbitol accu-
mulation is associated with the core tissue developing a
glassy appearance (Gao et al. 2005). The greater accu-
mulation of sorbitol in pears relative to apples could be
for many reasons, including: 1) more sorbitol being
transported to the fruit in the phloem; 2) greater capacity
to unload sorbitol into the fruit; and 3) less capacity to
metabolise sorbitol in the fruit. Further research is
needed to determine the sugar composition of phloem
exudate and to determine how much of the sorbitol is
located in the apoplast relative to the vacuole. Yamaki and
MorigucHI (1989) found that the conversion of translo-
cated sorbitol to fructose in Japanese pear fruit showed a
fluctuating pattern. It was high in young fruit, decreased
with fruit enlargement and increased again with fruit
maturation.

Another sugar translocated to the pear fruit is sucrose
(ZmmmERMANN and ZIEGLER 1975; Yamakt 2010). It is gener-
ated in leaves, translocated to fruit flesh through the
phloem and unloaded into the parenchyma tissue. Its
accumulation in fruit is driven by specific sucrose-meta-
bolic pathways (Yamaxi 2010). The highest parental eBVs
for sucrose (> 16 mg g-1) were registered by P1, P3 and
P8 while the lowest (< 3.5 mg g-1) were found for P7, P9
and P14. Sucrose is converted into fructose and glucose
by the action of invertase or to fructose and UDP-glucose
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by sucrose synthase (SS) before being taken into the cell
(Yamakt 1995, 2010; RoLLAND et al. 2006). An important
source of UDP-glucose for sucrose synthesis can occur
from starch degradation (BERUTER 2004). Thus, it is likely
that the final sucrose concentration is a combined contri-
bution from starch degradation and from sucrose stored
in the soluble form. At harvest, Asian pear fruit have com-
pleted starch hydrolysis in contrast to both apples and
European pears which are harvested with high starch
content commonly determined from a starch pattern
index. In this research, harvest was undertaken at the
green-yellow skin colour change, which is later than
normal harvest timing for a European pear for long-term
storage, and the starch would have been partially hydro-
lysed. In the European cultivar ‘La France’, starch con-
version was almost complete after 13 days of storage at
1 °C before ethylene production began (MuURrAYAMA et al.
2002). The families in this study that include European
parentage are expected to be segregating for fruit starch
content at harvest, but the starch would have all been
hydrolysed within the 30-day storage period. The bio-
chemical breakdown products of starch are initially glu-
cose then sucrose, as during this process sucrose-syn-
thesizing enzymes are at maximum concentrations and
sucrose is depleted (Franck et al. 2006).

European parents were grouped with higher eBVs for
sucrose accumulation. Sucrose showed a negative phe-
notypic and genetic correlation with glucose (-0.21 and
-0.37 respectively), which would be expected given that
when the amount of glucose increases in the fruit,
sucrose decreases because of its conversion to glucose.
Fructose is also produced during sucrose conversion but
phenotypic and genetic correlations with sucrose, whilst
still negative (-0.26 and —0.12 respectively), were minor
probably because of the added fructose generated by
sorbitol conversion. MorIiGUcHI et al. (1992) stated that
sucrose accumulation is regarded as a function of SS
and sucrose phosphate synthase (SPS) formation, since
the reduction of the activity of invertase is not corre-
lated with sucrose accumulation in mature fruit of
Japanese pear. On the other hand, the same author
suggested that little sucrose is accumulated in Chinese
pear fruit because a reduction of the activity of invertase
occurs. In this study, the overall percentage of sucrose
registered in the fruit was low (8 %), which is supported
by Fourik et al. (1991), who found that European and
Asian pears do not accumulate sucrose. Reasons for lower
sucrose accumulation in pears (Table 2) compared with
apples (Suni et al. 2000) are yet to be established, but
differences in the amounts of starch accumulation and
activity of enzymes and transporter proteins related to su-
crose metabolism are likely candidates. However, YAMAKI
(1995) suggested that SS and SPS seem to be the key
enzymes for sucrose accumulation in some Japanese and
Chinese pear.

Fructose positively influences the perception of
sweetness in the fruit (ITaI et al. 2010) because it has a
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higher sweetness index than sucrose and glucose (HARKER
et al. 2002; RizkarLLa 2010). It may also contribute to
human health through enhancing the growth of colonic
flora and has a lower glycaemic potential than glucose or
sucrose (Suni et al. 2000). Parents P1, P2, P17 and ‘Con-
ference’ had the highest eBVs (> 75 mg g-1) for this sugar,
whereas P11 showed the lowest (= 50 mg g-1). We sug-
gest that the major proportion of this sugar in the fruit
came from the sorbitol conversion rather than sucrose
conversion. This sugar showed the highest percentage
(59 %) in the fruit, which corresponds with the findings
made by Fouri et al. (1991), who stated that high
amounts of fructose are found in European and Asian
pears.

Glucose influences plant development and metabolism
through its sugar signalling effects (RoLLAND et al. 2006).
Furthermore, this sugar enhances human health by im-
proving fructose absorption (Suni et al. 2000). For this
sugar, the highest eBVs (> 17 mg g-1) were estimated for
parents P9 and P10 while the lowest (= 7 mg g-1) were
showed by ‘Conference’, P1 and P4. Glucose showed a
negative genetic correlation with sucrose, which suggests
that the major proportion of this sugar in the fruit came
from the sucrose conversion rather than sorbitol conver-
sion. Overall, the genetic correlations estimated between
sugars in this study (except between sucrose and fruc-
tose) were similar to the correlations reported by Kajiura
et al. (1979).

For total sugars, parents P1 and P2 showed the highest
eBVs (> 115 mg g1), while parents P11 and P15 had the
lowest eBV (< 100 mg g-1). We assume that fructose was
the main sugar influencing the amount of total sugars in
the fruit, because of the high genetic correlation (0.76)
observed between fructose and total sugars.

Although the parents of the populations studied here
were not intended to be representative of European or
Asian types, some interesting differences were observed.
Parents with both European and Asian pear heritage
showed the highest eBVs for sorbitol (P8 and P9), sucrose
(P8) and glucose (P9 and P10) while similar parents
showed the lowest eBVs for sucrose (P7 and P9), fructose
(P8 and P11), and total sugars (P11 and P15). P1 and P2,
both with 100 % of European parentage, showed the
highest eBVs for fructose and total sugars. The parent
with 100 % Asian parentage showed the lowest eBV for
sorbitol; however, it was within the top three parents for
fructose and within the top five parents for glucose. It is
noticeable that P8 registered high sorbitol and sucrose
contents and low fructose content, which may suggest
that the conversion of both sugars to fructose was not
prevalent in this particular parent. Kajiura et al. (1979)
defined some varieties of Japanese pear as high-sucrose-
accumulating types and some varieties of Chinese pear as
low-sucrose-accumulating types. In this study, parents P1
and P3, which showed the highest eBV for sucrose had
100 % European parentage but parent P8, which also
showed a high eBV for this sugar, had more Chinese than
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Japanese parentage. One of the bottom three parents that
showed the lowest eBV for sucrose had more Chinese par-
entage (P9), another one had more Japanese parentage
(P14) and the third one (P7) had the same proportions of
Japanese and Chinese parentage. Therefore, the ten-
dency observed by KaJiura et al. (1979) cannot be applied
to these results.

MoricucHl et al. (1992) and HupiNA and STAMPAR
(2000Db) assessed different cultivars of European, Japa-
nese and Chinese pears for sugar content. In comparison
to the results obtained in this study, both sets of re-
searchers found lower percentages of fructose (44 % and
49 % cf. 59 %), higher sucrose (25 % and 14 % cf. 8 %)
and similar glucose (13 % and 11 % cf. 13 %). However,
MoriGucHI et al. (1992) reported lower sorbitol (18 %)
than either HubiNna and Stampar (2000b) (23 %) or our
study (20 %). Although CHor et al. (2009) suggested that
sorbitol appears to be degraded once it has been trans-
ported to the fruit, the percentage of this sugar registered
by Hupina and StampaR (2000b) and in our research was
relatively high. YamADA et al. (2006) studied the cultivar
‘La France’ and reported similar amounts to those found
in this study. Overall, fructose was the predominant sugar
in the pear fruit, as has also been reported in apple (Sunt
et al. 2000).

Conclusion

Despite the diverse genetic material included in this study
(three species), the relative abundance of each sugar was
consistent in that fructose was always the most abundant
sugar and sucrose the least abundant sugar. Larger differ-
ences in relative abundance occur once comparisons are
made with other Rosaceae species. In particular, major
differences in relative abundance of sucrose and sorbitol
occur between apple and pear. Empirical breeding values
for all the sugars were highest for those parents with
100 % European parentage and some parents with a
mixture of Asian and European parentage. The results
indicate that interspecific hybrids between European and
Asian species will not be an impediment to breeding for
high sugar contents. However, further research on fun-
damental aspects of carbohydrate translocation, storage
and metabolism are needed to advance knowledge of
pears and to contribute to a wider understanding in
Rosaceae species.
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