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Abstract: Watercore is a so-called physiological disorder of apple (Malus domestica L.) that commonly
occurs in several well-known cultivars. It is associated with a rapid softening of the flesh that causes
a marked changed in flavor and texture. In Asia, apples with watercore are preferred and considered
a delicacy because of their enhanced sweet flavor. The ‘Fuji’ cultivar, the first cultivar with rich
watercore that is free from texture deterioration, has played a key role in the development of the
market for desirable watercored apples. This review aimed to summarize and highlight recent studies
related to the physiology of watercore in apples with special focus on ‘Fuji’ and related cultivars.
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1. Introduction

The ‘Fuji’ cultivar has maintained a large share of the global apple production market over the
last two decades [1]. Originally, ‘Fuji’ was selected from cross between ‘Ralls Janet’ and ‘Delicious’ in
the Tohoku region of Japan and gained popularity because it is extremely juicy and crisp with a sweet
flavor similar to that of ‘Delicious’ [2]. ‘Fuji’ is also susceptible to watercore development. Watercore is
a phenomenon that presents as a translucent appearance at the core and/or flesh of the fruit, and it is
caused by the intercellular spaces of the affected tissue being filled with fluid. It has been reported
that watercore development is related to sugar metabolism during the maturation process and fruit
mineral composition. Watercored apple is prone to several physiological disorders, such as browning
and breakdown during storage [3–9]. Furthermore, strains of the ‘Delicious’ cultivar are also highly
susceptible to watercore, which is typically accompanied by changes in texture traits, such as softening
and mealiness. These undesirable characteristics that commonly occur in watercored ‘Delicious’ strains
have caused watercoring in apples to be viewed negatively.

In spite of this, watercored ‘Fuji’ has gradually become desirable in Japan and other Asian
countries, and the palatability of ‘Fuji’ and watercored apples has been identified in the last decade.
Today, Japanese producers and consumers generally value watercored apple owing to its excellent fruit
flavor, which occurs when it fully matures on the tree. In fact, watercored apples are often advertised
using phrases such as aroma-rich and pineapple-like. Furthermore, the rich watercore trait has become
a breeding target with the aim of increasing the sweet flavor in apple [10]. Aprea et al. [11] proposed
that apple breeding programs must take into account factors such as volatile compounds, texture
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parameters, minor components, and information from sensory panels. However, perceived sweetness
is difficult to be described because it is always perceived in combination with other sensory properties,
which influence its evaluation. Sweetness perception is a complex and multisensory process, and only
gustatory stimuli are insufficient to fully understand and predict it [12]. In this work, we focus on
‘Fuji’ and the related cultivars and review the mechanism of watercoring in apple palatability. We also
assess various characters, such as flavor, texture, and genetic properties, employing integrated analysis
of instrumental and sensory profiling.

2. Flavor Characteristics

2.1. Sensory Analysis

Although watercored apple has been extremely popular among Japanese consumers, there were
little published data regarding the overall acceptance for watercored apple available. In order to
characterize the unique flavor and overall acceptance, Tanaka et al. [13] conducted sensory analysis
using watercored and nonwatercored ‘Fuji’ with 29 trained panelists. With respect to overall acceptance,
watercored apples scored significantly higher than nonwatercored apples (Table 1). Overall intensities
of aroma and taste and five sensory attributes were scored using a seven-point scale. Taste intensity
was evaluated with nose clip. Overall aroma intensity and perception of sweet and fruity flavors were
enhanced in watercored apple, whereas green and sour perception was enhanced in nonwatercored
apple (Table 1). Overall taste intensity, in which the influence of aroma was eliminated by clips, was
not significantly different, indicating that the contribution of aroma to the overall acceptance and
characteristics of flavor was remarkably large in this case.

Table 1. Sensory evaluation for watercored and nonwatercored ‘Fuji’ apples.

Sample Status Overall Acceptability
Overall Intensity Sensory Attribute

Aroma Taste Green Fruity Floral Sweet Sour

Nonwatercored 3.0 4.0 4.1 4.3 4.0 3.1 3.9 4.0
Watercored 3.5 4.5 4.2 3.6 4.4 4.2 4.6 3.2

Significance ** ** ns ** * *** ** ***

Apple: Products of a commercial orchard, peeled, cored, and cut into bite-size pieces just before being served.
Evaluation: a seven-point categorical scale (1–7); 29 panelists trained for quantitative destructive analysis, 10 females
and 19 males. Taste was evaluated with nose clip to eliminate the influence of aroma. Significance: *, **, *** indicate
significant differences at the level of p < 0.05, p < 0.01, or p < 0.001, respectively, using paired t-test; ns means not
significant. Reproduced with permission from Tanaka et al. [13].

2.2. Analysis of Volatile and Water-Soluble Compounds

Volatile and water-soluble components were profiled for watercored and nonwatercored ‘Fuji’ and
’Koutoku’, a progeny of ’Fuji’ (Tables S1 and S2) [13]. In both cultivars, ethyl esters and methyl esters
of fatty acids were detected in watercored fruit; their peak intensities were as large as several to several
hundred times those of nonwatercored apple (Table S1). In addition, principal component analysis
of the intensities of the 109 components suggested that the PC1 score was differentiated by cultivar,
whereas the PC2 score was differentiated by the presence of watercore (Figure 1). The PC2 loadings
suggested that ethyl esters, methyl esters, sorbitol, galactaric acid, erythronic acid, and dehydroascorbic
acid were associated with watercore. Increase in sorbitol was consistent with previous reports [14–17].
This integrated profiling analysis suggested that an increase in methyl esters and ethyl esters is crucial
to the attributes and desirability of watercored apple. Similar phenomena have been revealed by
Dixon et al. [18] when, following a short-term exposure to hypoxic conditions, time courses of apple
aroma components and odor units for 10 apple cultivars were analyzed, and their results indicated
that odor unit values highly corresponded to ethyl ester levels.
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Figure 1. Principal component analysis score plots of the volatiles and solubles of fruit juice. PC1
and PC2 scores were discriminated by cultivars and watercore existence, respectively. Top 10 of PC2
loadings were (1) ethyl butanoate, (2) ethyl propanoate, (3) ethyl 2-methylbutanoate, (4) ethyl acetate,
(5) ethyl hexanoate, (6) sorbitol, (7) galactaric acid, (8) methyl 2-methylbutanoate, (9) methyl acetate,
and (10) ethyl tiglate. Reproduced with permission from Tanaka et al. [13].

Ethyl esters have been reported to have an apple-like, fruity, sweet aroma with an extremely low
threshold value. For example, Komthong et al. [19] analyzed head-space volatiles of ‘Fuji’ using aroma
extract dilution analysis and determined flavor dilution factor, which is the lowest dilution ratio of the
volatile compounds. Then, methyl 2-methylbutanoate and ethyl 2-methylbutanoate were estimated and
determined to be the most potent odorants in the volatiles based on their lowest threshold odor values.
Moreover, we demonstrated that an increase in ethyl esters significantly enhanced the perception
of apple-like sweetness by sensory evaluation using a series of ‘Fuji’ samples that had chemically
modified aroma (Figure 2). Based on these data, ethyl esters appear to be potent, key flavor compounds
in watercored apples.

Figure 2. Ethyl hexanoate and aroma intensity in ester-enhanced ‘Fuji’ by incubation with ethanol
mixture. Ethyl hexanoate is shown as a representative of ethyl esters because major ethyl esters of ‘Fuji’
correlate with one another in their peak intensities.

The difference among sugar and sorbitol contents, soluble solid contents (SSC), and gene expression
related to sugars in watercored and nonwatercored tissues has been studied extensively [14,16,20,21].
Specifically, sorbitol accumulation in the watercored tissues was observed in several cases, whereas
fructose, glucose, sucrose, total sugar contents, and SSC were only observed in a few cases [13,15,16,20].
Fructose, the sweetest sugar of the apple components [22,23], tended to be lower in watercored tissues.
Sorbitol tends to be present at a low content and exhibits weaker perceptive sweetness compared
with other sugars, even though it increases in content in watercored tissues. [23,24]. The comparison
between watercored and nonwatercored tissues often found decreases in sweetness in the watercored
tissues. According to Melad-Herreros [15] and Williams et al. [16], nonaffected tissues of watercored
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apples, often edible parts, scored higher for fructose and sucrose than the affected tissues (Table 2),
indicating that watercored apples may in fact be sweeter. Harker et al. [25] stated that two apples
needed to differ in ◦Brix (SSC) by more than 1 before evoking a change in response to a perceived sweet
taste for the median panelist. A difference of 1 ◦Brix corresponds to 1% difference in sucrose. Table 2
presents the estimated sweetness using two equations that defined sucrose sweetness as 1 [26,27].
Our estimation (a) took sorbitol into account based on the estimation summarized by Kitahata and
Machinami [22], whereas (b), known as the total sweetness index, did not [23]. Williams et al. [17]
also found that the difference between nonwatercored and nonaffected tissues of watercored apples
was nearly 1. In this case, there was a perceived sweetness difference between the edible part of a
watercored and that of a nonwatercored apple at a near-threshold level. These findings are in agreement
with the results of sensory evaluation (Table 1) of taste intensity, which found that while watercored
apples were generally evaluated a little intense, they did not differ significantly from control samples.
Given these findings, the significant difference in sweetness is likely affected by components other
than sugars.

Table 2. Sugar profiles and estimated perceived sweetness of various apple cultivars.

Cultivar
Watercore Sugar Contents (g/100 g FW) Estimated Sweetness

Ref.
Fructose Glucose Sucrose Sorbitol (a) (b)

‘Fuji’ absent 5.7 3.1 1.5 0.4 12.0 12.3
[14] 1

present (richest level) 5.5 2.2 3.4 1.2 12.7 13.2

‘Fuji’ absent 6.6 2.3 1.8 0.5 12.3 13.4

[15]

present 5.6 1.9 1.8 1.5 11.3 11.7

‘Gloster’
absent 5.2 1.9 3.2 0.3 11.5 12.4
present 3.8 1.7 2.6 0.9 9.2 9.6

‘Delicious’
absent 6.4 1.7 2.2 0.2 11.9 13.1
present 5.1 1.5 2.0 1.0 10.2 10.7

‘Esperiega’
absent 7.2 1.51 2.8 0.8 13.7 14.7

[16]present (nonaffected site) 6.9 2.0 3.2 1.5 14.4 15.0
present (affected site) 6.3 2.2 1.5 2.9 13.0 12.6

‘Winesap’
absent 3.2 4.0 3.8 0.9 11.3 11.6

[17] 1present (nonaffected site) 3.4 4.2 4.1 1.3 12.2 12.4
present (affected site) 3.0 3.7 3.8 1.8 11.4 11.1

1 Original sugar contents were converted to g/100 g FW. Estimated sweetness: (a) (1.0 [sucrose]) + (1.3 [fructose]) +
(0.7 [glucose]) + (0.7 [sorbitol]) [22]; (b) = (1.0 [sucrose]) + (1.5 [fructose]) + (0.76 [glucose]) [23].

Recently, the importance of aroma components in the characteristics of flavor and preference
in apple has been widely recognized. Aprea et al. [11] reported that sorbitol content correlated
with perceived sweetness better than any other single sugar or total sugar content. Furthermore,
their predictive model based on partial least squares regression included not only SSC but also volatile
compounds and revealed that several volatiles are possibly contributing to flavor. Having a sweet
taste is an important but difficult attribute to be predicted using objective measurements [25]. The
contribution of sugars to the enhancement of perceived sweetness in watercored apple is likely limited,
whereas the profile of aroma components varies widely and accounts for several of the unique flavor
profiles. Aroma components between watercored and nonwatercored apples can be markedly different.
For instance, our analysis revealed that the detected levels of most ethyl esters that created an aroma
profile with characteristics similar to pineapple or ginjoshu (high-quality sake) were ten times their
levels in nonwatercored apples (Table S1) [13,28–31]. Considering these profiles of flavor components
and sensory attributes, the contribution of aroma components, such as ethyl esters, is crucial in
producing the flavor characteristics in watercore-rich apples.

2.3. Mechanism of Enhanced Ethyl Ester Synthesis in Watercored Apples

Because ethyl esters are crucial in aroma and flavor profiles in apples, different analyses have
already focused on the synthesis. Dixon and Hewett [18] reported that apple volatile compounds
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increased in ethanol and ethyl ester concentrations after exposure to hypoxic conditions. Specifically, the
synthesis of ethyl esters was high in watercore-susceptible cultivars ‘Red Delicious’, synonymous with
‘Delicious’, and ‘Fuji’ and low in nonsusceptible cultivars ’Golden Delicious’ and ’Cox’s Orange Pippin’.
It has also been reported that ethyl esters from apples subjected to controlled-atmosphere (CA) storage
exhibited a temporary increase in ethanol and ethyl ester concentrations. Hypoxia likely activates
anaerobic glycolysis and ethanol synthesis, causing an increase in ethyl ester production [32,33].
One study found that a decrease in respiration and an increase in ethanol and acetaldehyde
concentrations in watercored tissues of ’Richard Delicious’, a sport of ‘Delicious’, shared similarity
with apples that were exposed to hypoxic conditions or CA-stored [3]. Furthermore, Tanaka et al. [13]
analyzed oxygen distribution within a fruit and demonstrated low-oxygen status at the watercored
position (Figure 3), whereas nonwatercored fruits were flat. These phenomena support the concept
that ethyl ester synthesis is enhanced under hypoxic conditions within watercored tissues, resulting in
distinctive, fermented flavor.

Figure 3. Oxygen distribution related to watercore of ‘Fuji’ apple. Three fruits were measured
for each class. Thick red line corresponds to the photograph. Reproduced with permission from
Tanaka et al. [13].

Questions also arise regarding discrimination of volatiles and related gene expression in a fruit
associated with oxygen levels. This highly variable, cultivar-dependent response of apple cultivars to
hypoxic conditions may also be associated with the physiological processes involved in the development
of watercore, which has not been fully elucidated to date. To better understand the metabolism of the
characteristic aroma profiles, a fusion analysis of molecular biology and metabolomics will be required.

3. Texture Characteristics

3.1. Apple Cultivars and Texture Measurement

Texture is a key factor that affects consumer preference of apple [34–36]. Texture comprises
crispness, mealiness, juiciness, firmness, and other traits and has been reported to influence perceived
sweetness [25,37]. Among the texture traits, crispness and juiciness are favorable for apple, whereas
softness or mealiness are avoided [35]. Traditional watercore-susceptible cultivars were often
accompanied by mealiness and rapid softening [5]. However, the occurrence of watercore and
softening is under separate regulations, and cultivars have been developed with one but not the
other [10,38]. Here, we review the studies on apple texture as it is related to watercore susceptibility.
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Crispness is a sensory and integrated attribute defined as the amount and pitch of sound
generated when the fruit is first bitten using the incisor [37,39,40], and it is often estimated from
firmness because the two traits are highly and positively correlated [35]. Softening is usually caused
by a reduction in firmness, which is typically measured using a penetrometer or sensory analysis.
Cell shape, cell size, cell packing, and overall fruit anatomy as well as chemistry of the cell wall and
membrane and the role of cell turgor affect firmness [41]. Among them, macromolecular network
structures of cell walls, mainly comprising pectin, hemicellulose and cellulose, confer flesh cell rigidity,
however, the structures are gradually lost by the cell-wall-modifying enzymes such as β-galactosidase,
α-L-arabinofuranosidase, polygalacturonase, pectin methylesterase, and others. Ethylene reportedly
stimulated these enzymes, subsequently causing flesh softening. Turgor reduction was also associated
with firmness reduction [41,42]. Although cell membranes of apple are not typically associated with
cell wall swelling and juiciness [41], so far as watercore is concerned, it may play roles in apple juiciness
to some extent, as described below (Section 3.2).

Mealiness is defined as the amount of small, lumpy particles that become apparent during
chewing in sensory analysis [37,39,43]. It is due to the loss of cell–cell adhesion or cell separation [37].
Iwanami et al. [38] investigated 23 cultivars and a breeding line under a time-course experiment to
evaluate firmness and mealiness and divided them into four groups based on their results after 40 days
of storage at 20 ◦C. The watercore-susceptible cultivars ‘Starking Delicious’ and ‘Red Gold’ were placed
in the most rapid mealiness developing group, whereas ‘Fuji’ was the firmest and most nonmealy
cultivar. This was consistent with other previous studies [44–46]. Iwanami et al. [47] also found that
the softening performance of an apple cultivar during storage was highly dependent on the degree of
mealiness and turgor reduction rate. The softening rates of all mealy cultivars were high; moreover,
the softening rates of nonmealy cultivars were significantly correlated with the turgor reduction rates.
In other words, nonmealy cultivars with slow turgor reduction can be expected to exhibit high storage
performance. ‘Fuji’ had the lowest turgor reduction rate, which most likely contributed to its firmness
and crispness. In addition, ‘Starking Delicious’, another sport of ‘Delicious’, surprisingly exhibited the
slowest turgor reduction rate among the tested cultivars contrary to its trait of rapid softening. ‘Fuji’
seems to inherit the excellent trait of slow turgor reduction from the softening cultivar ‘Delicious’ and
not from the slow softening ‘Ralls Janet’. Differences in storage performance between ‘Fuji’ and the
other ‘Delicious’ strains may mainly be due to differences in mealiness or nonmealiness.

A genetic contribution to watercore and mealiness in the ‘Fuji’-related apples was demonstrated by
Kunihisa et al. [10], who examined genomic dissection of ‘Fuji’ using 115 accessions of its descendants
and parents. In that study, one quantitative trait loci (QTL) was detected for the following traits: degree
of watercore and mealiness, acidity, and harvest day. The QTL for a high degree of watercore was
detected in the middle of chromosome (chr)14, whereas the one for mealiness was detected at the
middle of chr1. ‘Fuji’ has inherited haplotypes from both ‘Delicious’ and ’Ralls Janet’. The haplotype
of ‘Fuji’ derived from ‘Delicious’ in the chr14 region dominantly causes watercore, whereas one in the
chr1 region causes mealiness. For mealiness, another QTL associated with MdPG1 was detected from
different F1 population [40]. So far, as ‘Fuji’ descendant, however, 90% of selected cultivars or superior
breeding lines have inherited the haplotype of ‘Fuji’-derived ’Ralls Janet’ at the region of chr1 [10,48].

Sadamori, a leader of the ‘Fuji’ breeding team, recounted that most of the seedlings of ‘Ralls Janet’
and ‘Delicious’ generated sweet but mealy fruit in his memoir [49]. Among them (592 fruits), they
found only two crisp and nonmealy fruits. One of them, which exhibited excellent flavor, was what
eventually became ‘Fuji’ [49]. There was only a 0.3% frequency of nonmealy flesh from that cross;
however, nonmealy phenotypes are more common in ‘Fuji’-related accessions. Therefore, newly
developed watercore-susceptible lines derived from ‘Fuji’ have an improved chance of possessing both
excellent flavor and texture. Additional genetic information on the turgor reduction after harvest and
its physiological understandings will help further improve and maintain the crispness of apples.
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3.2. Watercore and Texture

Juiciness positively contributes to perceived freshness and is dependent on water content [50].
The water content of watercored apples is higher than that of nonwatercored apples, which is caused
by the fluid within intercellular spaces or apoplast that causes watercore. Iwanami et al. [50] reported
that both the water content of the whole fruit and apoplast tissues positively correlated with juiciness,
affirming that watercored apples exhibit greater juiciness than nonwatercored apples. Although the
report did not refer to watercore, the juiciest apple, ’Oyume’, in their data is a cultivar that generally
develops rich watercore. Maintaining the perception of freshness in apples, which are commonly stored
for relatively long periods of time, is crucial for continued consumer appeal and requires appropriate
storage conditions.

In order to establish a storage technique for high-quality watercored ‘Fuji’, Onodera et al. (2010) [51]
investigated storability of apples that exhibited >30% watercoring. Time-course measurements of
firmness and watercore degree were taken during 3 months of storage and 14 days of shelf time under
regular atmosphere (RA). Both watercore degree and firmness decreased with time, and these exhibited
significant positive correlation to each other (Figure 4). These results were in agreement with those of a
previous report of Bowen and Watkins [14], which stated that flesh firmness at harvest initially tended
to decrease with watercore scores and then significantly increased as watercore enhanced. These data
suggest that highly watercored apples may maintain a firmer texture than lesser watercored apples for
a few months after harvest. Further case examples are required.

Figure 4. Watercore degree (0–4) and flesh firmness of ‘Fuji’ apple. Reproduced with permission from
Onodera [51].

Being a major plant growth regulator and ripening hormone, ethylene is considered to be involved
in the softening of apples [41,52]. Internal ethylene concentration (IEC) was measured in relation to
watercore degree. Bowen and Watkins [13] reported that IEC increased with the watercore degree,
whereas Argenta et al. [53] reported that IEC was higher in fruit with a low watercore score, and it
decreased in fruits with a high watercore score compared with watercore-free. There have been few
studies regarding the firmness of watercored apples under storage and its regulation, limiting what is
currently known. As watercored apples gain popularity, further studies will likely greatly elucidate
the relationship between firmness and watercoring.

4. Watercore During Storage

Watercored apples are likely to develop physiological disorders in the flesh, including watercore
breakdown, internal browning, and various other disorders and, in some cases, worsen the degree
of existing disorders [3–5,53–56]. These disorders often hinder the storability of apples and their
use as a long-shelf life commodity. Watercore development is accompanied by photosynthetic
carbohydrate accumulation in the fruit; consequently, as harvest is delayed, the degree of watercore
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increases [14,57,58]. Therefore, watercore-susceptible cultivars are often harvested long before maturity
at the expense of sweet flavor.

Onodera et al. [51] investigated the storability of highly watercored ‘Fuji’ with or without
1-methylcyclopropene (1-MCP) treatment for 3 months. Watercore breakdown did not occur until 3
months after harvest, irrespective of 1-MCP treatment and temperature settings. Another experiment
in Figure 5 presents a time course of watercore degree and incidence of watercore breakdown during
shelf life. The storage conditions were set at −1 ◦C or 2 ◦C for an initial 2 months and at 5 ◦C for
9 days followed by 20 ◦C for 14 days. Watercore degrees gradually decreased in all treatments during
the experiment, and the incidence of watercore breakdown was detected at 14 days after storage
at 20 ◦C. These results indicate that watercored ‘Fuji’ can be stored for up to 3 months under RA
with refrigeration.

Figure 5. Time course of watercore degree (0–4) and watercore breakdown incidence (area %) in
‘Fuji’ apple. n = 30. (a) Watercore degree, (b) watercore breakdown incidence. Watercore breakdown
was not observed in the apples that were initially stored at 2 ◦C. Reproduced with permission from
Onodera [51].

Storage performance over a much longer duration than that reported by Onodera et al. [51] was
reported by Kasai et al. [59] to determine which cultivars were resistant to physiological disorders and
deterioration of flavor and texture. Apples of 30 cultivars were harvested at their commercial harvest
time in the fall and stored under RA, CA, and 1-MCP treatment until mid-June of the next year at 0 ◦C
followed by under RA at 20 ◦C for 5 days. The watercore degree and flesh browning disorder, which is
regarded as a serious problem in watercored apples, were analyzed, and flesh browning disorder was
found to occur in most cultivars irrespective of the presence or absence of watercore at harvest, except
for ’Shuyo’ and ’Ambitious’. Figure 6a presents the relationship between watercore scores at harvest
and flesh browning disorder incidence after storage. Seven cultivars scored >2 in watercore, and most
of them had high incidence of physiological disorders. However, the incidence in ‘Fuji’ was low for
the score of watercore, which may have been due to the disappearance of watercore. The remaining
watercore after storage and the incidence of flesh browning disorders are presented in Figure 6b. Flesh
browning occurred irrespective of the remaining watercore score and storage condition; however,
highly watercored remaining fruits exhibited severe flesh browning without exception. Watercore
is not the only cause of the flesh browning disorder; however, prolonged, severe watercore greatly
enhances the severe incidence in flesh.
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Figure 6. Watercore degree (0–4) and incidence of flesh browning disorders (0–3) in various apple
cultivars. (a) Incidence degree to watercore degree at harvest; (b) Incidence degree to watercore degree
after storage. n = 10. 1: ‘Shuyo’; 2: ‘Seimei’; 3: ‘Shinano Sweet’; 4: ‘Sekaiichi’; 5: ‘Morinokagayaki’;
6: ‘Starking Delicious’ (SD); 7: ‘Kitarou’; 8: ‘Jona Gold’; 9: ‘Koutaro’; 10: ‘Yoko’; 11: ‘Megumi’; 12:
‘Aori 27′; 13: ‘Aikanokaori’; 14: ‘Mutsu’; 15: ‘Shinano Gold’; 16: ‘Mahe 7′; 17: ‘Hokuto’; 18: ‘Orin’; 19:
‘Aori 15′; 20: ‘Gunma Meigetsu’; 21: ‘Koukou’; 22: ‘Slim Red’; 23: ‘Fuji’; 24: ’Mellow’; 25: ‘Koutoku’;
26: ‘Ambitious’; 27: ‘Romu 50′; 28: ‘Granny Smith’; 29: ‘Cripps Pink’; 30 ‘Aori 21′; 31: ‘Fuji’ (bagged).
Reproduced with permission from Kasai et al. [59].
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Storage longer than 4–5 months usually utilizes several treatments to suppress respiration and
ethylene function, which results in an inhibition of aroma synthesis. This inhibits the generation of
distinct, sweet aroma, which is the advantage of fresh watercore-rich apples and which cannot be
produced after CA storage. In other words, watercored apples should be eaten within a few months of
harvest or earlier, especially highly watercore-rich fruits.

Based on work from several previous studies, watercore development can be enhanced or inhibited
using cultural techniques on watercore-susceptible cultivars. Watercore is promoted by low or high
air temperatures during the preharvest period, large fruit, poor calcium concentration, high nitrogen
and boron nutrition, a high leaf-to-fruit ratio, excessive fruit thinning, high or low light exposure,
growth in volcanic ash soil, ethrel (ethephon) and gibberellin treatment, and girdling of the trunk
and limbs [9]. Therefore, to develop rich watercore for a premium product, fruits are allowed to
increase photosynthate accumulation by means of increasing the light received by the leaves and fruits
and harvesting at full maturity. To maintain a long shelf life without the watercore physiological
disorder, photosynthate accumulation in fruits is limited by earlier harvesting and fruit bagging. Apple
producers choose one of these cultivation methods according to demand and their business policies.

5. Conclusions

Watercore in apple had been avoided for years due to the mealy texture and brown flesh incidence
associated with it. Currently, however, watercore-rich apples are gaining popularity, mainly in Asian
countries. ‘Fuji’, the first rich-watercored cultivar that is free from texture deterioration, greatly
contributed to the paradigm shift. ‘Fuji’ resulted from a cross made in 1939, and though many decades
have passed, the potential of ‘Fuji’ as a high-quality apple is still being shown by integration of diverse
analytical methods, such as instrumental analysis and sensory, chemical, physiological, and genetic
aspects. Still, there are many unresolved issues related to apple quality. Expanding the understanding
of the nature and physiology of apple will continue to lead to improvements in apple quality by
utilizing various concepts, approaches, and techniques.

Supplementary Materials: The following are available online. Table S1: Intensity of volatiles in watercored and
nonwatercored ‘Fuji’ and ‘Koutoku’ apples, Table S2: Intensity of water-soluble compounds in watercored and
nonwatercored ‘Fuji’ and ‘Koutoku’ apples.

Funding: This research was partly supported by grants from the Project of the Bio-oriented Technology Research
Advancement Institution, NARO (the special scheme project on advanced research and development for
next-generation technology).

Acknowledgments: We would like to thank Kasai, Statoshi of Aomori Prefectural Industrial Technology Research
Center, Onodera, Reiko of Yamagata Agricultural Research Center, and Kunihisa, Miyuki of Institute of Fruit
Tree and Tea Science, NARO for their contributions to preparation of the manuscript. We also thank Enago
(www.enago.jp) for the English language review.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. O’Rourke, D. World production, trade, consumption and economic outlook for apples. In Apples: Botany,
Production, and Uses; Ferree, D.C., Warrington, I.J., Eds.; CABI: Oxon, Wallingford, UK, 2003; pp. 15–29.

2. Sadamori, S.; Murakami, H.; Suzuki, H.; Isizuka, S. New breeding hybrids of apple. Bull. Tohoku Natl. Agric.
Exp. Stn. 1955, 4, 125–128. (In Japanese)

3. Smagula, J.M.; Bramlage, W.; Southwick, R.; Marsh, H. Effects of watercore on respiration and mitochondrial
activity in Richared Delicious apples. In Proceedings of the American Society for Horticultural Science; Amer Soc
Horticultural Science: Geneva, NY, USA, 1968; pp. 753–761.

4. Faust, M.; Shear, C.; Williams, M.W. Disorders of carbohydrate metabolism of apples (watercore, internal
breakdown, low temperature and carbon dioxide injuries). Bot. Rev. 1969, 35, 169–194. [CrossRef]

5. Sharples, R. A note on the occurrence of watercore breakdown in apples during 1966. Plant Pathol. 1967, 16,
119–120. [CrossRef]

6. Marlow, G.C.; Loescher, W.H. Watercore. Hortic. Rev. 1984, 6, 189–251.

www.enago.jp
http://dx.doi.org/10.1007/BF02858913
http://dx.doi.org/10.1111/j.1365-3059.1967.tb00384.x


Molecules 2020, 25, 1114 11 of 13

7. Kasai, S.; Arakawa, O. Antioxidant levels in watercore tissue in ‘Fuji’apples during storage.
Postharvest Biol. Technol. 2010, 55, 103–107. [CrossRef]

8. Tanaka, F.; Tatsuki, M.; Matsubara, K.; Okazaki, K.; Yoshimura, M.; Kasai, S. Methyl ester generation
associated with flesh browning in ‘Fuji’apples after long storage under repressed ethylene function.
Postharvest Biol. Technol. 2018, 145, 53–60. [CrossRef]

9. Itai, A. Watercore in fruits. In Abiotic Stress Biology in Horticultural Plants; Springer: Tokyo, Japan, 2015;
pp. 127–145.

10. Kunihisa, M.; Moriya, S.; Abe, K.; Okada, K.; Haji, T.; Hayashi, T.; Kawahara, Y.; Itoh, R.; Itoh, T.; Katayose, Y.;
et al. Genomic dissection of a ‘Fuji’ apple cultivar: Re-sequencing, SNP marker development, definition of
haplotypes, and QTL detection. Breed. Sci. 2016, 66, 499–515. [CrossRef]

11. Aprea, E.; Charles, M.; Endrizzi, I.; Laura Corollaro, M.; Betta, E.; Biasioli, F.; Gasperi, F. Sweet taste in
apple: The role of sorbitol, individual sugars, organic acids and volatile compounds. Sci. Rep. 2017, 7, 44950.
[CrossRef]

12. Charles, M.; Aprea, E.; Gasperi, F. Factors influencing sweet taste in apple. In Bioactive Molecules in Food;
Mérillon, J.-M., Ramawat, K.G., Eds.; Springer International Publishing: Cham, Switzerland, 2018; pp. 1–22.

13. Tanaka, F.; Okazaki, K.; Kashimura, T.; Ohwaki, Y.; Tatsuki, M.; Sawada, A.; Ito, T.; Miyazawa, T. Profiles and
physiological mechanisms of sensory attributes and favor components in watercored apple. J. Jpn. Soc. Food
Sci. Technol. 2016, 63, 101–116. (In Japanese) [CrossRef]

14. Bowen, J.H.; Watkins, C.B. Fruit maturity, carbohydrate and mineral content relationships with watercore in
‘Fuji’apples. Postharvest Biol. Technol. 1997, 11, 31–38. [CrossRef]

15. Zupan, A.; Mikulic-Petkovsek, M.; Stampar, F.; Veberic, R. Sugar and phenol content in apple with or without
watercore. J. Sci. Food Agric. 2016, 96, 2845–2850. [CrossRef] [PubMed]

16. Melado-Herreros, A.; Munoz-García, M.-A.; Blanco, A.; Val, J.; Fernández-Valle, M.E.; Barreiro, P. Assessment
of watercore development in apples with MRI: Effect of fruit location in the canopy. Postharvest Biol. Technol.
2013, 86, 125–133. [CrossRef]

17. Williams, M.W. Relationship of sugars and sorbitol to watercore in apples. Proc. Am. Soc. Hortic. Sci. 1966,
88, 67–75.

18. Dixon, J.; Hewett, E.W. Exposure to hypoxia conditions alters volatile concentrations of apple cultivars. J. Sci.
Food Agric. 2000, 81, 22–29. [CrossRef]

19. Komthong, P.; Hayakawa, S.; Katoh, T.; Igura, N.; Shimoda, M. Determination of potent odorants in apple by
headspace gas dilution analysis. Lwt-Food Sci. Technol. 2006, 39, 472–478. [CrossRef]

20. Gao, Z.; Jayanty, S.; Beaudry, R.; Loescher, W. Sorbitol transporter expression in apple sink tissues: Implications
for fruit sugar accumulation and watercore development. J. Am. Soc. Hortic. Sci. 2005, 130, 261–268.
[CrossRef]

21. Marlow, G.C.; Loescher, W.H. Sorbitol metabolism, the climacteric, and watercore in apples. J. Am. Soc.
Hortic. Sci. 1985, 110, 676–680.

22. Kitahata, S.; Machinami, T. Sugar. In Molecular Recognition of Taste and Aroma; The Chemical Society of Japan,
Ed.; Gakkai Shuppann Center: Tokyo, Japan, 1999; Volume 40, pp. 50–60. (In Japanese)

23. Magwaza, L.S.; Opara, U.L. Analytical methods for determination of sugars and sweetness of horticultural
products—A review. Sci. Hortic. 2015, 184, 179–192. [CrossRef]

24. Ma, B.; Chen, J.; Zheng, H.; Fang, T.; Ogutu, C.; Li, S.; Han, Y.; Wu, B. Comparative assessment of sugar and
malic acid composition in cultivated and wild apples. Food Chem. 2015, 172, 86–91. [CrossRef]

25. Harker, F.R.; Marsh, K.B.; Young, H.; Murray, S.H.; Gunson, F.A.; Walker, S.B. Sensory interpretation of
instrumental measurements 2: Sweet and acid taste of apple fruit. Postharvest Biol. Technol. 2002, 24, 241–250.
[CrossRef]

26. Baldwin, E.A.; Scott, J.W.; Einstein, M.A.; Malundo, T.M.M.; Carr, B.T.; Shewfelt, R.L.; Tandon, K.S.
Relationship between sensory and Instrumental analysis for tomato flavor. J. Am. Soc. Hortic. Sci. 1998, 123,
906. [CrossRef]

27. Beckles, D.M. Factors affecting the postharvest soluble solids and sugar content of tomato
(Solanum lycopersicum L.) fruit. Postharvest Biol. Technol. 2012, 63, 129–140. [CrossRef]

28. Tokitomo, Y.; Steinhaus, M.; Buttner, A.; Schieberle, P. Odor-active constituents in fresh pineapple
(Ananas comosus [L.] Merr.) by quantitative and sensory evaluation. Biosci. Biotechnol. Biochem. 2005, 69,
1323–1330. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.postharvbio.2009.08.008
http://dx.doi.org/10.1016/j.postharvbio.2018.06.002
http://dx.doi.org/10.1270/jsbbs.16018
http://dx.doi.org/10.1038/srep44950
http://dx.doi.org/10.3136/nskkk.63.101
http://dx.doi.org/10.1016/S0925-5214(97)01409-9
http://dx.doi.org/10.1002/jsfa.7453
http://www.ncbi.nlm.nih.gov/pubmed/26346698
http://dx.doi.org/10.1016/j.postharvbio.2013.06.030
http://dx.doi.org/10.1002/1097-0010(20010101)81:1&lt;22::AID-JSFA769&gt;3.0.CO;2-9
http://dx.doi.org/10.1016/j.lwt.2005.03.003
http://dx.doi.org/10.21273/JASHS.130.2.261
http://dx.doi.org/10.1016/j.scienta.2015.01.001
http://dx.doi.org/10.1016/j.foodchem.2014.09.032
http://dx.doi.org/10.1016/S0925-5214(01)00157-0
http://dx.doi.org/10.21273/JASHS.123.5.906
http://dx.doi.org/10.1016/j.postharvbio.2011.05.016
http://dx.doi.org/10.1271/bbb.69.1323
http://www.ncbi.nlm.nih.gov/pubmed/16041138


Molecules 2020, 25, 1114 12 of 13

29. Zheng, L.Y.; Sun, G.M.; Liu, Y.G.; Lv, L.L.; Yang, W.X.; Zhao, W.F.; Wei, C.B. Aroma volatile compounds from
two fresh pineapple varieties in China. Int. J. Mol. Sci. 2012, 13, 7383–7392. [CrossRef] [PubMed]

30. Ichikawa, E.; Hosokawa, N.; Hata, Y.; Abe, Y.; Suginami, K.; Imayasu, S. Breeding of a sake yeast with
improved ethyl caproate productivity. Agric. Biol. Chem. 1991, 55, 2153–2154.

31. Isogai, A.; Utsunomiya, H.; Kanda, R.; Iwata, H. Changes in the aroma compounds of sake during aging.
J. Agric. Food Chem. 2005, 53, 4118–4123. [CrossRef] [PubMed]

32. Lee, J.; Mattheis, J.P.; Rudell, D.R. Antioxidant treatment alters metabolism associated with internal browning
in ‘Braeburn’ apples during controlled atmosphere storage. Postharvest Biol. Technol. 2012, 68, 32–42.
[CrossRef]

33. Lumpkin, C.; Fellman, J.K.; Rudell, D.R.; Mattheis, J.P. ‘Fuji’ apple (Malus domestica Borkh.) volatile production
during high pCO2 controlled atmosphere storage. Postharvest Biol. Technol. 2015, 100, 234–243. [CrossRef]

34. Hampson, C.; Quamme, H.; Hall, J.; MacDonald, R.; King, M.; Cliff, M. Sensory evaluation as a selection tool
in apple breeding. Euphytica 2000, 111, 79–90. [CrossRef]

35. Iwanami, H. Breeding for fruit quality in apple. Breed. Fruit Qual. 2011, 173–200.
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