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Abstract
Apricots must be of high quality for consumers to have an enjoyable eating experience
and thus increase demand. Unfortunately, apricot fruit quality has been highly variable.
As a result, consumers have often been dissatisfied because fruit were either immature,
hard and had no flavour, or else they were over-soft and mealy. It has been suggested
that harvest maturity is the most important factor affecting the quality of many fruits.
However, many other factors have been shown to affect apricot fruit quality. There are
gaps in understanding on how some of these factors affect apricot fruit quality and no
attempts have been made to develop integrated strategies for its control. The aim of this
study, therefore, was to identify how management of several major factors could
improve apricot fruit quality.
The effects of crop load and harvest maturity on fruit soluble solids concentration (SSC)
and flesh firmness were determined and their effects on consumer preferences were
examined. Reducing crop load resulted in higher fruit SSC in one of two years, whereas
fruit harvested at a more mature stage had higher SSC in both years. Consumers
preferred fruit that had higher SSC only when they were at an eating-firmness of
approximately 10 to 25 N. When fruit were over-soft, i.e. less than 10 N, differences in
SSC were not significant. In general, consumers preferred fruit that were grown on trees
thinned to approximately 10 to 20% less than typical commercial crop loads and were
harvested at a more mature stage.
Fruit set and fruit quality along apricot branch units were characterised for a number of
cultivars. Fruit set, fresh weight (FW), SSC and dry matter concentration were lower for
fruit from one-year-old long shoots than for fruit from short shoots and spurs on older
wood for most genotypes. The best quality fruit were mostly on shoots and spurs from
two-year-old wood. Genotype and wood age significantly affected storage chilling
injury. FW of fruit on two-year-old wood was affected by fruit number per branch unit
before thinning. FW was also affected by leaf area of subtending shoots on one-year-old
wood.
Two treatment combinations were tested to improve fruit quality within apricot
canopies. Firstly, the light environment was modified using reflective cloth. Secondly,
all fruit were removed from the lower inner canopy and the equivalent numbers of
additional fruit were retained in the upper canopy during the commercial thinning
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period. Light in the lower canopy was much lower than in the upper canopy and fruit
from this zone were smaller and had lower SSC. Reflective cloth increased light
reflected up into the lower canopy, and increased SSC and FW. Adjusted fruit
distribution did not affect FW or SSC in the upper canopy even though more fruit were
located there. This resulted in approximately 15% more fruit having the higher quality
of upper zone fruit.
To test the influence of fruit maturity on softening rate and development of chilling
injury, two apricots cultivars were harvested at three different maturities and were
ripened at 20°C immediately after harvest or were held at 0°C for 2, 4 or 6 weeks and
then ripened at 20°C. Maturity at harvest significantly affected softening rate and
development of chilling injury. Mealiness and gel only developed in fruit that had been
stored at 0°C, and the incidence was higher the more mature the fruit were and the
longer they were held in cold storage. Development of mealiness was related to loss of
juiciness and was perceived only when fruit had softened to less than 20 N. In cell walls
of apricots ripened at 20°C after cold storage, mealiness and gel formation was
accompanied by an increase in water-soluble pectin and an increase in trans-1,2cyclohexanediaminetetraacetic acid (CDTA)-soluble pectin. In contrast, water-soluble
pectin increased and CDTA-soluble pectin decreased slightly in apricots ripened at
20°C immediately after harvest. Firmness and uronic acid content of water-soluble
pectin within fruit cells were negatively correlated for all ‘Larclyd’ fruit, including all
maturities and those with and without chilling disorders.
To test how cold storage temperature and cultivar affected softening and chilling injury
development, two apricots cultivars were held at 0°C or 4°C for 2, 4 or 6 weeks and
then ripened at 20°C, and as a control, ripened at 20°C straight after harvest.
‘CluthaGold’ softened slowly at 0°C whereas ‘Larclyd’ remained firm and both
cultivars softened rapidly at 4°C. Mealiness and gel development were more severe at
4°C than at 0°C whereas rubberiness was more severe at 0°C. ‘CluthaGold’ fruit were
mealier and developed more gel at 0°C than ‘Larclyd’ fruit, however, both cultivars
developed similar severity of both disorders at 4°C. ‘CluthaGold’ fruit developed more
rubberiness than ‘Larclyd’ fruit. Mesocarp cells of fruit with chilling injury were more
irregular in shape and intercellular spaces and cell-cell separation increased compared
with that in fruit without chilling injury. Solubilisation and depolymerisation of pectins
within cell walls of ‘CluthaGold’ fruit, which occurred during normal ripening
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immediately after harvest, were disrupted during cold storage and this was associated
with chilling injury development.
As a conclusion, crop management and storage temperature have proved equally as
important for apricot fruit quality as harvest maturity. Therefore, recommended
management practices include: thinning to a moderate crop load; thinning to preferential
locations along the branch and increasing the proportion of fruit retained in higher light
regions of the canopy; harvesting fruit at firmnesses of between 35 and 50 N; and
storing fruit at 0°C. Further pre-harvest research would include: understanding the
importance of other traits, such as juiciness, in consumer acceptance of apricots;
understanding the competition between fruit and shoot growth, and evaluating the effect
of artificial spur extinction, which has potential to reduce early-season competition and
improve light penetration, both of which were identified as issues in apricot canopies.
Further postharvest research includes: identifying differences among apricot cultivars in
solubilisation and depolymerisation of pectin during ripening after cold-storage, and
assessing modified storage regimes, such as intermittent warming and pulse ethylene
treatments. Longer-term solutions include developing new orchard growing systems,
and breeding fruit that have improved SSC at harvest and better storage capability. This
work should lead to better control of pre-harvest and postharvest factors that affect
apricot fruit quality, and result in consistently better experiences for apricot consumers.
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To my husband
John Julian

The Road Not Taken
TWO roads diverged in a yellow wood,
And sorry I could not travel both
And be one traveler, long I stood
And looked down one as far as I could
To where it bent in the undergrowth;
Then took the other, as just as fair,
And having perhaps the better claim,
Because it was grassy and wanted wear;
Though as for that the passing there
Had worn them really about the same,
And both that morning equally lay
In leaves no step had trodden black.
Oh, I kept the first for another day!
Yet knowing how way leads on to way,
I doubted if I should ever come back.
I shall be telling this with a sigh
Somewhere ages and ages hence:
Two roads diverged in a wood, and I—
I took the one less traveled by,
And that has made all the difference.
Robert Frost (1874-1963)
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Chapter 1. Introduction
Many fruits can be stored for months and still are sufficiently high in quality to give
consumers a pleasurable and satisfying experience when consumed. Some apple
cultivars can now be stored for 12 months, kiwifruit for 7 months and grapes for 5
months (Gross et al. 2004; OECD 1996). The short storage life of some stonefruits has
now been extended through breeding and improved storage technology. Certain plum
cultivars can be stored for 8 weeks, whilst some peach, nectarine and sweet cherry
cultivars can be stored for 6 weeks (Gross et al. 2004; Lill et al. 1989; OECD 1996;
Remon et al. 2003). Commercial apricots, by contrast, can be stored for a maximum of
3 weeks only before fruit quality deteriorates to the point where marketers cannot be
confident that the quality traits of the fruit remain acceptable to consumers without the
development of chilling injury (I. Hofma, Le Fresh, pers. comm.). Many other apricot
cultivars have a storage life of 1 to 2 weeks (Kader 2002; Manolopoulou & Mallidis
1999). However, the quality of the fruit that is eaten by consumers is affected not only
by storage time and conditions, but also by many pre-harvest factors. It would be
beneficial to determine how to control pre-harvest and postharvest factors so that the
quality of apricot fruit supplied to consumers was consistently high.

1.1.

Apricot taxonomy

The apricot, Prunus armeniaca L., is a member of the Rosaceae family, together with
peach, pear, apple, strawberry, plum and cherry. They are part of the subfamily
Prunoideae, the genus Prunus and the subgenus Prunus (Aubert & Chanforan 2007).
Apricot is a native of Central and Western China (Manolopoulou & Mallidis 1999) and
was introduced to Europe in the Roman era (Aubert & Chanforan 2007). It has been
consumed by humans for over 5000 years, and cultivated for more than 3500 years (Liu
et al. 2010). Apricots are classified as drupes, which are defined as having a soft, outer
fleshy mesocarp that surrounds a hard endocarp that contains a seed.

1.2.

Apricot production

The most recent figures for apricot production (2012) indicated that world production
was almost 4 million metric tons (MT). Turkey produced 800,000 MT, followed by
Iran, Uzbekistan, Algeria and Italy, which each produced more than 200,000 MT
(FAOSTAT 2014). World export statistics showed that France exported the greatest
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volume of fresh apricots (Fig. 1.1) at the highest value in 2011 (Fig. 1.2) (FAOSTAT
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Fig 1.1. Export volume of fresh apricots for the top 10 countries and New Zealand (19th) in 2012
in metric tons (FAOSTAT 2014).
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Fig 1.2. Export value of fresh apricots for the top 10 countries and New Zealand (13th) in 2012
in US$M (FAOSTAT 2014).

2

Export price received per tonne (US$ tonne-1)

3500

3000
2500
2000
1500
1000
500
0

Fig 1.3. Export price received per tonne of fresh apricots from the top 10 countries in 2012 in
US$M (FAOSTAT 2014).

New Zealand is listed as 19th in terms of export volume (1774 MT) and 13th in terms of
export value ($US5.6M) in 2012. Whilst this may be small in world terms, New
Zealand ranked a close second in value per tonne (Fig. 1.3), demonstrating that New
Zealand apricots are a high value fruit crop. New Zealand is only one of a few countries
eligible to export fresh apricots into the USA (USDA 2014). The other countries
eligible to export fresh fruit to the USA are Argentina, Belgium, Canada, Chile, Haiti,
Israel, Japan, the Republic of Korea, Mexico, Morocco, South Africa, Spain and
Zimbabwe.
Exports of apricots from New Zealand have been growing steadily from 555 MT in
1998, valued at $NZ2.6M, to 1029 MT in 2012, valued at $NZ10M (approx. $US7.9M)
(from Summerfruit NZ data). Exports in 2014 reached 1336 MT; however, the value is
yet to be confirmed. In addition, the domestic market sales were approximately $NZ6M
in 2013. Approximately 70% of New Zealand apricots sales are produced in Central
Otago, and the main cultivars are currently ‘CluthaGold’ and ‘Sundrop’ (Summerfruit
NZ data). Wine grapes and stonefruit are the two most important horticultural crops in
Otago, occupying 1577 ha and 1046 ha respectively in 2012, followed by apples at 459
ha (www.freshfacts.co.nz). Apricots represent approximately 25% of the summerfruitplanted area and are therefore an important economic crop for Central Otago.
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The strategic plan for Summerfruit New Zealand Inc., the New Zealand grower
organisation, forecasts that apricot exports will grow to $NZ24M by 2018, and total
production (including local market) will increase from 2000 MT to 4000 MT. This
strategy assumes that:


New apricot cultivars with superior fruit quality will have been developed and will
be planted by growers and desired by consumers



Methods of growing and postharvest storage have been developed and are known



New market opportunities, particularly in Asia, have been established.

1.3.

Fruit quality

Quality describes the degree of excellence of the fruit in terms of its suitability for a
particular purpose, in this case in terms of acceptability for human consumption (Abbott
1999; Kader 1999; Kader 2002). Fruit quality can be grouped into four main categories:
visual quality (size, shape, colour, absence of defects and decay), textural quality
(firmness, crispness, juiciness and absence of woolliness or mealiness), eating quality
(flavour, sweetness, acidity, sugar:acid balance, astringency, aroma, off-flavours) and
nutritional quality (vitamin, mineral, phytochemical content and dietary fibre) (Kader
2002). The relative importance of each quality attribute depends on the use. For
consumption of fresh apricots, important quality attributes can be summarised as
freedom from visual blemishes, colour, texture, flavour, aroma and absence of internal
breakdown caused by chilling injury (Ledbetter 2008; Manolopoulou & Mallidis 1999).
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1.4.

What do consumers consider high quality apricots to be?

Consumers are often dissatisfied with apricot fruit, because of poor organoleptic
experience when eating the fruit. Over 46% of households surveyed in New Zealand
were unsatisfied with the apricots they purchased because the fruit were unripe
(Summerfruit New Zealand & The Nielsen Company 2013). This was similar to studies
in California, USA (Bruhn et al. 1991). In France, approximately 33% of consumers
surveyed were not satisfied with the ripeness of the apricots they purchased (MoreauRio 2006). Over half the dissatisfied shoppers in New Zealand delayed repurchasing
apricots for at least 2 weeks or did not buy them again that season, resulting in an
estimated loss of sales of more than $NZ0.5M (Summerfruit New Zealand & The
Nielsen Company 2013). Specific issues related to unripe fruit included fruit that were
too hard and lacked flavour and aroma (Moreau-Rio 2006; Summerfruit New Zealand &
The Nielsen Company 2013). Other problems that were identified were mealy and oversoft fruit (Bruhn et al. 1991; Moreau-Rio 2006).
New Zealand exporters (I Hofma, Le Fresh, New Zealand; pers. comm.) and UK
supermarkets (E Lunny, Marks & Spencer, United Kingdom; pers. comm.) have
reported inconsistent quality as a problem of New Zealand apricots currently being
supplied to international consumers. They identified that some growers tended to
harvest fruit when they were immature, in their efforts to ensure that fruit travelled
without bruising and stored long enough to reach the consumer before softening
excessively. The problem with this strategy is that fruit were harvested before they had
acquired the competency to ripen normally once they were detached from the tree
(Manolopoulou & Mallidis 1999). Hard, immature fruit were identified in consumer
surveys as one of the issues experienced by consumers when buying apricots (Bruhn et
al. 1991; Moreau-Rio 2006; Summerfruit New Zealand & The Nielsen Company 2013).
Immature fruit at harvest have less sugar than those harvested at a more mature stage
(Bureau et al. 2006; Infante et al. 2008). Higher sugar content or the perception of
sweetness in apricots was positively correlated with greater fruit acceptability by trained
or untrained panels (Azodanlou et al. 2003; Infante et al. 2008; Ruiz & Egea 2008;
Valentini et al. 2006). However, negative quality traits from cold storage, such as
mealiness and gel formation, may interfere with this preference for sweetness. Acidity
was found to have less effect on consumer appreciation of fruit than sugar (Azodanlou
et al. 2003).
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Fruit texture also plays an important role in consumer acceptance of apricots, although
the relationship appears to be complex. Whilst some studies have shown flesh firmness
of apricots to be negatively correlated to fruit acceptability (Azodanlou et al. 2003;
Valentini et al. 2006), others have shown no correlation (Infante et al. 2008). Consumer
preferences may be affected by an interaction between sugar content and texture, similar
to that found in kiwifruit and apple (Harker et al. 2009; Harker et al. 2008), although
this has not been examined for apricots. There is a significant correlation between
consumer appreciation of apricots and their total content of volatile compounds
(Azodanlou et al. 2003).
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1.5.

Apricot maturation and ripening

1.5.1.

Apricot maturation

Apricot flowering occurs in the absence of leaf development, and hence relies on
reserves from the previous season (Costes et al. 1995). Flowering normally occurs over
a one- to two-week period during which time pollination and fruit set occurs (Rodrigo et
al. 2010). Apricots have a double sigmoidal growth curve, which is common for all
stonefruit (Chitarra et al. 1989) (Fig. 1.4). During Stage I, cells within the young
fruitlets divide rapidly until approximately 30 days after full bloom (DAFB), after
which fruit growth continues through cell expansion only (Costes et al. 1995). The seed
reaches its full size approximately 30 DAFB. The embryo then begins a period of rapid
growth, which is completed during Stage II, approximately 60 DAFB, when it
completely fills the space within the integuments, and fruit growth (expansion) is very
slow during this stage (Jackson & Coombe 1966). Pit hardening (lignifications of the
endocarp) occurs towards the end of Stage II, between 74 and 94 DAFB (Bureau et al.
2006; Jackson & Coombe 1966). The second fruit growth (expansion) phase occurs
during Stage III before fruit maturation (Jackson & Coombe 1966). The fruit continues
to increase in size until commercial harvest (Jackson & Coombe 1966; Perez-Sarmiento
et al. 2010; Ruiz-Sanchez et al. 2000). The final fruit swell phase is important for final
fruit weight, and premature harvesting of fruit can affect the proportion of fruit reaching
larger size grades (Stanley, pers. obs.). Physiological maturity is defined as the stage of
development when the fruit will continue to ripen fully even if it is detached from the
tree (Kader 1999).
Fruit drop can occur at any time from bloom to harvest (Costes 2006). At the start of the
season, this is probably because of competition for reserves by flowers and vegetative
buds. Competition with tree trunk radial growth has been suggested as the most likely
cause of fruit drop later in the season (Costes 2006).
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Fig. 1.4. Fruit growth curve of stonefruit. The solid line represents cumulative growth and the
dashed line represents changes in relative growth rate. From: (Kader & Mitchell 1989). Used
with permission from University of California Postharvest Technology Center.

Sorbitol is the main sugar transported out of mature leaves of apricot (Bieleski &
Redgwell 1985) and is a major form of sugar present in the stem tissues. It is still not
clear, however, whether sorbitol is the main sugar transported into apricot fruit. Genard
et al. (2006) assumed sorbitol represented 70% of the incoming sugars, and that it must
be synthesised quickly, since sucrose is the most abundant sugar found in apricot fruit.
However, radio-active tracking of sugars revealed that more sucrose entered apricot
fruit than sorbitol (Baker 1983).
1.5.2.

Apricot ripening

Ripening is the combination of processes that occur in the later stages of fruit growth
and senescence. This results in characteristic physiological, biochemical and
organoleptic changes in fruit properties. The changes lead to the development of softer
edible fruit, which have desirable taste and textural attributes (Kader 1999; Prasanna et
al. 2007). Apricot is a climacteric fruit, so as long as the fruit has reached a mature stage
when it is harvested, it is capable of ripening off the tree because ethylene can be
produced by mature fruit (Kader 1999). Apricot fruit which are not harvested will
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produce ethylene and ripen normally; however, the ethylene production rate is much
higher if the fruit is detached and held at warm temperatures (Gouble et al. 2006), so
that fruit soften more rapidly than fruit left on the tree. There is considerable variation in
ethylene production rates among cultivars (Gouble et al. 2005; Gouble et al. 2006;
Stanley et al. 2013a). In addition to an increase in ethylene, the major changes
detectable in apricots during the ripening process are softening of the mesocarp tissue or
fruit flesh and a rapid change in fruit colour (Bureau et al. 2006; Chahine et al. 1999).
The colour change during ripening is a result of the degradation of chlorophyll and
disassembly of the photosynthetic apparatus (Prasanna et al. 2007). This reveals the
colour of other pigments such as β-carotene, which begin accumulating from
approximately 80 to 90 DAFB in apricot (Bureau et al. 2009a).
1.5.3.

Changes within apricot cell walls during ripening

Changes in the structure of cell wall polysaccharides are responsible for softening of
apricot fruit during ripening (Prasanna et al. 2007), similar to that seen in other fruits
(Brummell 2006). Most fruits have very thin, primary cell walls composed of proteins
and lipids, and three types of polysaccharides: cellulose microfibrils, hemicelluloses and
pectins. These polysaccharides provide the rigidity and strength of cell walls (Fig. 1.5)
(Brummell 2006; Smith 2001). Cell-to-cell adhesion is achieved by the middle lamella,
which is a layer containing a large amount of pectins. As fruit begin to ripen, pectins
within the cell wall solubilise, causing cell wall swelling and separation of cells. This
disruption to the cell wall involves loss of galactan and arabinan side chains from
pectins and, in some fruits, depolymerisation of hemicelluloses. Specific changes in cell
wall polysaccharides vary among fruit species (Brummell 2006) and whilst there have
been numerous reports on these for other stonefruit, particularly peaches and nectarines
(Brummell et al. 2004a; Lurie et al. 1994; Muramatsu et al. 2004), there have been
fewer reports for apricots.
Degradation and solubilisation of cell wall polysaccharides, particularly pectins, during
ripening has been confirmed for apricots (Bouranis & Niavis 1992; Kovacs et al. 2008).
Changes in apricot cell wall integrity were related to an increase in water-soluble pectic
polysaccharides and were often associated with a loss in galactose, arabinose and
galacturonic acid (Femenia et al. 1998). Cell wall changes during growth and
maturation were the result of tightly bound pectin [sodium carbonate soluble (Na2CO3soluble)] solubilising to become less tightly bound [water- and trans-1,2-
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cyclohexanediaminetetraacetic acid soluble (CDTA-soluble)] during the ripening
process (Bouranis & Niavis 1992; Femenia et al. 1998).
Solubilisation of polysaccharides is often accompanied by depolymerisation of the
pectin backbone and this has been reported for other stonefruits during ripening, for
example peach and nectarine (Brummell et al. 2004a; Lurie et al. 1994; Muramatsu et
al. 2004). There have been very few reports on these changes within apricot fruit cell
walls. The proportion of short-length CDTA-soluble pectins within apricot fruit flesh
increased from harvest to 42 days in cold storage (Liu et al. 2009); however, no fruit
were ripened without cold storage for comparison.

Fig. 1.5. Diagrammatic representation of a plant primary cell wall and middle lamella,
composed of cellulose microfibrils, cross-linked by two other types of polysaccharides,
hemicelluloses and pectins. The middle lamella provides inter-cellular adhesion. Reprinted by
permission from Macmillan Publishers Ltd: Nature Reviews Molecular Cell Biology, advance
online publication, 1 January 2001 (doi:http://dx.doi.org/10.1038/35048050), Smith (2001).

The disassembly of the cell walls is the result of the activity of several enzymes. Both
polygalacturonase (PG) and pectate lyase act by cleaving homogalacturonan chains, and
either one or both are found in most ripening fruits (Brummell 2006). An apricot cDNA
coding for an endo-PG-like protein was identified, and its expression was increased
during postharvest storage of apricots and correlated with fruit softening and release of
ethylene (Leida et al. 2011). PG activity was reported to be low in mature green apricots
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at harvest, but activity was higher in fruit that were more mature at harvest i.e. straw
yellow and bright orange in colour compared with yellow/green colour (Kovacs et al.
2008).
A common feature of fruit ripening is loss of polymeric galactan and arabinan side
chains from the cell wall (Brummell 2006). The enzyme responsible for degradation of
galactan side chains is β-galactosidase and its activity has been identified in apricot cell
walls (Kovacs & Nemeth-Szerdahelyi 2002). β-galactosidase increased as fruit matured
on the tree. They concluded that maturity stage at harvest is an important factor in
determining β-galactosidase activity. Others have confirmed that β-galactosidase
increased as fruit ripened after harvest (Cardarelli et al. 2002; Kovacs et al. 2008).
Another enzyme associated with fruit ripening is pectin methylesterase (also called
pectinesterase), which removes methyl groups from galacturonic acid residues of high
molecular

weight

pectin

(demethylesterification).

A

certain

amount

of

demethylesterification must occur before homogalacturonan can be cleaved by PG
(Brummell 2006). This process begins in the middle lamella at the mature green stage in
tomato and spreads throughout the cell wall as fruit ripen (Brummell & Harpster 2001).
Demethylesterification of pectins has been observed during ripening of stonefruits such
as peaches, plums and cherries (Ben-Arie & Sonego 1980; Taylor et al. 1994). In
apricots, pectinmethylesterase activity decreased as fruit ripened at 20°C from harvest
(Botondi et al. 2003; Cardarelli et al. 2002).
Together, the degree of inter-cellular connection and the weakening of the primary cell
walls determine the textural characteristics of the fruit as it ripens (Harker et al. 1997).
If the primary cell walls have been weakened but the intercellular connections within
the middle lamella remain strong when a fruit is bitten into, then the cell will split open
and the contents will be released, to give a crisp and juicy experience for the consumer
e.g. apple (Harker & Hallett 1992). If the connections between cells are weakened, then
cells will separate but juice will still be released from cells, giving a soft yet juicy
experience when eaten e.g. melting peach. In contrast, if the connections between cells
are weak yet the cell walls are strong, the cells will not rupture during biting. Instead,
the tissue will part between cells and there will be little juice and a dry, mealy texture,
as experienced in a fruit that has chilling injury (Brummell et al. 2004b).
Apricot tissue from mature green fruit showed a regular structure with cell walls and the
middle lamellae intact, when examined under a scanning electron microscope (Kovacs
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et al. 2008). Ripe fruit showed a moderately regular structure in which cell walls were
starting to loosen, and over-ripe fruit showed the tissue had collapsed as a consequence
of cell wall breakdown.
1.5.4.

Changes in aroma during ripening

Aroma and taste are important components of flavour and one of the important fruit
quality traits of apricot. Characterisation of the aroma profile of apricot has proved
complex (Ledbetter 2008). Research groups have reported different lists of volatiles that
were key contributors to the total aroma profile of the apricot cultivars they examined.
The profiles consisted mostly of volatiles within the alcohol, aldehyde, ketone, ester,
terpene and lactone groups (Aubert & Chanforan 2007; Greger & Schieberle 2007;
Guillot et al. 2006; Lo Bianco et al. 2010; Melgarejo et al. 2014). A few specific
volatiles were mentioned regularly, including (Z)-2-hexenol (green leaf odour), linalool
(floral/ citrus odour), hexyl acetate (fruity odour) and β-ionone (floral, woody odour). A
combination of 18 volatiles was identified as critical for an apricot’s typical aroma,
including some previously unknown volatiles that were important contributors to the
aroma, such as (E,Z)-2,6-nonadienal and (Z)-1,5-octadien-3-one (Greger & Schieberle
2007).
Perhaps a more practical approach has been to separate cultivars into different clusters
based on the presence and proportions of different volatiles (Aubert & Chanforan 2007;
Lo Bianco et al. 2010). Cultivars could be classified into four groups based on
proportions of volatiles: those containing high proportions of terpenic compounds; of
lactones; of esters; or of both lactones and esters (Aubert & Chanforan 2007). This
grouping would need to be characterised by sensory differentiation to be useful.
Alternatively, they could be classified into three groups based on volatiles, physical and
chemical attributes: sweet and fruity-flavoured fruit; large, acidic and well-coloured
fruit; and small and floral/ grassy-flavoured fruit (Lo Bianco et al. 2010). Within this
second classification option, early-season apricot cultivars could be distinguished from
late-season cultivars based on the concentrations of a number of volatiles and on fruit
diameter or skin colour (Lo Bianco et al. 2010).
Typical apricot aroma is not present in mature green fruit; however, this aroma profile
develops as the fruit ripen (Gomez & Ledbetter 1997). The increase in total volatile
production ranged from 1.4- to 8-fold in one study, depending on the cultivar (Aubert &
Chanforan 2007). Cultivars that matured later in the season tended to contain a greater
12

number of volatile compounds than early-season cultivars (Melgarejo et al. 2014). Even
though the early cultivars had a low number of volatiles present, many considered key
volatiles for apricot aroma were present and the fruit were found acceptable by
consumers. Fruit harvested at a more mature stage had a higher content of many aroma
compounds, particularly lactones, whereas other compounds such as limonene
decreased (Aubert et al. 2010; Gomez & Ledbetter 1997). Differences in the
composition of volatiles among apricot cultivars became greater as fruit matured and
each cultivar developed its own “chemical signature” (Golias et al. 2011).
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1.6.

Pre-harvest factors affecting fruit quality

A number of pre-harvest management practices and fruit development processes affect
postharvest fruit quality in stonefruits (Crisosto & Costa 2008; Crisosto et al. 1997;
Lurie & Crisosto 2005), including crop load, nutrition, irrigation and fruit canopy
position. These listed reviews refer mainly to peaches and nectarines. However, even
for these fruits, there are few studies that link pre-harvest factors or fruit properties at
harvest to postharvest fruit quality, especially chilling injury symptoms.
Lurie & Crisosto (2005) specifically reviewed pre-harvest and postharvest factors which
influenced chilling injury in peaches. Smaller peaches stored at 0°C had longer shelflives than larger fruit (Lurie & Crisosto 2005). Peach fruit from the outer part of the
canopy had higher soluble solids concentration (SSC) and fruit size than fruit from the
inner canopy and were found to have longer shelf-life and less incidence of internal
breakdown (Crisosto et al. 1997). Higher crop loads on peach trees induced smallersized fruit with lower SSC (Crisosto et al. 1997), but less internal breakdown.
There are no reviews on the effects of pre-harvest factors on postharvest fruit quality in
apricot.
1.6.1.

Genetic (scion and rootstock)

Genotypes (both cultivar and rootstock) have an important role in determining apricot
fruit quality characteristics at harvest and their postharvest potential. Rootstocks
affected some or all of the following fruit traits at harvest, depending on the scion: flesh
firmness, SSC, titratable acidity (TA), fruit size, and skin and flesh colour (Hernandez
et al. 2010; Knowles et al. 1994; Ondradu et al. 2006). Cultivar significantly affected
fruit quality traits (Gurrieri et al. 2001; Lo Bianco et al. 2010; Ulger et al. 2001;
Valentini et al. 2006) and postharvest performance of apricots (Aubert & Chanforan
2007; Ghergi et al. 1982; Manolopoulou & Mallidis 1999). Breeders have been using
this variation to develop new apricot cultivars with improved quality traits, some of
which have high heritability (Ledbetter et al. 2006; Signoret et al. 2004).
In addition, rootstocks can affect yield and fruit quality of apricot cultivars, as well as
provide disease resistance (Hernandez et al. 2010; Knowles et al. 1994; Ondradu et al.
2006). No studies on the heritability of storage potential in apricot were found, although
some were reported for peach (Cantín et al. 2010).
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1.6.2.

Water status

Irrigation affects fruit quality at harvest and after cold storage in some situations (PerezPastor et al. 2007; Perez-Sarmiento et al. 2010; Ruiz-Sanchez et al. 2000), but not in
others (Kaya et al. 2010). Reducing water application through regulated deficit
irrigation (RDI) or other methods of water reduction increased SSC at harvest, and in
some cases also increased titratable acidity (Bussi & Plenet 2013; Perez-Pastor et al.
2007; Perez-Sarmiento et al. 2010; Ruiz-Sanchez et al. 2000). The effect of irrigation on
yield components has not always been shown to be beneficial. There was no difference
between the control and RDI treatments in terms of fruit size and fresh weight in one
trial (Ruiz-Sanchez et al. 2000), whilst applying irrigation all season at half the rate of
the control in another trial reduced these yield components (Perez-Pastor et al. 2007).
Using dendrometric scheduling methods reduced water use by 54% to 66%, compared
with scheduling by measuring crop evapotranspiration or by tensiometric methods
respectively, whilst not significantly affecting yields or fruit weights (Bussi & Plenet
2013). Fruit from the RDI treatment continued to have higher SSC after 10 days’
storage compared with the control; however, there were no differences after longer
storage periods (Perez-Pastor et al. 2007). Other quality attributes were not significantly
different from those in the control after storage. In a subsequent retail shelf-life period,
fruit from RDI had less weight loss and fungal attacks than the control fruit.
When irrigation was withheld from apricot trees at different phenological periods, only
two periods were identified as significantly affecting fruit quality at harvest or yield the
following season (Torrecillas et al. 2000). Withholding irrigation during the second
growth phase after pit hardening resulted in earlier maturation and smaller fruit size at
harvest. The second critical period identified was after harvest, when withholding
irrigation resulted in a yield decrease in the following season, caused by lower fruit set
in the spring.
1.6.3.

Soil applications of fertiliser

Soil applications of nitrogen (N) have been shown to affect apricot fruit quality (Bussi
& Amiot 1998; Bussi et al. 2003; Radi et al. 2003; Rettke et al. 2006). A high N
treatment of 150 kg ha-1 increased yield and average fruit weight; however, high fruit N
content was positively correlated with pit burn (browning) incidence (Bussi et al. 2003).
Higher N also reduced fruit colouring (Bussi & Amiot 1998). Greater mean fruit weight
in trees that received a high N application rate of 150 kg ha-1 was also found in
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Moroccan trials (Radi et al. 2003). Apricot flesh firmness at harvest was lower, and pH
higher, as N fertiliser rates increased (Rettke et al. 2006). SSC was lower for fruit from
the lower N rates of 0 or 250 g N tree-1 (approximately 75 kg ha-1) than with the higher
rates of 750 g or 1250 g N tree-1 (approximately 225 and 375 kg ha-1 respectively), but
not lower than those from trees at 1000 g N tree-1 (approximately 300 kg ha-1) (Rettke et
al. 2006). In contrast to the results of Rettke et al. (2006), Radi et al. (2003) found the
lower rate of N of 80 kg ha-1 resulted in higher SSC than the higher rate of 150 kg ha-1.
Bussi et al. (2003) found no change in SSC from higher N applications; however, N
application before harvest reduced SSC compared with post-harvest applications. No
significant differences in fruit quality or yield were reported from treatments of 200,
300, 400 or 500 g N tree-1 (approximately 55, 80, 110 and 140 kg ha-1 respectively)
(Raina et al. 2005). However, these rates were all below the high N treatment tested by
Rettke et al. (2006) of 1250 g N tree-1, which resulted in increased fruit pH and SSC
compared with values from low N or nil N treatments.
Trials on the effect of potassium (K) on fruit quality had differing results. A lower rate
of K (60 compared with 120 kg ha-1) resulted in higher SSC (Radi et al. 2003), whereas
higher K (150 kg ha-1 compared to 25 kg ha-1) resulted in higher SSC in two of four
years in another trial (Bussi et al. 2003). Different rates of phosphorus had little effect
on fruit quality (Radi et al. 2003).
1.6.4.

Foliar applications of different compounds

Pre-harvest applications of a range of different compounds, mainly nutrients or plant
growth regulators, to leaves and fruit have resulted in improved fruit quality of apricots
at harvest and/or during cold storage, and these results are summarised in Table 1.1.
Pre-harvest calcium chloride sprays have been shown to increase calcium content in
apricot flesh (Mohsen 2011; Tzoutzoukou & Bouranis 1997). In other fruits, higher
calcium content has been associated with a reduction in some postharvest disorders,
such as bitter pit in apple (Ferguson et al. 1999). The effect of pre-harvest applications
of calcium on postharvest fruit quality in stonefruits has been mixed. This variation in
performance may depend on how successfully the calcium reached fruit surfaces,
because calcium applied to leaves is slow to redistribute to fruit within the phloem
(Karley & White 2009). Calcium applications reduced postharvest fruit softening in
‘Caldesi 2000’ nectarines and in ‘Elegant Lady’ peaches (Crisosto et al. 1993;
Manganaris et al. 2006), whereas they did not affect changes in flesh firmness during
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postharvest storage in other peach and nectarine cultivars, nor did they reduce chilling
injury (Crisosto et al. 1995a). Calcium foliar applications were not effective in reducing
postharvest decay in peaches after inoculation with Monilinia fructicola (Conway et al.
1987).
Similarly, results have been variable for apricot. Pre-harvest calcium chloride
applications to apricot tree branches two to three weeks before harvest resulted in firmer
fruit at harvest (Tzoutzoukou & Bouranis 1997). Subsequently, flesh firmness was
higher in calcium chloride-treated fruit after 4 weeks at 0°C and was positively
correlated with calcium content in the fruit. Calcium oxide treatments also had a
positive effect on fruit firmness (Mohsen 2011). Results were more variable from preharvest Nutrical® applications (calcium derived from calcium nitrate) on apricot fruit
firmness, depending on cultivar and season (Southwick et al. 2006). The inconsistencies
may have been due to the calcium treatments advancing maturity dates, which
complicated comparisons. Pre-harvest calcium chloride or calcium oxide applications
reduced the proportion of fruit discarded from decay, reduced weight loss during cold
storage, and increased total soluble solids (Abd El-Motty et al. 2007; Lal et al. 2011;
Mohsen 2011). Fruit quality improvement from calcium chloride and calcium oxide
applications appeared to be related to an increase in calcium content of apricot flesh. In
contrast, fruit quality improvement after the application of prohexadione calcium
appeared to be a consequence of competition between fruit and vegetative growth.
Prohexadione calcium inhibits gibberellins, which reduces shoot elongation and hence
reduces competition (Mesa et al. 2012). This resulted in increased fruit weight and
increased yield in apricot (Infante & Munoz 2010; Mesa et al. 2012; Reginato & Mesa
2011). Whilst some post-storage quality traits were slightly affected in one trial (Infante
& Munoz 2010), in general there was little effect on physiological or sensorial quality
of apricot yield (Infante & Munoz 2010; Mesa et al. 2012; Reginato & Mesa 2011).
Foliar application of boron close to flowering time increased the number of flower
clusters and increased boron content in apricot fruit (Mehta 2013). This did not result in
any consistent improvement in fruit quality, although SSC increased in some cases.
However, foliar application of boric acid at three times throughout the growing season
resulted in some improvements in postharvest storage quality of apricot (Abd El-Motty
et al. 2007). There was a lower proportion of fruit with decay, and fruit weight loss
during cold storage was less. Total soluble solids content was also increased; however,
the effect on titratable acidity was inconsistent.
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Table 1.1. Summary of the effects of foliar applications on apricot fruit quality. Abbreviations. GA, gibberellic acid; NAA, naphthalene acetic acid; TA,
titratable acidity; SSC, soluble solids concentration; TSS, total soluble solids.
Effect of foliar
application

Fruit weight

Calcium
chloride

Nutrical®
(calcium
nitrate)

Loss from
decay in
storage

Weight loss

Total Acidity

Sugars/ SSC/ TSS

Firmer

Increased

Calcium oxide

Prohexadione
calcium

Flesh
firmness

Increased

Reference

Lower ethylene
production

Tzoutzoukou and Bouranis (1997)

Less loss
from decay

Less weight
loss

Inconsistent
results

Increased TSS

Abd El-Motty et al. (2007)

Less loss
from decay

Less weight
loss

Increased TA

Increased TSS

Lal et al. (2011)

Firmer but
results
inconsistent
Firmer

Other features

Less loss
from decay

Less weight
loss

No effect

Increased SSC

Advanced maturity

Southwick et al. (2006)

Decreased
acidity

Increased TSS

Results dependent on
source and number
of sprays

Mohsen (2011)

No effect

No effect

Increased yield

Mesa et al. (2012)

Increased

Reginato and Mesa (2011)

Increased

Boron/ boric
acid

Less decay

Less weight
loss

Increased TA

Lower SSC

Inconsistent
results

Increased TSS
Increased SSC, but
results inconsistent

Auxin (NAA)

Increased

No effect
Less loss
from decay

Less weight
loss

Increased ethylene
rate but decreased
respiration rate

Abd El-Motty et al. (2007)
Increased number of
flower clusters

Mehta (2013)

No effect

No effect

Mesa et al. (2012)

Increased TA

Increased TSS

Lal et al. (2011)

Increased

Reginato and Mesa (2011)

Increased
Increased

Infante and Munoz (2010)

No effect

Increased TA

Lower SSC

Decreased TA

No effect

Infante and Munoz (2010)
Advanced maturity

Bregoli et al. (2010)
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Effect of foliar
application

Fruit weight

Flesh
firmness

Loss from
decay in
storage

Weight loss

Total Acidity

Sugars/ SSC/ TSS

Other features

Reference

Increased yield

Stern et al. (2007)

Auxin
(Maxim®)
Increased
GA

Less loss
from decay

Less weight
loss

Increased TA

Increased TSS

Increased
Increased

Firmer in one
of three
seasons

Lal et al. (2011)
Advanced maturity

Southwick et al. (1995)

Maturity unaffected

Southwick et al. (1997)

Firmer

Southwick and Yeager (1995)
No effect

ReTain®

Increased
fruit weight
but results
inconsistent

Prohexadione
calcium and
NAA

Decreased SSC

Mehta (2013)

Firmer fruit
than calcium
oxide alone
No effect

Weksler et al. (2001)

Southwick et al. (2006)

Mohsen (2011)

Increased TA

Increased
Boron and
ReTain®

Delayed maturity;
reduced gel
development after
storage but affected
by harvest maturity

Firmer, but
results
inconsistent
Firmer

Calcium oxide
and boron

No effect

Increased TA

Decreased SSC

Increased ethylene
rate but decreased
respiration rate

Infante and Munoz (2010)

Increased yield

Mesa et al. (2012)
Mehta (2013)
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Synthetic auxin applications during the pit-hardening phase have been shown to
increase cell length in apricots and other stonefruits (Agusti et al. 1999; Stern et al.
2007). Both naphthalene acetic acid (NAA) and Maxim® (3,5,6-trichloro-2pyridyloxyacetic acid) applications increased fruit weight (Bregoli et al. 2010; Infante &
Munoz 2010; Mesa et al. 2012; Reginato & Mesa 2011; Stern et al. 2007) and increased
yield in one case (Stern et al. 2007). The effects of auxins on other aspects of fruit
quality were more inconsistent. In one trial, NAA reduced fruit loss from decay and
reduced fruit weight loss during cold storage (Lal et al. 2011). NAA application resulted
in higher titratable acidity within apricots in two trials but had no effect in another
(Infante & Munoz 2010; Lal et al. 2011; Mesa et al. 2012), whereas application of
Maxim reduced titratable acidity (Bregoli et al. 2010). Similarly, auxin application
increased SSC in one trial, decreased SSC in another and had no effect in two other
trials (Bregoli et al. 2010; Infante & Munoz 2010; Lal et al. 2011; Mesa et al. 2012).
Gibberellic acid (GA) application has been shown to inhibit floral and vegetative bud
development in many stonefruits and this offers the possibility for reducing hand
thinning in the following season (Southwick et al. 1995). Postharvest applications of
GA have increased fruit weight in the following year compared with weights of fruit
from hand-thinned trees (Southwick & Yeager 1995; Southwick et al. 1997; Southwick
et al. 1995). Application of GA after flowering through to two weeks before harvest
resulted in firmer fruit in some seasons (Southwick & Yeager 1995; Southwick et al.
1997), which enabled harvest to be delayed (Weksler et al. 2001). GA application
before harvest in one trial improved fruit quality during or after cold storage. There was
less fruit loss from decay, less fruit weight loss, and increased fruit TA and SSC (Lal et
al. 2011). In another trial, gel formation was reduced as fruit ripened after cold storage
in some cases, depending on harvest maturity; however, no underlying physiological
reasons were proposed (Weksler et al. 2001). GA reduced chilling injury in plum and
peach; however, the theories on the mechanism for this reduction varied (Li et al. 2006;
Pegoraro et al. 2010).
Application of aminoethoxyvinylglycine (AVG), usually in the form ReTain®,
increased fruit firmness, although results were inconsistent (Mehta 2013; Southwick et
al. 2006). Fruit weight increased as a result of AVG application in some cases
(Southwick et al. 2006). SSC was reduced when AVG was applied (Mehta 2013);
however, the treatments were harvested simultaneously and AVG may have delayed
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maturity, as observed in trials on peach and nectarine (McGlasson et al. 2005; Singh et
al. 2003). In nectarine, ReTain adversely affected chilling injury of fruit after cold
storage and fruit did not soften normally unless ethylene was continuously applied
during storage (McGlasson et al. 2005). The effect of ReTain on postharvest storage of
apricots has not been examined.
Combinations of two different products have resulted in additional benefits in fruit
quality in some cases. Application of calcium oxide in the form of Boramine-Ca or
Klover-Cal-Bor, both of which also contain boron, resulted in firmer fruit than
application of calcium oxide alone (Mohsen 2011). A combination of prohexadione
calcium and NAA either increased yield and fruit weight (Mesa et al. 2012) or had no
effect on fruit weight (Infante & Munoz 2010). Fruit weight increased when either
compound was applied separately (Infante & Munoz 2010). The combination of
prohexadione calcium and NAA resulted in severely stunted growth in a separate study
(Reginato & Mesa 2011). Application of both boron and ReTain together resulted in
increased titratable acidity compared with application of only one compound (Mehta
2013).
1.6.5.

Crop load

Adjusting apricot crop load through chemical and/or hand thinning significantly
affected fruit quality and yield at harvest (Bolat & Karlidag 1999; Chira et al. 1999;
Özgüven et al. 1997; Rettke & Dahlenburg 1999; Son 2004; Southwick et al. 1995;
Taghipour & Rahemi 2010). Decreasing crop load increased fruit size and decreased
yield, although this depended on the degree and timing of crop load reduction. Earlier or
greater thinning resulted in increased SSC and dry matter concentration (DMC) (Bolat
& Karlidag 1999; Özgüven et al. 1997; Rettke & Dahlenburg 1999; Son 2004;
Taghipour & Rahemi 2010).
There are no reports on how crop load affects apricot fruit quality after cold storage or
on how it affects consumer preferences for apricots after storage. In peaches, reducing
crop load increased fruit size and SSC, as well as the incidence of mealiness and flesh
browning (Crisosto, 1995, as cited in Crisosto et al. 1997). Increased incidence of
mealiness and leatheriness after cold storage has since been associated with larger fruit
size (Crisosto et al. 1999). In apples and kiwifruit, consumer studies have shown a
greater preference for fruit with a higher DMC after storage (Burdon et al. 2004; Palmer
et al. 2010). Since a lower crop load results in higher DMC and larger fruit in apricot,
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the effect of modifying crop load on consumer preferences in apricot is unknown. One
might hypothesise consumers would prefer apricot fruit from low crop load trees if
stored for short durations, because of the high DMC, but would dislike them if stored
for long durations if that resulted in greater incidence of mealiness and flesh browning.
1.6.6.

Position in Canopy

In a number of peach and nectarine cultivars, canopy position affected fruit quality at
harvest (Lurie & Crisosto 2005). SSC, acidity and fruit size of peaches, nectarines and
plums were all affected by canopy position (Lurie & Crisosto 2005; Walsh et al. 2007).
Differences in SSC between the upper and the lower canopy were significant, and were
3%, 2% and 1.5% for peach, nectarine and plum, respectively (Walsh et al. 2007). In
apricot, fruit located in the well-illuminated regions of the tree were reported to have
higher SSC and larger fruit were located closest to major branches; however, no data
were presented (Lichou et al. 1999).
Canopy position also affected the development of storage disorders in stonefruits. Peach
and nectarine fruit in more shaded, inner canopy positions showed greater incidence of
internal breakdown during storage (Crisosto et al. 1997). No similar trials correlating
canopy position with postharvest fruit quality have been reported for apricot.
1.6.7.

Wood type and spur leaves

Fruit quality traits at harvest varied and depended on the type of wood that bore the fruit
and were probably cultivar-dependent (Cirillo et al. 2010). Apricot fruit size was
greatest on long shoots in some cultivars, whilst they were largest on spurs in others.
SSC was highest in fruit from long spurs or long shoots compared with those from short
spurs. The wood type giving the firmest fruit varied depending on cultivar. In pears, the
presence of spur leaves on spurs aged three or more years affected the quality of the
fruit attached to that spur by increasing its SSC, flesh firmness and pH (Teng et al.
1998). However, fruit on younger spurs received resources from elsewhere and were
less affected by the presence or absence of spur leaves. The presence of leaves on lateral
shoots at nodes carrying fruit was shown to be important for peach, as these leaves were
the major source of assimilates for the fruit in early fruit growth (Corelli Grappadelli et
al. 1996). These authors found that extension shoots and lateral shoots on non-fruiting
nodes were important later in the season.
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There is a lack of information on the effect of wood age and type on apricot fruit quality
after storage; however, there have been some studies on other fruit crops. High bitter pit
incidence, a postharvest disorder in apple, may be related to factors such as wood age at
the fruiting site, because of differences in their ability to draw calcium into the fruiting
wood (Ferguson et al. 1999). This theory is supported by the results of Skrzynski &
Streif (1996), who found higher potassium to calcium ratios in apple fruit from threeand four-year-old spurs than in those from one- and two-year-old spurs. This
corresponded with a slight incidence of bitter pit in apple fruit from three-year-old spurs
but none on fruit from other spur ages. In addition, flesh firmness, TA and SSC all
declined more rapidly in storage in fruit from three- to four-year-old spurs than in those
from one- and two-year-old spurs (Skrzynski & Streif 1996). In nectarines, pre-harvest
calcium sprays increased calcium content in the peel and flesh of the fruit, and this
reduced softening after cold storage and subsequent shelf-life (Manganaris et al. 2006).
This study did not examine differences between fruit from different fruiting sites. If
wood age influenced calcium uptake of the fruit, and calcium affects flesh firmness in
storage, then a correlation between wood type and storage quality may be evident.
1.6.8.

Girdling

Girdling trees at the beginning of the pit-hardening phase resulted in increased fruit
weight and improved yield efficiency in apricot trees (Reginato et al. 2011). Girdling
was less effective in increasing fruit weight than other treatments such as time of
thinning and application of prohexadione calcium or NAA (Reginato et al. 2011).
Girdling in peach and nectarine resulted in advanced maturity and increased SSC, in
addition to increased fruit weight (Crisosto et al. 1997). However, fruit were prone to
splitting if girdling was performed too early (Crisosto et al. 1997).
1.6.9.

Harvest maturity

Maturity at harvest is considered to be the most important determinant of storage life
and final fruit quality for most fruit types (Kader 1999; Kader & Rolle 2004). The
maturity of apricot fruit at harvest has been shown to have a large effect on fruit quality
after storage.
Apricot fruit that were harvested when background colour was green and fruit were very
firm exhibited a number of problems after cold storage and subsequent shelf-life
including fruit shrivel, fruit not ripening properly (Visagie 1988), lower SSC (Ağar et
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al. 2006; Rubio & Infante 2010) and little development of aroma or flavour
(Manolopoulou & Mallidis 1999).
By contrast, fruit that were harvested when fruit were already softening showed
different problems after cold storage and shelf-life, particularly an increase in rots, gel
breakdown, bruising and excessive softening (Basile et al. 2005; Visagie 1988; Weksler
et al. 2001), greater ethylene production, and higher respiration rates (Defilippi et al.
2009).
In some cases, fruit that were picked at different maturities reached similar flesh
firmness after storage and shelf-life (Ağar et al. 2006; Dinnella et al. 2006). There are
varying reports on the effect of fruit maturity at harvest on SSC. Fruit harvested at a
more mature stage was generally higher in SSC (Visagie 1988); however, Defilippi et
al. (2009) reported that fruit harvested at a less mature stage dehydrated during cold
storage, resulting in a SSC similar to that of more mature fruit.
There are conflicting reports on the effect of harvest maturity on TA after storage and
shelf-life. Fruit that were more mature at harvest exhibited higher post-storage TA
(Rubio & Infante 2010), whereas Agar et al. (2006) reported the opposite effect.
Consumers showed a preference for apricots with higher SSC where firmness was
similar (Harker et al. 2005). Similarly, consumers showed a preference for more mature
fruit, which had higher SSC than less mature fruit (Costa et al. 2010). These fruit had
been classified using visible spectroscopy instead of visually classifying fruit into
“ripeness” categories.
Many growers rely on experience and fruit background colour to determine harvest date
of apricots (Brown & Walker 1990; Visagie 1988). Background colour changes gave a
good indicator of physiological maturity at any one site, but were poor indicators
between sites (Brown & Walker 1990). It was recommended that flesh firmness be used
as a measure to calibrate for optimal picking colour (Brown & Walker 1990; Visagie
1988), using a firmness of between 5.5 & 7.0 kgf (Visagie 1988).
There was a strong correlation between near infrared (NIR), visible to NIR or mid
infrared measurements and SSC and TA of apricots at harvest (Basile et al. 2005;
Bureau et al. 2010; Bureau et al. 2009b). A weaker correlation was found between near
infrared (NIR) and flesh firmness. Using these techniques at harvest to predict fruit
quality after storage was less satisfactory (Basile et al. 2005). However, multivariate
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adaptive regression splines to analyse NIR at harvest correctly predicted 69% of stored
apricots that developed internal breakdown would have poor storage life (Manley et al.
2007).
Information from small, trained sensory panels was used to define variations in the main
apricot fruit characteristics and to determine which fruit traits were preferred by
consumers. Preferences have varied among consumer trials but have included maturity,
flavour, sweetness and juiciness, although in some cases trained panels could not
distinguish some differences that were measured by instruments (Infante et al. 2006;
Lespinasse et al. 2006; Robini et al. 2006). A small untrained (consumer) panel (n=36)
preferred apricot fruit harvested at an intermediate stage of maturity (light yellow skin
colour) to unripe fruit (greenish skin colour) after 28 and 42 days’ storage (Infante et al.
2008).
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1.7.

Postharvest factors affecting apricot fruit quality

Stonefruits ripen and deteriorate quickly and therefore are normally held in cold storage
near or below 0°C to slow the ripening process (Lurie & Crisosto 2005). Chilling injury,
also called internal breakdown, occurs when stonefruits are held at cool temperatures,
and includes such symptoms as flesh browning, flesh mealiness, lack of juice,
leatheriness, darkened pit cavity, flesh translucence or gel formation, red pigment
accumulation and loss of flavour, which all negatively affect fruit quality (Crisosto et al.
1997; Lurie & Crisosto 2005).
Specifically for apricots, the main chilling injury symptoms are gel formation, internal
browning, mealiness and loss of juiciness (Dong et al. 2002; Drake & Yazdaniha 1999;
Jooste & Khumalo 2005; Stanley et al. 2010; Visagie 1988; Weksler et al. 2001). Gel
formation or gel breakdown is a gelatinous appearance of the fruit mesocarp starting
near the fruit pit and spreading outwards as it becomes more severe, changing from
translucent to a brown colour when severe (Jooste & Khumalo 2005; Visagie 1988)
(Fig. 1.6). Internal browning, or pit browning, appears around the pit first and is caused
by enzymic oxidation of polyphenols and tannins (Dong et al. 2002) (Fig. 1.7). Flesh
mealiness, often called wooliness in peaches and nectarines, is characterised by a dry
and mealy texture, soft and dry fibre, lack of taste and aroma, reduced pulp brightness,
and an inability to obtain free juice from the fruit (Arana et al. 2005; Stanley et al.
2010).
a)

b)

Fig. 1.6. a) ‘CluthaGold’ apricot flesh and b) apricot skin showing gel formation as a result of
chilling injury. Photographs by the author.
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Fig. 1.7. ‘CluthaGold’ apricot fruit showing internal browning beginning around the stone
region. Photograph by the author.

There are many postharvest factors that affect the changes in fruit quality of apricots.
1.7.1.

Temperature

The temperature at which apricots are stored after harvest has a significant effect on
fruit quality. Fruit stored at or near 0°C softened more slowly than those at warmer
temperatures (Jay et al. 2006; Manolopoulou & Mallidis 1999; Nanos et al. 1999;
Stanley et al. 2010). Cultivar and maturity at harvest affected softening rate during cold
storage (Infante et al. 2008; Manolopoulou & Mallidis 1999; Stanley et al. 2010).
Apricots stored at higher temperatures exhibited higher respiration rates and higher
ethylene production (Gouble et al. 2012; Nanos et al. 1999) and therefore lost more
weight during cold storage (Ghena et al. 1980). A negative effect of storing apricots at
low temperatures was the development of chilling injury during ripening after removal
to warmer temperatures. Symptoms included mealy texture, browning, gel formation,
rots and loss of flavour and juiciness (Dong et al. 2002; Manolopoulou & Mallidis
1999; Nanos et al. 1999; Seibert et al. 2010; Stanley et al. 2010). However, it was not
the lowest temperatures that resulted in the greatest chilling injury symptoms.
Temperatures of between 3°C and 7°C resulted in greater incidence and more severe
chilling injury than 0°C in apricot, and the severity of the injury was affected by cultivar
(Nanos et al. 1999; Stanley et al. 2010).
1.7.2.

Effect of cold storage on changes in apricot cell walls

The changes that occur within apricot cells during development of chilling injury, as a
result of storing apricots at cold temperatures, are relatively unexplored. Differences in
cell wall properties between chilling injured and non-chilling injured fruit after cold
storage have been reported in other fruits, including other stonefruits, and may therefore
be a guide as to what may be happening in apricots.
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There is general agreement that changes in the pectin metabolism within cell walls of
stonefruit are responsible for development of mealiness. However, observations of the
changes are contradictory, particularly in relation to reduction, increase or unchanged
activities of pectin-modifying enzymes (Lurie & Crisosto 2005).
1.7.2.1.

Mealiness or Woolliness

The activity of a number of enzymes was lower in mealy peaches than in normal
peaches, suggesting that low temperatures reduced the ability for normal ripening
processes to occur (Brummell et al. 2004a). The development of mealiness was
associated with a reduction in extractable juice (Brummell et al. 2004b; Manganaris et
al. 2008; Rodriguez & Lizana 2006). In some treatments, mealiness/woolliness
symptoms decreased and fruit were juicier during ripening after cold storage (Von
Mollendorff et al. 1992). This may be due to breakdown of tissue and processes
involved in senescence as fruit become over-soft (Lurie & Crisosto 2005), or possibly
the molecular mass of soluble pectins becomes too low for gelling and this releases
juice (Von Mollendorff et al. 1992).
The water-soluble pectin and/or the chelator-soluble pectin were significantly lower in
mealy fruit than in ripe, juicy fruit of peaches and plums (Brummell et al. 2004b;
Manganaris et al. 2008). In both fruits, mealiness was associated with a reduction in the
depolymerisation of chelator-soluble pectin and/or water-soluble pectin that normally
occurs during the ripening process (Fig. 1.8 a-e). There are two hypotheses proposed
around the perception of mealiness:
 Method in which cell break apart during chewing. Less intercellular adhesion and
a higher percentage of airspace was evident in mealy stonefruit tissue than in
non-mealy fruit (Brummell et al. 2004b; Harker & Sutherland 1993). Therefore,
when fruit were chewed, tissue broke along the enlarged air spaces, rather than
the cells breaking open. As a result, the amount and availability of free juice
were reduced, so that juiciness was perceived to be lower. Juice was observed to
be present on the fracture surface of flesh from non-mealy nectarines but was
absent from mealy nectarines during tensile tests (Harker & Sutherland 1993).
 Binding of juice by pectin complexes. When mealy nectarines were examined

under the microscope, Calcofluor staining of intercellular spaces indicated the
presence of pectic substances, which were absent in normal tissue (Rodriguez &
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Lizana 2006). These pectic substances may bind any juice that escapes from
cells that are broken open and form calcium-pectate gel complexes with high
molecular weight pectins in the middle lamella (Lurie & Crisosto 2005;
Rodriguez & Lizana 2006).

Fig. 1.8. Size distribution profiles of pectin polymers of plums (a,b,c) and peaches (d,e,f) that
are juicy, mealty or leathery: a) water-soluble fraction; b) CDTA-soluble fraction and c)
Na2CO3-soluble fraction for plums; and for chelator-soluble polyuronides for peaches: d) juicy
peaches after 1 week of storage at 5°C + ripening; e) mealy peaches after 4 weeks at 5°C +
ripening; f) leathery peaches after 4 weeks at 5°C + ripening.
Abbreviations:
carbonate.

CDTA

trans-1,2-cyclohexanediaminetetraacetic

acid;

Na2CO3,

sodium

Figures a), b) and c) reprinted from Figure 3 in Manganaris et al. (2008) with permission from
Elsevier. Figures d), e) and f) reprinted from Figure 3C,G,H in Brummell et al. (2004b) by
permission of Oxford University Press.

Reports on cell wall changes in apricots during and after cold storage are scarce. During
cold storage of apricots, total pectin and solubilised neutral carbohydrate content
decreased; however, no mention of chilling injury symptoms was recorded (Kovacs &
Nemeth-Szerdahelyi 2002). β-galactosidase activity increased for one cultivar that
softened significantly during storage, but decreased during storage for a second cultivar

29

that was already soft at harvest (Kovacs et al. 2008). There was a slow increase in shortlength chelator-soluble pectins in apricots stored for up to 6 weeks at 0°C; however,
there was no comparison with fruit ripened without cold storage (Liu et al. 2009). There
have been no reports on changes in cell wall properties in apricots during development
of mealiness in cold storage.
1.7.2.2.

Leatheriness or Rubberiness

There is a lack of information on the changes that occur within apricot cells when fruit
become rubbery or leathery. Leathery peaches lacked juice but were also generally quite
firm, and their cell walls were thicker than those of juicy or mealy fruit (Luza et al.
1992). Peaches that developed leatheriness had lower yields of chelator-soluble pectin
and greater quantities of tightly bound pectins than in juicy fruit, similar to the
characteristics of mealy fruit (Brummell et al. 2004b). Leathery peaches differed from
both mealy and juicy fruit in that the reduction in depolymerisation during ripening was
even greater than in mealy fruit (Fig. 1.8f) (Brummell et al. 2004b).
1.7.2.3.

Gel

Gel formation, along with mealiness, is an expression of chilling injury in plums and
apricots and is associated with the development of a translucent appearance and lack of
juice (Jooste & Khumalo 2005; Jooste & Taylor 1999; Manganaris et al. 2008; Taylor et
al. 1994; Taylor et al. 1993; Visagie 1988). In plums, low amounts of free juice in fruit
with gel symptoms were a result of highly viscous water-soluble pectin and permeable
membranes that bound any cell fluids (Taylor et al. 1993). Cell walls of inner mesocarp
tissue tended to be thicker than those of normal fruit, and the middle lamella was more
developed than the outer mesocarp tissue where no gel formation had occurred (Taylor
et al. 1993). It should be noted that a small amount of gel formation has been observed
in a small percentage of plums at harvest, and therefore, it may not be considered solely
a chilling injury disorder (Taylor et al. 1994).
1.7.3.

Ethylene inhibition or promotion

Ethylene inhibitors or application of ethylene or its derivatives have been shown to
affect the speed of ripening in apricot during or after cold storage by modifying ethylene
biosynthesis.
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A well-known ethylene action inhibitor, 1-methylcyclopropene (1-MCP), prevents fruit
tissue from responding to ethylene by binding to its receptors (Lurie et al. 2003b);
however, its efficacy in apricots depends on timing of application, its concentration and
on cultivar and fruit maturity. Ethylene production and respiration rates were reduced
when 1 µL.L-1 1-MCP was applied to apricots at 20°C immediately after harvest
followed by storage at 15°C, 20°C or cold storage at 0°C (Botondi et al. 2003; Fan et al.
2000; Mencarelli et al. 2006). Ethylene production was not affected when 1-MCP was
applied for 18 to 20 h at a concentration of less than 1 µL.L-1 and ethylene inhibition
was not always observed at concentrations of 1 µL.L-1 (Dong et al. 2002; Lurie &
Weksler 2005). Fruit were firmer (Botondi et al. 2003; Salvador et al. 2006) and the
production of fruit aroma compounds was reduced in 1-MCP-treated apricots when they
were ripened at 20°C straight after harvest, except for terpene alcohols, which were
significantly higher in 1–MCP-treated ‘Ceccona’ apricots than in non-treated fruit
(Botondi et al. 2003). Similarly, 1-MCP reduced softening and aroma production during
ripening at 20°C after cold storage (Cao et al. 2009; Fan et al. 2000; Lurie & Weksler
2005), although firmness was not always affected (Dong et al. 2002). Application of 1MCP at harvest also reduced soluble pectin content in ripening fruit, and this was
related to the reduction in fruit softening (Cao et al. 2009). However, even at the higher
concentrations, the effect of 1-MCP on fruit softening was not as great as in other fruits
such as Japanese-type plums (Lurie & Weksler 2005). They suggested the ethylene
receptors might be more quickly replaced in apricots than in plums, resulting in only a
partial

effect

of

1-MCP.

Concentration

of

1-MCP

and

duration

of

1-MCP treatment affected firmness after cold storage (Cao et al. 2009).
Higher concentrations of 1-MCP reduced decay of fruit after cold storage (Cao et al.
2009; Lurie & Weksler 2005); however, 1-MCP increased post-storage chilling injury,
particularly flesh browning and gel formation (Dong et al. 2002; Lurie & Weksler
2005). This chilling injury was not present if 1-MCP was applied immediately after
removal from cold storage (Dong et al. 2002). There was less effect when fruit were
harvested at a more mature stage (Fan et al. 2000), when they had already reached a
climacteric stage (Chahine et al. 1999).
1-MCP did not affect colour change in apricots in many cases, and it was suggested that
chlorophyll degradation is not regulated by ethylene (Botondi et al. 2003; Chahine et al.
1999; Dong et al. 2002). However, 1-MCP reduced colour changes in some apricot
cultivars, particularly those that were less mature at harvest (Cao et al. 2009; Fan et al.
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2000). It seems possible, therefore, that colour change is independent of ethylene only
after ripening has commenced (Dong et al. 2002).
Aminoethoxyvinylglycine (AVG) is an ethylene-biosynthesis inhibitor that can be
applied in the orchard before harvest (see Section 1.6.4) or as a postharvest dip (Palou
& Crisosto 2003). A postharvest application of ACG resulted in firmer ‘Patterson’
apricots after ripening at 20°C for 5 days and less ethylene production; however, the
effect was not as great for ‘Castlebrite’ apricots (Palou & Crisosto 2003). Lower AVG
concentrations also moderated the effect.
Potassium permanganate is known to react with ethylene gas and therefore sachets of
potassium permanganate placed in cold stores have been used when ventilation is not
possible (Palou & Crisosto 2003). Boxes of ‘Patterson’ apricots containing three 9-g
sachets of potassium permanganate were significantly firmer after cold storage than
boxes containing one or no sachets, but there were no differences for ‘Castlebrite’
apricots (Palou & Crisosto 2003). The addition of potassium permanganate had no
effect on brown rot incidence or severity.
The introduction of exogenous ethylene promoted fruit softening in apricots, unlike
other stonefruits which were unaffected (Palou et al. 2003). 1-MCP and exogenous
ethylene were antagonistic when both treatments were applied to apricots, resulting in
an intermediate firmness between those seen with the application of one or the other
treatment (Palou & Crisosto 2003). Propylene induces autocatalytic ethylene production
in other fruits such as kiwifruit, and has been used to investigate the role of ethylene in
ripening of many fruits (Burg 2004). Fruit softening at 25°C was more rapid when
propylene was present and slightly increased at 7°C; however, there was no effect when
present at 0°C, suggesting that apricots are insensitive to ethylene when held at 0°C
(Nanos et al. 1999).
1.7.4.

Modified atmosphere

Controlled atmosphere storage (CA) has the potential to extend storage life of apricots
compared with air storage, particularly by reducing softening rate, fruit decay, colour
change and chilling injury (Andrich & Fiorentini 1986; Crisosto 2002; Drake &
Yazdaniha 1999; Manolopoulou & Mallidis 1999). However, CA has not always proved
effective and has resulted in poor fruit quality in many cases, particularly off-flavours
and flesh browning. Factors affecting the performance of CA storage include:
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Cultivar (Andrich & Fiorentini 1986; Manolopoulou & Mallidis 1999)



CO2 and O2 concentrations (Andrich & Fiorentini 1986; Drake & Yazdaniha 1999;
Manolopoulou & Mallidis 1999; Wankier et al. 1970; Weksler et al. 2001)



Storage temperature (Gerhard et al., 1941, as cited by Manolopoulou & Mallidis
1999), and



Fruit maturity at harvest (Brecht et al. 1982; Weksler et al. 2001).

Recommendations for the most suitable CA conditions have varied greatly, probably
because different temperatures, cultivars and maturity at harvest have been tested.
Researchers have varied only CO2 and set O2 at constant concentrations. Some have
suggested that low CO2 concentrations (2.5% or lower) gave the best results (Wankier
et al. 1970), whilst others found CA storage using higher CO2 concentrations (7.5% or
greater) was more effective at extending storage life (Andrich & Fiorentini 1986; Drake
& Yazdaniha 1999; Weksler et al. 2001). Issues with chilling injury have been noted
when CO2 concentrations have been increased, particularly the development of gel
formation and flesh browning (Weksler et al. 2001). CA was not recommended for
commercial storage of fresh apricots (Kader 1980). Currently New Zealand marketers
are reluctant to use CA transportation because of the risk of development of off-flavours
that can result from low O2 and/or high CO2 (I. Hofma, pers. comm.).
The mechanism by which CA improves storage life has not been examined for apricot,
although a reduction in ethylene production in CA-stored fruit has been recorded
(Koyuncu et al. 2010). In other fruits, there is evidence that CA may inhibit enzymes
involved in ethylene synthesis and may affect the cell wall-degrading enzymes (Lurie &
Crisosto 2005). High CO2 may also reduce respiration through the tricarboxylic acid
cycle (Lurie & Crisosto 2005).
Modified atmosphere (MA) packaging has also been explored as a potential tool to slow
down the ripening processes and extend storage life. However, results have varied
depending on the packaging, which affected the CO2 and O2 concentrations, and on the
cultivar tested (Koyuncu et al. 2010; Manolopoulou & Mallidis 1999; Pala et al. 1994;
Pretel et al. 2000). Similar positive effects on fruit quality to those experienced in CA
storage were observed, namely, reduced softening and colour change (Koyuncu et al.
2010; Muftuoglu et al. 2012).However, they also increased off-flavours and chilling
injury in some cases (McLaren et al. 1997). Active packaging, where the CO2 and O2
concentrations were modified inside the packaging at the beginning of the storage
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period, reduced the time to reach gas equilibrium inside the packaging (Muftuoglu et al.
2012; Pretel et al. 2000).
1.7.5.

Temperature manipulation during storage

Short-term temperature treatments before, or during, standard cold storage, have been
tested, with the aim of further improving the storage life of apricots. Forced air cooling
shortens the time for produce to reach the desired cold temperatures; however, a
standard recommendation for all fruit types and cultivars is not possible, since each one
is affected differently (Jooste & Khumalo 2005). Forced air cooling for only 6 h
resulted in better fruit quality for ‘Imperial’ apricots than 12 h or stepwise cooling for
24 or 48 h, because there was less gel formation, although fruit lost more weight (Jooste
& Khumalo 2005).
Other techniques to reduce chilling injury include delayed cooling, also referred to as
preconditioning, or intermittent warming. This treatment appeared to reduce the
disruption to the cell wall disassembly process that is caused by cold temperatures, and
has proved effective for peaches and nectarines (Lurie & Crisosto 2005). In apricot, the
effect of preconditioning fruit at 25°C for 24 h before cold storage on acceptability of
fruit by a consumer panel depended on the maturity at harvest and the cultivar (Rubio &
Infante 2010). A single intermittent warming (IW) treatment of 38°C for 6 h after 12
days in cold storage reduced softening after removal from cold storage at 15 days and
after 30 days in cold storage compared with that in the standard cold storage treatment
(Seibert et al. 2010). A sensory panel considered the IW fruit were firmer and less sweet
and juicy than the controls, but that acidity and taste were similar. However, there was
no reduction in chilling injury from the IW treatment (Seibert et al. 2010), as has been
found for other stonefruits (Lurie & Crisosto 2005).
1.7.6.

Postharvest applications of compounds

Few applications of other postharvest compounds have been examined for apricot. The
effect of postharvest dips of calcium chloride and salicylic acid on postharvest fruit
quality were assessed after storage at 1°C for 21 days (Hajilou & Fakhimrezaei 2013).
All treatments reduced fresh weight loss, and resulted in higher total soluble solids and
lower titratable acidity. The highest phenolic content during the storage period was
found in fruit treated with 3 mM salicylic acid.
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1.8.

Research Aims

Kader (1999) stated that “Maturity at harvest is the most important factor that
determines storage-life and final fruit quality”. Although harvest maturity seems a very
important determinant for fruit quality, there is, however, no clear evidence that it is
more important than other factors in affecting fruit quality. Also, little is known about
how harvest maturity affects chilling injury in apricot and how chilling injury changes
the ripening processes within the cell walls of apricot flesh. It appears that in addition to
postharvest conditions, many pre-harvest factors also play important roles in the quality
of apricots purchased by consumers.
Whilst there have been major efforts to examine pre-harvest and postharvest factors
affecting fruit quality of peaches, nectarines and plums, there has been much less focus
on apricots. Certain aspects of apricot fruit quality have been studied in isolation;
however, there has been no attempt to evaluate the effect of pre-harvest factors on fruit
quality after cold storage. Furthermore, previous consumer studies have only evaluated
individual quality traits, without determining interconnections between traits, or relating
these back to orchard factors. Finally, there are a number of specific areas of research
that remain relatively unexplored for apricot.
Therefore, this study was carried out to:


Link crop load and harvest maturity with consumer preferences (Chapter 2)



Quantify the combined effects and any inter-relationships between flesh firmness
and soluble solids concentration on consumer preferences (Chapter 2)



Characterise fruit quality along apricot branches on wood of different ages and
compare changes in quality when fruit load is altered (Chapter 3)



Determine fruit quality variation within tree canopies and how modifying the light
environment and/or the arrangement of fruit within the canopy modifies the fruit
quality (Chapter 4)



Characterise the relationships between various important quality traits when
apricots are harvested at different maturities and are held in cold storage for
different lengths of time (Chapter 5)



Compare changes in fruit quality traits when apricots are held at different cold
storage temperatures (Chapter 6)
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Identify the changes in cell wall processes during apricot fruit ripening and how
chilling injury modifies these changes (Chapters 5 and 6)



Compare and contrast the effect that apricot genotype has on all the interactions
that result in final fruit firmness (Chapters 2, 3, 5 and 6)



Determine how each key fruit quality trait is controlled and how management
within the supply chain from orchard to consumer could be modified to improve
overall presentation of apricot fruit to achieve high consumer satisfaction. Within
this, the relative importance of harvest maturity was evaluated (Chapter 7).
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1.9.

Thesis Outline

Initially, this study focused on how pre-harvest factors and harvest maturity affected
fruit quality through the supply chain. Subsequently, it was decided that modifying
postharvest temperatures would assist in characterising chilling injury. Therefore, the
effects of two postharvest storage temperatures on fruit quality of two cultivars were
examined in Chapter 6.
Chapters 2 and 5 have been published, Chapter 4 is in press and Chapter 3 has been
submitted to a journal. Chapter 6 has been prepared purely as a chapter for this thesis. In
addition, two oral papers were presented at symposia, which covered research from this
study and related research carried out over the same time period.
The key aspects of the study are shown in Table 1.2.
Table 1.2. A summary of the factors covered within each chapter of this thesis.
Chapter
2

Pre-harvest
Crop load
Orchard

Harvest
Maturity

Postharvest

Postharvest fruit
quality/ Consumer
Fruit quality
Consumer preferences

Genotype
3

Wood age
Wood type
Pre-thinning fruit no.
Position along shoot
Leaf area on fruiting
node

Fruit quality

4

Light interception
Position in canopy
Distribution of fruit at
thinning

Fruit quality

Fruit quality
Chilling injury

Genotype

5

6

Maturity

Length of cold
storage
Length of shelf-life
Genotype
Storage temperature
Length of cold
storage
Length of shelf-life
Genotype

Fruit quality
Chilling injury
Changes in cell wall
properties
Fruit quality
Chilling injury
Changes in cell wall
properties
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2.1.

Abstract

BACKGROUND: Improving apricot fruit quality delivered to consumers is key to ensuring
a successful apricot industry. Previous studies have focused on effects of either soluble solids
content (SSC) or fruit firmness on consumer preferences and results have been equivocal.
This study evaluated the effects of crop load and harvest maturity, how they affected SSC and
firmness, and subsequent consumer preferences.
RESULTS: SSC of apricots was an important factor only when fruit were firmer than 15 N
and not immature. When fruit were softer than 15 N, SSC had little influence on consumer
liking. In general, consumers preferred fruit that were grown on trees thinned to
approximately 10 to 20% less than typical commercial crop loads and were harvested in a
more mature condition. Consumers also preferred fruit that had a higher sugar/acid ratio or
BrimA value, which is the °Brix – k × titratable acidity, where k is a constant that varies
between species and cultivars depending on the specific acids and sugars present. High
apricot flavour and juiciness were associated with greater sweetness.
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CONCLUSION: Management practices that increase fruit SSC and sugar/acid ratio, such as
reducing crop load, will improve consumer satisfaction as long as fruit are harvested at an
adequate maturity stage and are maintained in storage so that they do not soften too quickly.
Keywords: Prunus armeniaca L.; consumer preferences; flesh firmness; soluble solids
content; crop load; fruit maturity.
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2.2.

Introduction

Apricots (Prunus armeniaca L.) are harvested when they still firm so that they can be
transported to market without significant bruising or becoming over-soft. Whilst this has
reduced the problem of damage to the fruit, if fruit are harvested when too immature, they do
not develop the typical ripeness, flavour and aroma expected of apricots (Manolopoulou &
Mallidis 1999). The consequence is for consumers to become dissatisfied with the apricots
they eat, reporting the fruit have little flavour, never ripen and/or are too firm (Bruhn et al.
1991; Summerfruit New Zealand & The Nielsen Company 2013). In a New Zealand shopper
survey, forty-six percent of consumers purchasing apricots considered the fruit they
purchased were unripe (Summerfruit New Zealand & The Nielsen Company 2013). Over half
these shoppers delayed repurchasing apricots by more than two weeks, or did not repurchase
them, because of the negative experience. Understanding the characteristics of apricots that
are important to consumers, and how to deliver these to consumers, will enable growers and
marketers to improve consumer satisfaction.
Consumer panels have shown correlations between fruit acceptability and fruit quality traits,
particularly sugar content (Azodanlou et al. 2003) and firmness (Azodanlou et al. 2003;
Stanley et al. 2013b; Valentini et al. 2006).
Increasing sugar content was positively correlated to fruit appreciation by a semi-trained
panel (Azodanlou et al. 2003), and consumer assessment of sweetness was positively
correlated to perception of overall fruit quality, taste or acceptability (Infante et al. 2008;
Ruiz & Egea 2008; Valentini et al. 2006). However, cold storage of 4 weeks or more affected
consumer preferences in relation to sugar content. Chilling disorders such as mealiness and
gel formation, appeared to over-ride the liking for sweet taste, as there was no correlation
between soluble solids content (SSC) and liking by a semi-trained panel for apricots stored
for between 2 and 6 weeks (Stanley et al. 2013b). In this case, there was a maximum of only
three assessors, and individual preferences would have reduced the likelihood of a significant
result.
Sensory assessment of apricot firmness and destructive flesh firmness measurements were
negatively correlated to sensory assessment of overall fruit quality (Azodanlou et al. 2003;
Valentini et al. 2006). In contrast, there was no correlation between overall acceptability of
the fruit and the sensory perception of texture when apricots were assessed by an untrained
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panel of 36 assessors (Infante et al. 2008). Fruit firmness in the trial ranged from 10 to 32 N,
a range that included apricots firmer than “ready-to-eat” firmness, which was considered to
be around 9 to 13.5 N (Crisosto 2002), although our observations suggest eating firmness is
between 10 and 25 N (pers. comm.). Others found that liking increased as firmness decreased
from 60 N to around 20 N, but below 20 N, liking dropped significantly as fruit softened
(Stanley et al. 2013b). It was suggested that the relationship between flesh firmness and
consumer liking was not linear and this was probably the reason for the differing results in
the other trials.
Whilst evidence suggests that consumers prefer apricots that have higher SSC and also prefer
fruit in a particular firmness range, there have been few attempts to examine the interaction
between these two traits. However, fruit firmness has been shown to affect the relationship
between SSC and consumer liking in both kiwifruit and apples (Harker et al. 2009; Harker et
al. 2008). If kiwifruit and apples were above a certain firmness threshold, consumers
preferred higher SSC, but, below that, threshold SSC had little effect on liking. Other trials
have shown that dry matter content (DMC) of kiwifruit and apples at harvest was a better
indicator of consumer acceptance than SSC (Burdon et al. 2004; Palmer et al. 2010). Both
those fruit types contain starch at harvest, which is converted to sugars during storage and
subsequent ripening. Apricots do not contain starch, and so changes in SSC after harvest are
minimal (Kurz et al. 2010; Stanley et al. 2013b), resulting in the need to achieve high SSC on
the tree before harvest. Therefore, it is unlikely that, for apricot, DMC at harvest would
correlate to consumer liking any better than SSC.
There have been contrasting reports on whether harvest maturity affected acceptability of
apricots. One trained sensory panel of 12 people was unable to detect differences between
fruit harvested at different maturity stages, even though changes in aroma were detected by
gas chromatograph and e-nose, and firmness and SSC were significantly different (Defilippi
et al. 2009). Another trained panel detected differences in apricots harvested at three different
ripening states based on perception of sweetness, aroma, colour intensity, uniformity and
toughness (Egea et al. 2006).
Orchard management practices have been shown to alter SSC, but have not been directly
shown to affect consumer liking. Apricots accumulated more sugar when grown on trees that
had lighter crop loads (Bolat & Karlidag 1999; Rettke & Dahlenburg 1999) and also when
fruit were located in high light positions within the tree (Lichou et al. 1999).
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There have been no attempts to consider the effect of the interaction between sugar content
and firmness on consumer acceptance of apricots, nor any attempt to change consumer
acceptance through manipulation of tree management. This trial was designed to establish the
effects of crop load and stage of maturity when picked, on fruit quality in apricot and
subsequent consumer liking. The study also examined how the interaction between flesh
firmness and SSC affected consumer preferences. In year 1, a pilot trial was carried out
assessing two cultivars, to test that different crop loads could affect fruit quality differences
that were detected by consumers. In year 2, the decision was made to focus on one cultivar, to
enable the interactions between quality traits to be studied in more detail rather than genotype
effect.
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2.3.

Materials and methods

2.3.1.

Treatments

2.3.1.1.

Year 1

A pilot trial was established in Year 1 to test the protocols planned for the main trial in the
following year. Six 13-year-old trees of each of two apricot cultivars (‘CluthaGold’ and
‘Vulcan’) in a commercial orchard in Earnscleugh, Central Otago, New Zealand, were
selected. Three ‘CluthaGold’ trees were thinned lightly on 9 November 2010 by thinning
down only large bunches to clusters of no more than three fruit (high crop load). The other
three ‘CluthaGold’ trees were thinned more severely on 10 November 2010 by thinning down
to single fruit and spacing fruit out to at least 10 cm apart (low crop load). These high and
low crop loads were above and below standard thinning rates which involves thinning fruit so
they are spaced approximately 5 to 8 cm apart (Royal Horticultural Society 2014). Six
‘Vulcan’ trees were thinned in a similar manner on 23 November, although the initial crop
load was less and therefore the difference between the two crop load treatments was smaller
than in the ‘CluthaGold’ trees. All trees were trained as multi-leaders. Thinning was carried
out at a similar time to when the grower thinned commercially. Cultivars expected to have
smaller fruit were thinned first to reduce competition as soon as possible. The fruit numbers
on the low crop load treatments were slightly less and the numbers on the high crop load
were slightly more, than the adjacent, commercially thinned trees.
Fruit were harvested when sufficient fruit on the trees were considered to be at commercial
harvest maturity. Fruit were harvested from the ‘Vulcan’ trees for each of the two crop load
treatments on 21 January 2011 and sorted into two maturity classes based on visual
assessment of fruit skin colour, to provide 64 fruit from each class for each crop load.
Maturity class 1 (M1) fruit were considered of commercial maturity and had a small amount
of green skin colour inside the suture line. Maturity class 2 (M2) fruit had no green skin and
were mostly orange in colour. Fruit were harvested from the low crop load ‘CluthaGold’ trees
on 28 January 2011 and from the high crop load ‘CluthaGold’ trees on 31 January 2001.
Sixty-four fruit were selected from each of the two maturity classes as described for ‘Vulcan’
from each crop load treatment. All fruit were placed in plastic Plix® inserts inside single
layer cardboard trays at the time of harvest and stored at 0°C until 31 January. They were
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then sent by overnight courier to Plant & Food Research in Auckland, where they were stored
at 0°C until required for consumer studies.
2.3.1.2.

Year 2

Fourteen 14-year-old trees of ‘CluthaGold’ on each of two commercial orchards,
approximately 3 km apart, in Earnscleugh, Central Otago, New Zealand, were selected for the
trial. Trees were thinned to high or low crop load, as described below, in a matched pair
design with seven replicates per treatment on 3 and 8 November 2011 and 25 to 26 October
2011 for Orchards 1 and 2 respectively, at a similar timing to commercial thinning for the
surrounding trees. Trees on Orchard 1 were trained as multi-leaders and were in the same
block as ‘CluthaGold’ trees used in Year 1, but were not the same trees to avoid carry-over
effects. Trees on Orchard 2 were trained as centre-leaders. To obtain low and high crop loads,
total fruit number per tree was counted and fruit per cm2 trunk cross-sectional area (TCA)
was calculated. For the multi-leader trees in Orchard 1, the sum of the TCA for each multileader trunk was used. Trees were thinned to approximately fruit 3.5 and 6 per cm 2 TCA for
the low and high crop load treatments respectively for Orchard 1, and 1.5 and 3.5 fruit per
cm2 TCA for the low and high crop load treatments respectively for Orchard 2. The fruit
numbers per cm2 TCA for the two crop load treatments were higher for Orchard 1 than
Orchard 2, because the multi-leader trees were spaced wider within rows and were much
larger. The low and high crop load treatments represented between 10 and 20% lower and
higher crop loads than commercial crop loads respectively, based on fruit counts carried out
on commercially thinned trees in other trials (J. Stanley, pers. com.). To ensure no further
adjustments to crop loads were required, data were analysed and significant differences
between treatments and between orchards were confirmed for total fruit per tree and fruit per
cm2 TCA (Table 2.1). The difference between low and high crop loads was greater for
Orchard 1 than Orchard 2. Sixty fruit in maturity class M1 and sixty from maturity class M2
per tree were harvested from the low crop load trees from both orchards on 24 January 2012,
from high crop load trees from Orchard 1 on 27 January and from the high crop load trees
from Orchard 2 on 31 January. The two maturity classes, M1 and M2, were the same as
described for Year 1. Fruit were harvested when sufficient fruit on the trees were considered
to be at commercial harvest maturity. The timing of harvest was slightly different because
fruit from the high crop load treatment took longer to reach commercial maturity than from
low crop load trees. Also, the trees on the different orchards were trained differently and
micro-climates may have been slightly different. All fruit were placed in plastic Plix® inserts
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inside single layer cardboard trays at the time of harvest and stored at 0°C until 31 January.
They were then sent by overnight courier to Plant & Food Research in Auckland, where they
were stored at 0°C until required for consumer studies.
Table 2.1. Final fruit number and crop load per trunk cross-sectional area (TCA) for ‘CluthaGold’
apricot trees in two orchards at two crop load treatments in the Year 2 trial. Seven trees of each crop
load were used in each orchard. Standard error of difference (SED) and P-values are shown for main
effects and two-way effects.
Fruit per tree
Orchard 1
Orchard 2
Mean
Fruit per cm2 TCA
Orchard 1
Orchard 2
Mean
SED
Fruit per tree
Fruit per cm2 TCA
P-value:
Fruit per tree
Fruit per cm2 TCA

Low Crop Load

High Crop Load

Mean

925
284
605

1432
708
1070

1178
496

6.1
3.7
4.9
Crop Load Means

4.9
2.6
Orchard Means

83
0.4

59
0.3

59
0.3

0.48
0.72

<0.001
<0.001

<0.001
<0.001

3.7
1.5
2.6
2-way interaction

2.3.2.

Sample Preparation

2.3.2.1.

Year 1

Firmness was assessed non-destructively on all fruit using an AWETA™ Impact & Acoustic
Firmness System, Nootdorp, Holland. To calibrate this measurement, a subsample of two
fruit per tray was assessed destructively on fruit with a 1-mm depth slice of skin removed
from opposite sides of each fruit. A GUSS FTA penetrometer, GUSS Manufacturing Ltd,
South Africa, measured firmness; the penetration speed, trigger force and penetration
distance were set to 10 mm s-1, 50 g and 8 mm, respectively. These fruit were no longer
included in the trial. The correlations between penetrometer flesh firmness and nondestructive firmness measurements were used to estimate flesh firmness of the other fruit.
Fruit that were estimated to have a flesh firmness of less than 15 N were returned to the 0°C
store, whilst the other fruit remained at 20°C until they softened to less than 15 N. All
remaining fruit were returned to 20°C by 1700 h on 7 February. The flesh firmness of every
fruit was re-measured using the GUSS FTA penetrometer on the day of consumer
assessment.
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Visible–NIR spectra (300–1140 nm with a 3.3-nm sampling interval) obtained in an
interactance mode were used to estimate the soluble solids content (SSC) of apricots in Trial
1 using the equipment and procedures described previously and tested on apricots in previous
years (R. Feng, pers. comm.) (Clark et al. 2004; McGlone et al. 2002). Predictive models
were developed in separate experiment in 2009 using ‘CluthaGold’ apricots and bias-adjusted
by destructively measuring SSC on subsamples of the trial fruit. For the subsamples, SSC of
expressed juice was measured using a digital refractometer (Atago, Tokyo, Japan).
Vertical slices on opposite sides of each fruit were frozen at -20°C for titratable acid (TA)
analysis at a later date. TA was measured on a 5 g sample of frozen tissue, which was
macerated in 25 ml of distilled water using a polytron (Kinematica, Luzern, Switzerland) and
by titration to pH 8.2 with 0.1N NaOH using an automatic titrator (716 DMS Titrino,
Metrohm, Herisau, Switzerland). The acidity was then calculated and reported as percent TA.
2.3.2.2.

Year 2

The trays of fruit were removed from the store on 3 February and held at 20°C. A similar
procedure to that used in Year 1 was followed to ensure flesh firmness of fruit was within the
range of 9 to 25 N. Flesh firmness was re-measured on every fruit on the day of consumer
assessment. SSC of every fruit was measured using a digital refractometer (Atago, Tokyo,
Japan). TA was not measured.
2.3.3.

Consumers

Consumers were recruited by an external consumer recruiting company from the Auckland
metropolitan area and were paid a small recompense for their time. The consumers had to
meet screening criteria requiring that they ate at least one piece of fruit per day and ate fresh
apricots at least once or twice every 2 weeks during the apricot season. In addition, a target
was set to have a representative age and gender balance. Twenty-three consumers took part in
the assessments in Year 1, of which 39% were male and the age representation was 43%: 18
to 30 years, 35%: 31 to 45 years and 22%: 46 to 60 years. Of the sixty-nine consumers in
Year 2, 37% were male and the age representation was 45%: 20 to 30 years, 32%: 31-50
years and 23%: 51 to 60 years. Each fruit was wiped down with a wet cloth and then a
longitudinal slice was cut opposite the suture line and avoiding the penetrometer punctures.
This slice was cut in half so that the consumer could re-taste if necessary. The slices were
placed in a plastic cup labelled with a 3-digit code. Anti-browning treatment was not applied;
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however, browning was minimal and there were spare fruit available, should a sample have
any sign of browning. Only one consumer tasted each fruit and the exact tree from which the
fruit was harvested and the fruit’s flesh firmness and SSC were all known and could be
aligned to the consumer scores. Each panel took 30 minutes in year 1 and 45 minutes in Year
2.
Testing took place at a standard consumer laboratory testing unit with individual booths
under white lighting. Temperature was controlled to be between 20 and 24°C and there was a
positive airflow. Consumers were presented with slices of apricot in groups of four. In Year
1, four samples from each cultivar were presented together, with a break in between cultivars.
Half the consumers received ‘CluthaGold’ first and half ‘Vulcan’ first. In Year 2, four
samples from each orchard were presented together, with a break in between. Each consumer
received one sample for each treatment combination (crop load x maturity class) in a
randomised order. Consumers were asked to rate overall liking using the 9-point hedonic
scale (from 1= dislike extremely to 9= like extremely). They were also asked to indicate
whether they would be prepared to buy fruit if it were similar to the one tasted, on a scale
from 1 to 6 (1= definitely will not buy to 6= definitely will buy). In Year 1, 184 individual
fruit samples were assessed by consumers (two cultivars × two crop loads × two maturity
classes × 23 consumers) and in Year 2, 552 fruit samples were assessed by consumers (two
orchards × two crop loads × two maturity classes × 69 consumers).
In addition, a third set of four samples (two crop loads × two maturity classes from one of the
orchards) was presented to each consumer in Year 2. The consumers were asked to check-allthat-apply (CATA) for the following attributes: sweet, acid, apricot flavour, juicy, bland,
bitter, earthy, floral, peachy, tangy, tropical, floury, firm, soft, smooth, mushy, dry,
gelatinous, hard, mealy, pasty and powdery. The attributes sweet, acid, apricot flavour and
juicy were further split into three intensity groups - low, medium or high – which were
converted to a scale from 1 to 3 for analysis. The attributes were presented in two columns.
Descriptors associated with flavour and texture were grouped together and consumers could
select as many attributes as they considered represented the sample. Consumers were asked to
consider the product ‘overall’ before completing the checklist. Half the consumers tasted fruit
from Orchard 1, and half tasted fruit from Orchard 2. A total of 276 additional fruit were
sampled for this evaluation (one orchard × two crop loads × two maturity classes × 69
consumers).
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Consumers assessed fruit on 8 February 2011 for Year 1 and on one of four days (7 to 10
February 2012) for Year 2.
2.3.4.

Statistical analyses

The data for each year were analysed separately. Three-way analysis of variance (ANOVA)
was used to assess the effects of orchard x crop load x maturity on fruit quality traits, flesh
firmness, SSC and TA and on consumer liking and likelihood of purchase. In Year 2, the fruit
from each tree were tracked through to the consumer tasting and the trees were considered as
replicates during analysis. Both tree and participant were accounted for in the analyses that
evaluated consumer liking and likelihood to purchase.
The consumer scores for fruit that had different fruit quality traits (SSC, flesh firmness and
maturity at harvest) were compared by carrying out three-way ANOVA using the ASReml
procedure to develop a model of their relative effects. The consumer liking score and
‘likelihood to buy’ score were then calculated for the lower quartile, median and upper
quartile means for each firmness x SSC x maturity combination, using the model. To
compare these predicted means and standard errors with the actual data, the consumer scores
were grouped into nine categories for each of the two maturity classes. All fruit were
allocated into three categories for firmness and then further subdivided into one of three SSC
categories within each firmness category. Thus fruit were allocated into one of nine
categories based on their placement for both firmness and SSC, resulting in different numbers
of fruit within each category. The means were taken for each category, for comparison to the
model.
Three-way ANOVA was used to assess the effects of sugar/acid ratios or BrimA (Jordan et
al. 2001), fruit maturity and flesh firmness, on consumer liking and likelihood to buy scores.
BrimA is an index proposed as a more sensitive prediction of consumer preferences than
sugar/acid ratio (Jordan et al. 2001). It is calculated by using the formula BrimA = °Brix – k
× titratable acidity, where k is a constant that varies between species and cultivars depending
on the specific acids and sugars present. The best value for the constant k was calculated by
evaluating the significances of the ANOVA analysis, where k was a whole number and then
narrowed down to 8.2.
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ANOVA results are mostly presented as dot plot grids for easy trend comparisons and for
space-saving reasons. Dot plot grids are horizontal bar graphs in which the bar is separated
from the standard error by a small gap for easy recognition of the error range.
Multiple factor analysis (MFA) was carried out on the descriptive assessments of the apricots
in the third set of fruit presented to consumers in Year 2, and the flesh firmness and SSC of
the fruit. Descriptors were clustered into two descriptive groups: flavour and texture. These
two clusters were treated as quantitative variables and scaled to unit variance. The attributes
floury, tangy, tropical, dry, gelatinous, hard, mealy, pasty and powdery were selected for
fewer than 20% of the samples and did not contribute significantly to the analysis. Therefore
these attributes were not presented in the results. The three treatment types, orchard, crop
load and maturity, were treated as categorical supplementary variables. Instrumental data
(soluble solids content (SSC) and flesh firmness (firmness)) were considered as quantitative
supplementary variables.
All analysis was carried using R 2.15.0. (R Development Core Team 2012). Linear mixed
models were fitted using the ASReml-R package and MFA was carried out using the
SensoMineR module (Le et al. 2008) within R.
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2.4.

Results and Discussion

2.4.1.

Treatment effects on fruit quality

More emphasis has been placed on results from Year 2, because of the much larger number
of consumers assessing the fruit and the larger number of trees per treatment. Both the
orchard from which the fruit had been harvested, and the maturity at which fruit had been
harvested, affected flesh firmness and SSC of apricots in Year 2 (Table 2.2). ‘CluthaGold’
M1 fruit from Orchard 1 were firmer than M2 fruit from Orchard 1 and firmer than fruit of
both maturity from Orchard 2 (Fig. 2.1). In most cases, ‘CluthaGold’ fruit in a particular year
from the same orchard and the same maturity but different crop loads, had similar firmnesses
(Fig. 2.1). In Year 1 there was a significant 3-way interaction (Table 2.2), however, the
estimated denominator degrees of freedom were high (176), and therefore most interactions
would likely be significant. Therefore, the large differences in firmness observed for ‘Vulcan’
fruit were likely to be biologically significant, whereas the smaller differences of between 10
and 14 N were less likely to be relevant (Fig. 2.1). ‘Vulcan’ fruit from low crop loads were
firmer for Maturity 1 (M1) and softer for Maturity 2 (M2) fruit than equivalent fruit from the
high crop load trees (Fig. 2.1). Fruit from Orchard 1 had higher SSC than fruit from Orchard
2 of the same maturity in Year 2 (Orchard × Maturity interaction). Differences in SSC
between orchards have been observed for apple cultivars (Palmer et al. 2010) but it has not
been studied previously for apricots. Slightly different microclimates may have affected the
higher SSC in Orchard 1 at harvest, relative to flesh firmness. However, tree training may
also have played a role in these differences. The multi-leader training may have resulted in
more fruit being in higher light positions, although light transmission through the canopies
was not measured. Apricots in from higher light positions within the canopy had higher SSC
at harvest in other trials (Dichio et al. 1999; Stanley et al. 2014).
There was no difference in SSC in fruit from different crop loads in Year 2; however, SSC
was significantly lower in fruit from high crop load trees than in low crop load trees in Year 1
(Table 2.2). The effect of crop load on SSC has also been reported to differ in other trials.
Chemical or hand thinning apricot trees to lower crop loads has resulted in no effect on SSC
in some trials (Roussos et al. 2011), whereas it resulted in significant increases in SSC in
other trials (Bolat & Karlidag 1999; Özgüven et al. 1997; Rettke & Dahlenburg 1999; Son
2004). In general, more severe thinning increased the difference in SSC. In Year 1 of this
trial, the different crop loads were established as a means to provide fruit of differing SSCs
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for consumer testing, rather than directly associating crop loads with consumer liking.
Although the actual crop loads were not recorded in Year 1, visual observation suggested that
the difference in fruit number per tree between high and low crop loads of ‘CluthaGold’ was
much greater in Year 1 than in Year 2. This could explain the contrast between the results in
the two years, particularly the very big contrast in SSC in Year 1 ‘CluthaGold’ for M2 low
crop load fruit and M2 high crop load fruit (16.3% v. 11.8%; Fig. 2.1), and a similar trend for
M1 fruit. M1 fruit were firmer and had lower SSC than M2 fruit in both years for almost all
treatment combinations (Fig. 2.1). Apricots that were more mature at harvest have been
shown previously to have higher SSC (Ağar et al. 2006; Infante et al. 2008). Although there
were statistical differences in firmness between some of the treatments, the majority of fruit
tasted by consumers were within the targeted range of 10 to 25 N in Year 1, but tending
towards the “over-soft” range (8 to 10 N) in Year 2 (Fig. 2.1).

Fig. 2.1. The effect of cultivar (Year 1), orchard (Year 2), maturity class and crop load on flesh
firmness (Newtons) and soluble solids content (°Brix) for apricots evaluated by consumers. M1
represents fruit that had a small amount of green skin at harvest; M2 fruit had mostly orange skin at
harvest. Error bars represent standard errors of the mean (n= 23 in Year 1 and 69 in Year 2).
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Table 2.2. Means (n= 92 in Year 1 and 276 in Year 2) and standard errors (S.E.) for apricot flesh firmness (firmness) and soluble solids content (SSC) for
ANOVA main effects between cultivar, crop load and maturity (Year 1) and between orchard, crop load and maturity for ‘CluthaGold’ apricots (Year 2).
Measurements were taken on the same fruit tasted by the consumers on the day of assessment. P-values for one-, two- and three-way interactions. M1
represents fruit that had a small amount of green skin at harvest; M2 fruit had mostly orange skin at harvest.
Treatment
‘CluthaGold’
‘Vulcan’
Low crop load
High crop load
M1
M2
S.E. main effects
P: Cultivar
P: Crop load
P: Maturity
P: Maturity x Load
P: Maturity x Cultivar
P: Load x Cultivar
P: Maturity x Load x Cultivar

Year 1
Firmness (N) SSC (°Brix)
11.69
13.11
16.01
12.46
13.75
13.82
13.95
11.75
15.55
12.08
12.15
13.49
0.41
0.11
<0.001
0.73
<0.001
0.05
<0.001
0.01
<0.001

<0.001
<0.001
<0.001
<0.001
0.008
<0.001
0.003
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Treatment
Orchard 1
Orchard 2
Low crop load
High crop load
M1
M2
S.E. main effects
P: Orchard
P: Crop load
P: Maturity
P: Maturity x Load
P: Maturity x Orchard
P: Load x Orchard
P: Maturity x Load x Orchard

Year 2
Firmness (N) SSC (°Brix)
9.92
12.75
9.40
11.52
9.40
12.06
9.92
12.21
10.24
11.45
9.07
12.81
0.21
0.19
0.002
<0.001
<0.001
0.06
<0.001
0.96
0.12

<0.001
0.39
<0.001
0.78
0.60
0.38
0.15
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2.4.2.

Treatment effects on consumer liking

In both years, maturity affected consumer liking of the fruit, the more mature fruit being
preferred (Table 2.3). M2 fruit were preferred to M1 fruit in every combination except for
‘CluthaGold’ fruit in Year 1 and ‘CluthaGold’ high crop load fruit from Orchard 2 in Year 2,
where there were no differences (Fig. 2.2). There were mixed results for maturity effects on
consumer preferences in other trials (Defilippi et al. 2009; Egea et al. 2006; Infante et al.
2008), and from this, a possible theory about the cause for the differences can be proposed. If
fruit had reached a certain maturity at harvest (as indicated by a moderate skin colour change
to yellow/orange), ripening processes could occur after harvest and although some
differences in volatiles were present, it was not always sufficient for consumers to detect
these differences (Defilippi et al. 2009). Where there was still a significant proportion of
green colour present on the skin of fruit at harvest, described as “semi-green” (Egea et al.
2006) or “greenish skin colour” (Infante et al. 2008), flavour, aroma and colour intensity
were reduced and acceptance by sensory panels was lower, confirming the results found in
this study for M1 fruit (Table 2.3). Biological variability may explain why different
maturities have been detected by sensory panels for one cultivar, but not for another, or in
one season but not the next, although it could simply be related to the robustness of the
methods used in the consumer or trained sensory panel studies e.g. small numbers of
participants. Equally, the problem may be that skin colour, the easiest method for estimating
maturity non-destructively, has been shown to vary between cultivars and seasons in its
representation of fruit maturity (Visagie 1988).

Received: 25 November 2013. Revised: 5 July 2014. Accepted article published: 30 July 2014.
J Sci Food Agric 2015; 95: 752-763.
© 2014 Society of Chemical Industry

55

Table 2.3. Means (n= 92 in Year 1 and 276 in Year 2) and standard errors (S.E.) for consumer liking of apricots (1= dislike extremely; 9= like extremely) and
likelihood to buy (1= not likely to buy; 6= highly likely to buy) for ANOVA main effects between cultivar, crop load and maturity (Year 1) and between
orchard, crop load and maturity for ‘CluthaGold’ apricots (Year 2). P-values for one-, two- and three-way interactions. M1 represents fruit that had a small
amount of green skin at harvest; M2 fruit had mostly orange skin at harvest.
Treatment
‘CluthaGold’
‘Vulcan’
Low crop load
High crop load
M1
M2
S.E. main effects
P: Cultivar
P: Crop load
P: Maturity
P: Maturity x Load
P: Maturity x Cultivar
P: Load x Cultivar
P: Maturity x Load x Cultivar

Year 1
Consumer
Likelihood
liking
to buy
6.87
4.09
6.44
3.87
6.95
4.14
6.37
3.82
6.42
3.83
6.89
4.13
0.21
0.20
0.09
0.02
0.05
0.85
0.20
0.26
0.98

0.30
0.12
0.92
0.92
0.22
0.04
0.47
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Treatment
Orchard 1
Orchard 2
Low crop load
High crop load
M1
M2
S.E. main effects
P: Orchard
P: Crop load
P: Maturity
P: Maturity x Load
P: Maturity x Orchard
P: Load x Orchard
P: Maturity x Load x Orchard

Year 2
Consumer
Likelihood
liking
to buy
6.23
3.74
6.45
3.78
6.28
3.78
6.40
3.74
6.10
3.60
6.58
3.92
0.15
0.13
0.17
0.46
0.002
0.33
0.60
0.51
0.03

0.81
0.81
0.02
0.25
0.36
0.89
0.43
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Fig. 2.2 The effect of cultivar (Year 1), orchard (Year 2), maturity class and crop load on
consumer liking (1= dislike extremely; 9= like extremely) and likelihood to buy (1= not likely
to buy; 6= highly likely to buy). M1 represents fruit that had a small amount of green skin at
harvest; M2 fruit had mostly orange skin at harvest. Error bars represent standard errors of the
mean (n= 23 in Year 1 and 69 in Year 2).

In Year 1, ‘CluthaGold’ fruit from low crop load trees were preferred by consumers to
those from high crop load trees, and the same was true for almost all orchard x maturity
combinations in Year 2 (Fig. 2.2, Table 2.3). Although the effects of maturity of fruit at
harvest on consumer preferences have been previously examined (Defilippi et al. 2009;
Egea et al. 2006), no studies were found on crop load affecting consumer liking of
apricot fruit. Crop load has been shown to affect SSC (Bolat & Karlidag 1999; Rettke &
Dahlenburg 1999) and SSC to affect consumer liking (Azodanlou et al. 2003), so
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intuitively, an increase in consumer liking for fruit from lower crop loads would be
expected. In this study, fruit from lower crop load trees were preferred, but not always.
Lower crop loads reduce competition for carbohydrates and this should result in higher
sugar accumulation at the time fruit reached commercial maturity, as shown for peaches
(Génard et al. 2003). However, it is clearly more complex than that, and other factors
must be involved.
Overall, the least preferred ‘CluthaGold’ fruit were M1 fruit from high crop load trees
in Orchard 1 (Year 1) and M1 from low crop loads on Orchard 2 (Fig. 2.2). Possibly the
reason M1 fruit from the high crop load trees in Orchard 1 in Year 1 were disliked was
their low SSC, whereas the M1 fruit from the low crop load trees in Orchard 2 were
very soft and this may have been the undesirable trait (Fig. 2.1). The least preferred
‘Vulcan’ fruit were from M1 fruit from high crop load trees, although they were not
significantly differently liked from the M1 fruit from low crop load trees. Maturity was
the only significant factor affecting consumers’ likelihood to buy fruit in Year 2,
although the trends were similar to those for consumer liking (Fig. 2.2).
2.4.3.

Effects of fruit quality traits on consumer liking

Fruit that had been harvested at M1 maturity (i.e. less mature) were less liked and were
less likely to be purchased, based on Year 2 results (Table 2.4 and Fig. 2.3B, D). As
fruit SSC increased in the Year 1 trials, liking and likelihood to purchase also increased,
a correlation observed for many stonefruits (Azodanlou et al. 2003; Crisosto et al. 2003;
Delgado et al. 2013); however, in Year 2, there was an interaction between SSC, flesh
firmness and maturity (Table 2.4).
Recall that the consumer liking score and likelihood to buy were modelled for the lower
quartile, median and upper quartile means for each firmness x SSC x maturity
combination (described in the statistical analyses section of the methods). The positions
of the means for actual data from each firmness x SSC x maturity combination were
compared with predictions from the model. In general, the model represented actual
data well, except where there were few fruit represented in that combination (Fig. 2.3).
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Table 2.4. ANOVA P-values for one-, two- and three-way interactions between soluble solids
content (SSC), flesh firmness and maturity on consumer liking (1= dislike extremely; 9= like
extremely) and likelihood to buy (1= not likely to buy; 6= highly likely to buy) for apricots
evaluated by consumers; ‘CluthaGold’ and ‘Vulcan’ in Year 1 and ‘CluthaGold’ in Year 2.
Liking
SSC
Maturity
Flesh firmness
SSC x Flesh firmness
SSC x Maturity
Flesh firmness x Maturity
SSC x Flesh firmness x Maturity

Year 1
0.04
0.42
0.32
0.32
0.21
0.86
0.80

Year 2
0.98
0.001
0.76
0.76
0.11
0.86
0.03

Likelihood to Purchase
Year 1
Year 2
0.05
0.54
0.65
0.02
0.22
0.87
0.89
0.91
0.45
0.23
0.71
0.56
0.60
0.03

These results provide an opportunity to examine the interaction between SSC, flesh
firmness and maturity on consumer preferences. This three-way interaction was
significant in Year 2 for both liking and likelihood of buying the fruit, but not in Year 1
(Table 2.4), although the trends were similar for both years (Fig. 2.3A compared with B,
and Fig. 2.3C compared with D). In Year 2, fruit harvested at a less mature stage (M1)
resulted in no differences in consumer liking or in the likelihood that consumers would
buy the fruit (Fig. 2.3B, D). In fruit harvested at a more mature stage (M2), preferences
were not affected by SSC when fruit were soft; however, firmer fruit were more
acceptable as SSC increased (Fig. 2.3B). Similar results were found for consumers’
likelihood to buy the fruit sampled (Fig. 2.3D). These results suggested that consumers
did not simply prefer sweeter fruit but that the combination of fruit traits affected how
they much liked the fruit. It perhaps explained differing results in past studies.
Consumers distinguished between fruit harvested at different maturities in some studies
on apricots, nectarines and plums (Egea et al. 2006; Guerra et al. 2009; Iglesias &
Echeverría 2009; Infante et al. 2008). In other trials, consumers could not detect
differences between fruit harvested at different maturities for apricots, peaches and
nectarines, even though SSC was significantly different (Infante et al. 2012; Rubio &
Infante 2010). Fruit harvested at a less mature stage exhibited both lower SSC and
higher flesh firmness (Egea et al. 2006; Infante et al. 2012; Infante et al. 2008) or were
assessed when fruit were at a very narrow firmness range (Rubio & Infante 2010),
hence the interaction could not be examined.
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Fig. 2.3. The effect of flesh firmness (FF) and soluble solids content (SSC) on consumer liking
(1= dislike extremely; 9= like extremely) in Year 1 (A) and Year 2 (B) and likelihood to buy
(1= not likely to buy; 6= highly likely to buy) in Year 1 (C) and Year 2 (D) for apricot fruit
from two maturity classes (M1 and M2); ‘CluthaGold’ and ‘Vulcan’ in Year 1 and ‘CluthaGold’
in Year 2. Bars represent the modelled consumer liking and likelihood to buy for FF x SSC x
maturity for lower quartile (lower Q), median and upper quartile (upper Q) means, and the
calculated standard error bar is shown for each. The actual mean for the lower, mid and upper
third of data for SSC and FF is shown by the position of the number; the value indicates the
number of fruit that fitted into that SSC x FF x maturity combination. M1 fruit had a small
amount of green skin at harvest; M2 fruit had mostly orange skin at harvest.

Fruit ripeness, as represented by flesh firmness, affected the relationship between
consumer liking and SSC in kiwifruit (Harker et al. 2009). Consumers preferred higher
SSC when eating firm kiwifruit. However, when eating soft kiwifruit, they preferred
fruit that had SSC slightly below the highest SSC fruit they tasted. The authors
suggested that consumer liking was driven mostly by taste associated with increasing
sugars and acids in more firm fruit, whereas the odour component of flavour was more
developed when fruit were softer and therefore liking was driven by a balance between
taste and odour in those fruit. A similar effect may be exhibited in this trial for apricots,
or alternatively, the “over-soft” texture may have over-ridden any difference in SSC,
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unlike in slightly firmer fruit. The fact that the effect of SSC on consumer liking for the
firmer fruit was not seen in fruit harvested at M1 suggests that other factors are also
involved. The metabolic changes normally associated in the ripening process may not
occur when fruit have been harvested at a less mature stage, and this may modify the
effects of SSC on liking that were found for fruit harvested at the M2 stage. Apricots
harvested at a more mature stage showed higher concentrations of volatiles after storage
and ripening than those harvested at a less mature stage (Aubert et al. 2010) supporting
this theory in part. Greater concentrations of particular volatiles increased consumer
acceptance in nectarine after storage and firmer fruit were also preferred (Cano-Salazar
et al. 2013). On the other hand, peach fruit harvested at different maturities, ranging in
firmness from 70 to 12 N, and assessed at an eating firmness of between 5 and 20 N,
were considered similar in terms of acceptability when tasted, even though an e-nose
detected differences in volatile concentrations (Infante et al. 2012). In that case, there
did not appear to be fruit in the firmer end of the eating firmness range (15 to
25 N) that had differing SSC, which may explain the lack of differentiation.
Analysis of fruit TA was only undertaken for fruit samples from Year 1. TA on its own
did not explain consumer responses (data not presented). However, both TA/SSC ratio
and BrimA showed significant effects on consumer preferences (Fig. 2.4). These results
were based on scores from only 23 consumers, but they confirm previous results for the
effects of sugar/acid ratio for apricots, nectarines and plums (Guerra et al. 2009; Iglesias
& Echeverría 2009; Valentini et al. 2006).
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Fig. 2.4. The effect of sugar/acid ratio and BrimA on consumer liking (1= dislike extremely; 9=
like extremely) and likelihood to buy (1= not likely to buy; 6= highly likely to buy) of
‘CluthaGold’ and ‘Vulcan’ apricots in Year 1. Points represent the modelled consumer liking
and likelihood to buy for the lower quartile (lower Q), median and upper quartile (upper Q)
means for sugar/acid ratios, and the calculated standard error bar is shown for each. Error bars
represent standard errors of the mean (n= 61).

2.4.4.

Multiple factor analysis of consumer sensory profiles

Multiple factor analysis (MFA) was carried out on the results of the descriptive
assessments of the apricots in the third set of fruit presented to consumers in Year 2, and
the flesh firmness and SSC of the fruit. The first two dimensions of the MFA accounted
for 41.7% of the variance of the experimental data, representing 21.0% and 20.7% of
the variance, respectively (Fig. 2.5). Sweetness, juiciness, apricot flavour, smoothness
and the instrumental measurement of SSC were clustered together in the first
dimension. Blandness was negatively correlated to these attributes. Firm texture, acid
and the instrumental measurement of flesh firmness were clustered together in the
second dimension and they were negatively correlated to the sensory descriptors of
mushy and soft fruit texture.
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Fig. 2.5. Correlation circle of the first two dimensions from the multiple factor analysis of
instrumental compared with descriptive variables for ‘CluthaGold’ apricots of two maturities
from trees with one of two crop loads from one of two orchards. Descriptive variables were
grouped into one of two clusters: flavour (sweetness, acid, apricot, peachy, juicy, bland) and
texture (firm, smooth, soft, mushy). Instrumental data (soluble solids content (SSC) and flesh
firmness (firmness)) were considered as supplementary variables.

The MFA analysis supports previous principal component analyses (PCA), in which
sweetness and aroma were associated with SSC and fructose in the first dimension, and
firmness and/or acidity were associated with the second dimension for apricots, peaches
and nectarines (Delgado et al. 2013; Infante et al. 2008; Robini et al. 2006). Other PCA
results have shown sweetness to be negatively correlated to firmness in the first
dimension, and acidity to relate to the second dimension (Lespinasse et al. 2006).
However, cultivar may have an effect on these relationships (Rubio & Infante 2010).
Sweet taste has been correlated with apricot flavour and juiciness previously for other
cultivars (Robini et al. 2006). The variation accounted for by the first two dimensions
was low compared with that in other trials; however, this trial was evaluating only
variation within a single cultivar at two maturities, both of which were within
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commercial maturity standards, rather than multiple cultivars or including fruit that had
greenish skin.
The representation of the treatments on the first two dimensions suggests maturity was
related to both dimensions 1 and 2, and crop load related to dimension 2, whereas
orchards were close to the origin (Fig. 2.6). M2 was associated with sweetness, apricot
flavour and a soft texture, whereas M1 was related to firmness, acidity and a bland
flavour. Maturity has previously been associated to sweetness, juiciness and aroma in
dimension 1 for ‘Palsteyn’ apricots (Infante et al. 2008). However, when apricots were
stored for different lengths of time, sensory evaluation distinguished only storage time
rather than maturity at harvest (Rubio & Infante 2010).
This method of evaluation confirmed the findings of the consumer preference
assessments for Year 2 on the most part. Consumers could distinguish between fruit
samples in terms of SSC and flesh firmness. Maturity at harvest was associated with
sweetness and flesh firmness.
The order in which attributes were presented to consumers within a CATA
questionnaire has been shown to have primary bias in some cases (Ares & Jaeger 2013).
To obtain some idea whether this was the case in this study, the percentage of each
attribute being identified as present in the sample by a consumer was calculated (Table
2.5). There was no indication that the primary attributes listed were selected ahead of
other attributes in the list. Possibly the detailed instructions about considering the
product ‘overall’ before filling in the questions assisted in ensuring the attributes were
considered more carefully and the attributes grouped so that those relevant in the group
could be identified e.g. flavour attributes together and texture attributes together (Ares
& Jaeger 2013).
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Fig. 2.6. Representation of the factors on the first two dimensions of the multiple factor analysis
for ‘CluthaGold’ apricots of two maturities from trees with one of two crop loads from one of
two orchards, based on instrumental and descriptive variables assessed by consumers. Factors
were: maturity (M1: less mature, M2: more mature), crop load (L1: low crop load, L2: high crop
load) and orchard (O1: Orchard 1, O2: Orchard 2).

Received: 25 November 2013. Revised: 5 July 2014. Accepted article published: 30 July 2014.
J Sci Food Agric 2015; 95: 752-763.
© 2014 Society of Chemical Industry

65

Table 2.5. Frequency (%) in which the apricot attributes in the ‘check-all-that-apply’ (CATA)
questions were selected by consumers, listed in the arrangement in which the consumers viewed
them.
Attribute
Sweet- low
Sweet- medium
Sweet- high
Acid- low
Acid- medium
Acid- high
Apricot- low
Apricot-medium
Apricot-high
Bland
Bitter
Earthy
Floral
Peachy
Tangy
Tropical

Frequency (%)
32.6
47.5
13.4
48.3
19.2
5.4
32.6
36.0
21.1
23.4
5.4
6.1
8.0
21.1
14.6
16.1

Attribute
Juicy- low
Juicy- medium
Juicy- high
Dry
Firm
Floury
Gelatinous
Hard
Mealy
Mushy
Pasty
Powdery
Smooth
Soft

Frequency (%)
41.0
40.2
10.7
11.5
30.7
19.5
1.5
1.1
2.7
23.4
3.4
9.6
35.2
37.9
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2.5.

Conclusions

Soluble solids content was an important factor in consumer preferences of apricots;
however, only when fruit were firmer and were not immature at harvest. When fruit
were soft (less than c. 15 N in firmness), SSC did not affect consumer liking.
Consumers also preferred fruit that had a higher sugar/acid ratio or BrimA value. High
apricot flavour and juiciness were associated with greater sweetness. Maturity at
harvest, crop load and orchard affected fruit traits, including SSC and flesh firmness,
which subsequently affected consumer preferences. In general, fruit harvested at a more
mature stage and from a lower crop load were preferred. However, there were
interactions that played significant roles in the results, so that the combination of more
mature fruit from low crop loads was not always the most preferred fruit, and the result
also varied slightly between years and orchards. The magnitude of the difference
between the crop loads in Year 1 compared with Year 2 may have played a part in
whether differences were distinguished by consumers. These results suggest growers
should focus on orchard management practices that increase fruit SSC, and should
ensure fruit are harvested at an appropriate stage of maturity for high acceptability. Of
equal importance will be the maintenance of the fruit in cold storage so that they do not
soften too quickly. There needs to be further study carried out as to whether fruit
thinning is the most beneficial method for increasing fruit SSC. In addition, the roles
that sugar/acid ratio and juiciness play in affecting consumer preferences should be
examined in more detail.
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3.1.

Abstract

Understanding the sources of fruit quality variation within apricot tree canopies is
necessary for developing strategies to reduce this variation. Trials were established to
identify variation in fruit set and fruit quality along branches on six different genotypes.
Fruit set, fresh weight (FW), soluble solids concentration (SSC) and dry matter
concentration (DMC) were lower in fruit from one-year-old long shoots and terminal
spurs than for fruit from shoots and spurs arising from older wood for most genotypes.
Genotype and wood age significantly affected storage chilling injury. The effects of
position along the shoot, fruit number and leaf area of the subtending shoot on fruit
quality were examined with one cultivar. FW, SSC and DMC were higher in fruit on the
most distal spurs on two-year-old wood. Conversely they were higher in fruit from the
basal zone of one-year-old wood. Fruit number per tree before thinning affected FW of
fruit on two-year-old wood. FW was also affected by leaf area of subtending shoots.
These results have implications for devising management techniques to improve fruit
quality, such as pruning methods to favour two- and three-year-old wood, to reduce
shading in lower canopy positions and using differential thinning.
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3.2.

Introduction

Fruit quality within an apricot tree (Prunus armeniaca L.) varies considerably. The
benefit of understanding the sources of variation in fruit quality within a tree is
considerable, if the variation can then be reduced to provide more consistent and higher
quality. Approximately 25% of consumers purchasing apricots delayed repurchasing by
more than two weeks or did not repurchase them because of the negative eating
experience, according to a New Zealand shopping survey (The Nielsen Company 2011).
Related to this, consumer liking of apricots increased as soluble solids concentration
increased (Azodanlou et al. 2003). These factors emphasise the importance of ensuring
fruit achieves optimum quality by the time of harvest.
In a range of fruit types, variation in fruit quality within trees has been studied in some
detail. Position in the canopy (Génard & Bruchou 1992; Kong et al. 2011; Luchsinger et
al. 2002; Tustin et al. 1988), light exposure (George et al. 1996; Robinson et al. 1983),
shoot type (Volz et al. 1994), wood age (Corelli Grappadelli & Coston 1991; Rom &
Barritt 1990), leaf area and competition between fruit, both on a whole-tree basis
(Crisosto et al. 1997) and within single shoots (Corelli Grappadelli & Coston 1991)
have all been examined. In apricot, the effect of crop load on a whole tree basis has
been shown to affect fruit weight (FW) and SSC (Bolat & Karlidag 1999; Son 2004;
Stanley et al. 2014).
The source of variation in fruit quality within the whole tree has been identified
previously. Peach and nectarine fruit from upper canopy positions were larger and had
higher SSC, as were fruit well exposed to light (Génard & Bruchou 1992; Kong et al.
2011; Luchsinger et al. 2002). In apple, light exposure accounted for a large proportion
of the variation in fruit size and quality, whereas spur age accounted for a much smaller
proportion of the variation (Robinson et al. 1983).
Fruit quality was found to vary along a branch or shoot, whilst fruit number and leaf
area also affected fruit quality. Results seemed to vary, depending on the combinations
of treatments. Higher fruit density on a shoot reduced fruit size and sometimes SSC for
peach (Corelli Grappadelli & Coston 1991; Marini & Sowers 1994). The location of
fruit along the shoot and wood age were also important factors, although results from
different trials were sometimes contradictory (Corelli Grappadelli & Coston 1991;
Marini & Sowers 1994; Wu et al. 2005). In addition, spur leaf area and leaf to fruit ratio
were shown to affect fruit quality (Corelli Grappadelli et al. 1996; Wu et al. 2005).
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Whilst the interrelationship between these factors may be complex, one key factor was
the basis for all of them: that of competition for photoassimilate. Clearly, light has a role
in enabling the supply of photoassimilate. The total sink demand of the whole crop and
the relative strength of an individual fruit sink compared with other sinks, such as
adjacent fruit and growing shoot apices, are other factors that enable resources to be
accumulated by any particular fruit (Genard et al. 1998). Assimilate supply is also
important, the main sources of carbohydrate being the leaves. However stored
carbohydrate may play an important role in the early season, particularly since
flowering occurs before leaf emergence in apricot. A reduction in stored carbohydrate
reserves, from early defoliation in the previous autumn, reduced fruit set in apple,
indicating that there was competitive demand for the carbohydrate supply stored as
reserves in the roots during early spring (Tustin et al. 1997). However differentiation in
fruit set according to proximity of flowers to roots, i.e. on older wood, was not reported.
There have been very few reports of studying variation of fruit quality within apricot
trees or along branches within apricot trees. Apricot fruit have been reported to be larger
on spurs than long shoots and to have higher soluble solids concentration (SSC) in
positions most exposed to light, but no data were provided to support these statements
(Lichou et al. 1999). However, the effect of high light exposure on SSC is confirmed
from other trials (Dichio et al. 1999).
Therefore, the aim of these studies was to identify the key factors involved in variation
in apricot fruit quality along a shoot or branch. The first study compared the variation of
fruit set and fruit quality within branch units, compared among apricot genotypes. A
second study examined the competition for resources within single shoots of one
cultivar and how the location along the shoot affected the quality of that fruit at harvest.
The hypothesis was that there would be patterns in fruit quality along an apricot branch
that could be explained by wood age and resource competition, with genotype affecting
the extent of such effects.
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3.3.

Materials and methods

3.3.1.

Definitions

For the purposes of these trials, wood was classified into the following wood types:
One-year-old spurs: terminal spurs that had very reduced internodes and were
approximately 2 to 6 cm in length, and followed by two-year-old wood of at least 15 cm
in length (Fig. 3.1A).
One-year-old shoots: long shoots that had least 15 cm of one-year-old wood. These
were strong shoots with diameters at the base of the one-year-old wood typically greater
than 9 mm (Fig. 3.1B). Sylleptic shoots were included as one-year-old shoots as long as
the total length of the longest shoot was more than 15 cm.
Spurs on two-year-old wood: spurs of one-year-old shoots that had very complex, short
internodes, usually less than 5 cm in length, which were attached to two-year-old wood
(Fig. 3.1C).
Short shoots on two-year-old wood: short shoots of one-year-old wood less than 15 cm
that were attached to two-year-old wood. These were weak shoots with diameters at the
base of the shoots of approximately 4 to 5 mm and they typically did not have sylleptic
shoots (Fig. 3.1D).
Spurs on three- or four-year-old wood: spurs of one-year-old shoots that had very
complex, short internodes and in some cases had very short sections of two- and threeyear-old shoots, which arose from three- and four-year-old wood respectively (Fig.
3.1E). The total spur complex was usually less than 5 cm in length, but older spurs
complexes could sometimes be longer.
Short shoots on three- or four-year-old wood: short shoots of less than 15 cm that arose
from three- and four-year-old wood respectively. These were weak shoots with diameter
at the base of the shoot of approximately 4 to 5 mm (Fig. 3.1F). Many of these may
have been latent or adventitious buds that had only grown out in the previous year, but
all were completely one-year-old wood shoots or, if they included wood that was two or
three years old, they were very short sections.
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Fig. 3.1. Illustrations identifying: A) one-year-old terminal spur B) one-year-old long shoot C)
spur on two-year-old wood D) short shoot on two-year-old wood E) spur on three-year-old
wood F) short shoot on three-year-old wood.

3.3.2.

Trial 1: Variation of fruit quality within a branch among apricot
genotypes

3.3.2.1.

Trial Layout

Five trees each of six genotypes from the Plant & Food Research breeding programme,
thought to have differing fruit-bearing habits, were tagged on 5 September 2011. The
trees were not randomised as they were established for breeding evaluations, therefore
the trees of each genotype were adjacent to each other in the same row. The genotypes
were: ‘Clutha Summer’, a recently released cultivar previously named D14/1; CM1/4;
H3/3; StB6/6; StB7/1 and StB14/15. All trees were located at the Clyde Research
Orchard, Earnscleugh, Central Otago, New Zealand, and were 5 years old in 2011
except CM1/4 trees, which were 6 years old. At this location, the chilling requirement
for apricots is easily reached well before flowering every year. Over 1200 and 1100
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Richardson chill units were accumulated by the end of July in 2011 and 2012
respectively. Two branches from each tree were tagged and the age of wood was
marked. Branches that had minimal pruning were selected so that wood age was easy to
trace along the branch. The location of flowers were categorised into two wood types
for each wood age: shoots or spurs. This resulted in eight possible combinations (four
ages of wood × two wood types).
The fruit on tagged trees were thinned according to commercial thinning practices (fruit
spaced at least 6 to 8 cm apart) on 14 and 15 November 2011, whilst ensuring that some
fruit from each wood age x wood type combination were retained. In the following year,
the same numbers of branches were tagged for four of the genotypes: ‘Clutha Summer’,
StB6/6; StB7/1 and StB14/15. The fruit on the trees were thinned on 30 October 2012.
The results from the two years are referred to by the year in which the fruit were
harvested i.e. 2012 and 2013 respectively.
3.3.2.2.

Measurements

The numbers of flowers were counted for each combination on each tagged branch
between 5 and 9 September 2011 and between 12 and 14 September 2012. The numbers
of fruit that had set were counted for each combination on each tagged branch on 27 and
28 October 2011 and on 23 October 2012. The proportional fruit set was then calculated
for each branch before thinning. For each genotype, all fruit on tagged shoots were
inspected on two or three dates in January 2012 and January 2013. On each date, those
that were at commercial maturity, based on skin background colour, were harvested for
assessment. Fruit were weighed individually. Flesh firmness was measured on opposite
sides of each fruit along the equatorial zone using a 7.9-mm diameter probe attached to
a GUSS FTA penetrometer (GUSS Manufacturing Ltd, South Africa) after a small
circle of skin had been removed. Penetration speed, trigger force and penetration
distance were set to 10 mm s-1, 0.5 Newtons (N) and 8 mm, respectively. Data were
calculated as the mean of measurements from a fruit sample and expressed in Newtons.
Soluble solids concentration (SSC) of expressed juice was measured using a digital
refractometer (Atago, Tokyo, Japan). Dry matter concentration (DMC) was determined
by taking the fresh and dry weight of two vertical slices from opposite sides of the fruit
(including skin and flesh but excluding the stone).
In addition, five fruit of commercial maturity were harvested from each tree for each of
five combinations: one-year-old shoots, shoots and spurs on two-year-old wood, and
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shoots and spurs on three-year-old wood. These fruit were stored in air at 0°C for 3
weeks and then at 20°C for 4 days before postharvest assessment. Each fruit was
assessed for gel formation and rubberiness. The gel score was based on the proportion
of flesh that had a glassy appearance: from 0 (no glassy flesh) to 3 (>50% glassy flesh).
Rubberiness, or leatheriness, was considered to be a rubbery texture of the intact fruit.
Leatheriness in peaches has been described as a dry texture when fruit have a flesh
firmness of >30 N (Ju et al. 2000). Rubberiness was scored on a scale from 0 (not
rubbery) to 3 (very rubbery). A score of 3 was given when the penetrometer did not
penetrate the flesh on both sides of the fruit, but “bounced” off the flesh surface. Each
fruit was tasted by at least two of three trained assessors for mealiness and juiciness.
Mealiness was considered to be a woolly or lumpy texture and fruit were scored on a
scale from 0 (no mealiness) through to 3 (high mealiness). Juiciness was considered to
take into account the amount of free fluid released from the sample during chewing and
fruit were scored for juiciness on a scale from 0 (no juice) through to 3 (very juicy).
The slices collected for DMC assessment for ‘Clutha Summer’, StB14/15, StB6/6 and
StB7/1 were retained for nutrient analysis. Slices for each of the five combinations of
wood ages and wood types were pooled for the first three trees and the last two trees for
each genotype for each year, to give two samples per genotype per year. Samples were
ground finely and sent to Hill Laboratories Limited in Hamilton, New Zealand, for
nutrient analysis. Nitrogen concentration was analysed using Dumas combustion
(Association of Official Analytical Chemists International 2005). All other nutrients
were analysed using biological digestion. The biological digestion was a hydrochloric/
nitric acid mix, heated on a digest block at 80°C for 1 h, cooled, made to volume,
filtered if required, then aliquoted off for instrumental analysis. An ICP-OES was used
for Calcium (Ca), Magnesium (Mg), Potassium (K), Sodium (Na), Phosphorus (P),
Sulphur (S) and Iron (Fe). An ICP-MS was used for Boron (B), Copper (Cu),
Manganese (Mn) and Zinc (Zn).
The total number of fruit assessed at harvest was 1222 and 754 and after cold storage
was 500 and 372 for 2012 and 2013 respectively.
3.3.3.

Trial 2: Effect of competition for resources and location along shoots on
fruit quality

3.3.3.1.

Trial Layout
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Ten shoots with a similar length of two-year-old wood and 10 shoots of similar length
of one-year-old wood were tagged at flowering on each of ten, 17-year-old
‘CluthaGold’ apricot trees at the Clyde Research Orchard, Earnscleugh, Central Otago,
New Zealand. Spurs but not short shoots were present on the two-year-old wood and no
sylleptic shoots were present on any shoots. The number of fruit on the two-year-old
wood and the one-year-old wood were counted on 25 and 26 October 2012,
respectively.
Fruit on six of the shoots of two-year-old wood per tree were thinned to form a range of
thinning patterns, leaving either three or six fruit per shoot, on 30 October 2012. The
thinning patterns were: fruit distributed in the basal half of the two-year-old wood, fruit
distributed evenly along the whole two-year-old wood section of the shoot, or fruit
distributed in the distal half of the two-year-old wood section of the shoot. All fruit
from one-year-old wood arising on these shoots were removed. Each treatment
combination (thinning pattern x no. fruit) occurred on each of 10 trees once. Fruit on six
shoots of the one-year-old wood per tree were thinned to form a similar range of
thinning patterns, but leaving only two fruit per shoot, on 30 October 2012. The
thinning patterns of fruit distribution were the same as for the two-year-old wood
shoots. Each thinning pattern occurred twice on each of the same 10 trees as for the
two-year-old wood shoots. The remaining fruit on the trees were thinned according to
commercial thinning practices.
3.3.3.2.

Measurements

The distance from the base of each shoot to each fruit and the total length of one-yearold wood and/ or two-year-old wood per shoot were measured. All fruit on tagged
shoots were assessed on 25 January, 29 January, 31 January and 7 February 2013 and
those that were at commercial maturity were harvested for assessment. All fruit were
harvested on one of these four dates. The total number of fruit assessed was 304. Fruit
were weighed and SSC and DMC were determined, as described for Trial 1.
Once fruit were harvested, the leaf number and leaf area of each shoot arising from a
fruiting node was estimated. The leaf numbers and total node numbers were recorded
for each shoot and the leaves kept for leaf area measurement. The leaves for each shoot
were scanned on a photocopier along with a ruler for scale and saved as a pdf file. The
leaf areas were calculated using the software ImageJ (Reinking 2007).
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3.3.4.

Statistical Analysis

A combined set of the two years’ of data was used for analysis of variance (ANOVA)
models for Trial 1. Data were aggregated for each wood type x wood age combination
on each branch of every tree for each year. As the data were unbalanced because there
were fewer genotypes and only three ages of wood in 2013, ANOVA was performed
first to assess the main effects. The interactions between factors were then assessed
using ANOVA on genotype × wood age × wood type × year for main effects and twoway interactions. Estimated denominator degrees of freedom for Trial 1 were high (300
to 400 for harvest data and approximately 150 for storage data). For the nutrient data,
for each genotype there were only two replicates for each wood type × wood age
combination for each year. The data were first analysed by each year separately, but as
the trends were similar, the data from the two years were combined and year treated as a
random effect along with replicate. ANOVA was performed on genotype × wood age ×
wood type for main effects and two-way interactions. For all analyses, any three- and
four-way interactions assessed were not significant and were therefore left out.
In Trial 2, ANOVA was performed using the full data set (individual fruit), to consider
the main effects and two-way interactions between position of the fruit along the shoot
× the fruiting spur leaf area for one-year-old wood and two-year-old wood separately. A
contour plot of FW was drawn using the contour function within R 2.15.0 (R
Development Core Team 2012) based on the ANOVA results for the interaction
between position of the fruit along the shoot × the fruiting spur leaf area on one-yearold wood. Data were then aggregated for each wood age by obtaining the means of each
trait for fruit from each shoot and ANOVA performed for main effects and two-way
interactions. FWs were grouped into three categories containing equal numbers of
samples based on their number of fruit pre-thinning, and the mean FW was calculated
for each grouping.
All linear mixed models were fitted using the asreml package (Butler et al. 2009) within
R 2.15.0 (R Development Core Team 2012). Many of the ANOVA results are presented
as dot plot grids for easy trend comparisons and for space-saving reasons. Dot plot grids
are horizontal bar graphs in which the bar is separated from the standard error by a
small gap for easy recognition of the error range.
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3.4.

Results

3.4.1.

Trial 1

3.4.1.1.

Effect of bud type and wood age on fruit set

Genotype significantly affected fruit set depending on wood type and fruit set (Table
3.1). Fruit set on one-year-old wood was lower than on the other three wood ages for
CM1/4 and lower than two- and/or three-year-old wood for ‘Clutha Summer’, StB14/15
and StB6/6, but was similar for different wood ages in most other cases (Fig. 3.2). This
interaction was influenced by year, but the three-way interaction was not significant.
Although the interaction between genotype and wood age was significant (P=0.05), the
high degrees of freedom in the analysis suggests that the interaction was not important.
Fruit set was lower on one-year-old long shoots than on one-year-old terminal spurs
(Fig. 3.3). There were no differences in fruit set among shoots or spurs on two-year-old,
three-year-old wood or four-year-old wood. Fruit set was much lower in 2012 than in
2013 for ‘Clutha Summer’, StB14/15, StB7/1 in almost all cases (Fig. 3.2), possibly
caused by five frosts during flowering (first 10 days in September) in the 2012 season
whereas there were no frosts during the 2013 season.
3.4.1.2.

Effect of bud type and wood age on fruit quality at harvest

Genotype affected FW depending on wood age and year (Table 3.1). FW was lower
from one-year-old wood of ‘Clutha Summer’ than from older wood, whereas FW was
highest from four-year-old wood for StB6/6 and there was a trend for increasing FW on
older wood for CM1/4, H3/3 and StB7/1 (Fig. 3.4). Fruit from spurs were heavier
(65.6±1.3) than from shoots (61.7±1.3) (Table 3.1). FW was the same in both years for
‘Clutha Summer’ and StB7/1 but was greater in 2012 for StB14/15 and StB6/6 (Fig.
3.4). SSC and DMC were significantly affected by genotype depending on wood age
and year (Table 3.1). Fruit from four-year-old wood had lower SSC than those from
younger wood ages for StB14/15, StB6/6 and StB7/1 but not the other 3 genotypes (Fig.
3.4). SSC and DMC of StB14/15 fruit were particularly affected by wood age (Fig. 3.4).
Both SSC and DMC were higher in 2012 than in 2013 for ‘Clutha Summer’, StB6/6 and
StB7/1 but not for StB14/15 (Fig. 3.4). All fruit were harvested within the commercial
maturity range; however, those of ‘Clutha Summer’, StB6/6 and StB7/1 were harvested
at a slightly more mature stage in 2012 than in 2013 (flesh firmness was 10 to 15 N
lower in 2012), and this probably explained the higher SSC in 2012.
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Table 3.1. ANOVA P-values for main effects and two-way interactions between genotype × wood age × wood type × year for fruit set, fresh weight, soluble
solids concentration (SSC) and dry matter concentration (DMC) of apricot fruit for six genotypes at commercial harvest. ANOVA P-values for main effects
and two-way interactions between genotype × wood age × wood type × year for mealiness score, rubbery score, and flesh firmness of apricot fruit after cold
storage at 0°C for 3 weeks and shelf-life at 20°C for 4 days of apricot fruit for four genotypes.
Factor
Genotype
Wood age
Wood type
Trial year
Genotype × wood age
Genotype × wood type
Genotype × year
Wood age × wood type
Wood age × year
Wood type × year

Fruit set (%)
<0.001
<0.001
0.66
<0.001
0.05
0.02
<0.001
0.04
0.004
0.92

Fresh weight
(g)
<0.001
<0.001
0.003
<0.001
<0.001
0.12
<0.001
0.43
0.01
0.28

SSC (%)
<0.001
0.18
0.29
<0.001
0.005
0.63
<0.001
0.55
0.37
0.96

DMC (%)
<0.001
0.05
0.17
<0.001
<0.001
0.42
<0.001
0.32
0.86
0.78

Mealiness
score
<0.001
0.08
0.86
<0.001
0.76
0.10
<0.001
0.31
0.08
0.55

Rubbery
score
<0.001
0.07
0.83
0.91
0.19
0.51
<0.001
0.21
0.01
0.65

Gel
<0.001
0.12
0.72
<0.001
0.63
0.29
<0.001
0.05
0.84
0.30

Juiciness
score
<0.001
0.66
0.63
0.65
0.50
0.18
<0.001
0.58
0.94
0.66
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Fig. 3.2. Interaction between genotype and wood age for fruit set of six apricot genotypes during two
fruiting seasons (2012: solid line and 2013: dotted line) in three-way ANOVA. Error bars represent ±
standard error of the mean.

Fig. 3.3. Interaction between wood age and wood type (shoots: solid lines and spurs: dotted lines) on
fruit set of six apricot genotypes during two fruiting seasons (2012: squares and 2013: circles). Error
bars represent ± standard error of the mean.
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Fig. 3.4. Interaction between genotype, wood age and year on flesh firmness, soluble solids
concentration (SSC) and dry matter concentration (DMC) of apricots of six genotypes at harvest
during two fruiting seasons (2012: solid line and 2013: dotted line) in three-way ANOVA. Error bars
represent ± standard error of the mean.
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3.4.1.3.

Effect of bud type and wood age on fruit quality after cold storage

Mealiness score, rubbery score, gel score and juiciness scores for fruit assessed after cold
storage were all affected by genotype and year (Table 3.1). StB7/1 fruit were mealier in 2012
than in 2013, whereas year had no effect on mealiness or probably not detectable for the other
genotypes (Fig. 3.5). StB14/15 fruit were more rubbery in 2012 than 2013, StB6/6 fruit were
less rubbery, and StB7/1 and H3/3 fruit were not rubbery in either year (Fig. 3.5). The gel
score was higher in 2012 than in 2013, mainly because of higher scores for StB14/15 and
StB6/6 fruit, as StB7/1 fruit had almost no gel after storage (Fig. 3.5). StB14/15 fruit were
juicier in 2013 than in 2012, the opposite was true for StB6/6, whereas StB7/1 fruit had
similar juiciness scores in both years (Fig. 3.5).

Fig. 3.5. Effects of genotype × year on mealiness score, rubbery score, gel score and juiciness score of
fruit of four apricot genotypes after 3 weeks at 0°C and 4 days at 20°C in two-way ANOVA. A higher
score indicates greater mealiness, rubberiness, gel formation and juiciness. Error bars represent ±
standard error of the mean.
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3.4.1.4.

Effect of bud type and wood age on fruit nutrients

There were significant differences among the genotypes for all nutrients except sodium
(Table 3.2). Concentrations of Ca, P, Mn, Na and Zn were all higher in fruit from shoots than
those from spurs, whereas the K:Ca ratio was lower (Table 3.2).
3.4.2.

Trial 2

3.4.2.1.

Effect of position along shoot and wood age on fruit quality

Fruit from mid and distal regions of one-year-old wood were smaller than those from basal
regions and from all positions on two-year-old wood (P<0.001) (Fig. 3.6). Fruit from the
basal region of one-year-old shoots had higher FW when the leaf area from that node was
large e.g. >40 mm2 (Fig. 3.7). In contrast, fruit from the distal region of one-year-old shoots
had lower FW when the leaf area from that node was greater. Leaf area of fruiting nodes, and
its interaction with position along the shoot, had no effect on fruit weight of fruit on twoyear-old shoots (Table 3.3A). Leaf area from fruiting nodes was greater on two-year-old
wood than on one-year-old wood (P<0.001), but position along the shoot had no effect on
leaf area of the fruiting node (data not shown).
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Table 3.2. Concentrations of nutrients and the potassium:calcium ratio (K:Ca ratio) for apricot fruit from shoots and spurs of four genotypes. Means ±
standard errors of the mean. ANOVA P-values for main effects are shown.

Wood type
Shoots
Spurs
P-value
Genotype
‘Clutha Summer’
StB14/15
StB6/6
StB7/1
P-value

Wood type
Shoots
Spurs
P-value
Genotype
‘Clutha Summer’
StB14/15
StB6/6
StB7/1
P-value

Nitrogen
(mg g-1)

Phosphorus

Potassium

Calcium

Magnesium

Sodium

Sulphur

9.45±0.32
8.92±0.43
0.36

1.74 ±0.01
1.63 ±0.02
0.005

18.58±0.25
17.89±0.34
0.14

1.06 ±0.03
0.91 ±0.03
<0.001

0.71±0.01
0.69±0.013
0.16

0.058±0.001
0.047±0.001
<0.001

0.35±0.01
0.32±0.02
0.20

10.38±0.48
7.26±0.48
9.36±0.49
9.74±0.50
<0.001
Iron

1.73±0.03
1.67±0.03
1.80±0.03
1.55±0.03
<0.001
Manganese

18.66±0.38
19.45±0.38
18.01±0.39
16.82±0.40
<0.001
Boron

1.04±0.39
1.20±0.39
0.82±0.39
0.89±0.40
<0.001
Copper
(µg g-1)

0.73±0.01
0.72±0.01
0.67±0.01
0.67±0.02
0.001
Zinc

0.052±0.001
0.052±0.001
0.054±0.001
0.052±0.001
0.13
K:Ca ratio

0.38±0.02
0.30±0.02
0.32±0.02
0.34±0.02
0.02

17.41±0.69
15.37±0.93
0.11

6.55 ±0.14
4.83 ±0.18
<0.001

66.19±1.14
64.33±1.54
0.36

4.73±0.11
4.79±0.15
0.82

8.96±0.28
19.87 ±0.58
0.04

18.31 ±0.43
19.87 ±0.58
0.04

16.63±1.05
18.84±1.05
14.76±1.07
15.31±1.10
0.04

4.88±0.21
5.95±0.21
6.40±0.21
5.54±0.22
<0.001

58.26±1.73
80.73±1.73
72.24±1.76
49.80±1.82
<0.001

5.44±0.17
3.90±0.17
5.00±0.18
4.70±0.18
<0.001

10.74±0.43
8.17±0.43
8.93±0.43
7.86±0.43
<0.001

18.45±0.65
16.58±0.65
22.06±0.66
19.28±0.68
<0.001
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Table 3.3. A) ANOVA P-values for main effects and two-way interactions between position
along the shoot × leaf area at the fruiting node, for fruit fresh weight for ‘CluthaGold’ apricot
fruit for each shoot on either one-year-old wood (1 YOW) or two-year-old wood (2 YOW). B)
ANOVA P-values for main effects and two-way interactions between the number fruit before
fruit thinning × thinning pattern on fresh weight of ‘CluthaGold’ apricot fruit using data
aggregated for each shoot on either 1 YOW or 2 YOW.
Fresh weight (g)
Factor
1 YOW
A) Analysis: position × leaf area
Position along shoot
<0.001
Leaf area at fruiting node
0.45
Position × leaf area
0.04
B) Analysis: pre-thinning no. × thinning pattern
No fruit pre-thinning
0.40
Thinning pattern
0.36
No fruit pre-thinning × thinning
0.76
pattern

2 YOW
0.88
0.55
0.06
0.02
0.35
0.71

SSC was higher in fruit located more distally along two-year-old wood (Fig. 3.6). Fruit
from the mid and distal regions of two-year-old wood had higher SSC than fruit in any
position along one-year-old wood, but fruit from the basal region of both one-year-old
wood and two-year-old wood had similar SSC (Fig. 3.6). Fruit from the basal regions of
shoots had lower DMC than those from distal regions (Fig. 3.6). Regardless of position
on the shoot, fruit along two-year-old wood had higher DMC than those along one-yearold wood (Fig. 3.6). Leaf area at the fruiting node had no effect on fruit SSC or DMC
(data not presented).
3.4.2.2.

Effect of early season competition on fruit quality

Fewer fruit on two-year-old wood before thinning resulted in higher FW but this
response was not evident on one-year-old wood (Table 3.3B, Fig. 3.8). Fruit on oneyear-old shoots that were thinned to the basal region were larger than fruit from shoots
thinned to the distal region, or than fruit from shoots thinned uniformly along the shoot
length (Fig. 3.8). There was no effect of thinning pattern on FW of fruit on two-year-old
wood. Number of fruit pre-thinning and thinning patterns had no significant effects on
SSC or DMC (data not presented).

Reformatted from: Stanley J, Marshall R, Scofield C, Alspach P. 2015. The effects of reflective cloth and adjusted fruit distribution
on apricot fruit quality. Acta Hort. (in press).
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Fig. 3.6. Effect of position along the shoot, wood age and the interaction between position along
the shoot × wood age on fruit fresh weight, soluble solids concentration and dry matter
concentration of ‘CluthaGold’ apricots in two-way ANOVA. Error bars represent ± standard
error of the mean. 1 YOW: one-year-old wood; 2 YOW: two-year-old wood.
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Fig. 3.7. Contour plot showing the fitted trend surface for fruit fresh weight (represented by the
contour lines in grams) based on the relationship between leaf area at the fruiting node
immediately after fruit harvest (mm2) and the position of the fruit along the shoot (distance from
shoot base as a percentage of length) on one-year-old wood of ‘CluthaGold’ apricots.
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Fig. 3.8. Effect of the number of fruit pre-thinning and thinning pattern on fruit fresh weight of
‘CluthaGold’ apricots in two-way ANOVA using data aggregated for each shoot on either oneyear-old wood (1 YOW) or two-year-old wood (2 YOW). Data were grouped into three
categories containing equal numbers of samples based on their no. fruit pre-thinning, and the
mean FW was calculated for each grouping. Thinning patterns were: basal section only, evenly
spaced along shoot, or distal section only. Error bars represent ± standard error of the mean.
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3.5.

Discussion

The genotype, the age of the wood on which the fruit is borne, the wood type, the
position on the shoot and the leaf area of the fruiting node all influenced to apricot fruit
quality.
Fruit quality was significantly affected by the genotype, not only FW, SSC and DMC at
harvest, but also attributes after cold storage, including mealiness, gel formation,
rubberiness and juiciness. There were also differences in nutrient concentration among
genotypes, supporting previous results for apricot (Davarynejad et al. 2012). This
emphasises the importance of selecting cultivars that produce fruit with inherently high
quality traits. However, even once a cultivar has been planted, there are significant
variations in fruit quality within a tree, as these results and those of others have shown
(Lichou et al. 1999; Stanley et al. 2014).
Genotype affected fruit set, confirming previous observations on apricot (Alburquerque
et al. 2004; Cirillo et al. 2010; Kodad et al. 2013). In contrast to results in Spain and
Morocco (Alburquerque et al. 2004; Kodad et al. 2013), fruit set in New Zealand was
affected by season as much as it was by genotype, possibly due to the variable and
damaging temperatures that can be experienced during flowering. Fruit set was lower on
one-year-old wood, particularly one-year-old long shoots. The cultivar ‘Moniqui’ had
lower fruit set on long shoots compared to short shoots due to higher incidence of
underdeveloped pistils (Julian et al. 2010a). From our results and those in Italy (Cirillo
et al. 2010), genotype affected which shoot type had higher fruit set. Fruit set was also
lower on younger wood in apple, possibly due to later flower initiation reducing “flower
quality” and morphological differences between flowers on different aged wood
(Robbie & Atkinson 1994). Apple flower receptacles at full bloom were larger on twoyear old wood than on one-year-old laterals, and subsequently fruit from two-year-old
wood were larger at harvest (Volz et al. 1994). Flower buds from short shoots were
heavier than for those from long shoots in apricot (Julian et al. 2010a), however, in this
case, there were no differences in fruit weight between the wood types. Lower fruit set
on one-year-old long shoots may also have been related to their greater distance from
root carbohydrate reserves, or greater competition from shoot apices about to emerge,
although neither of these theories was tested. Low fruit set could result in poor yields
and, equally, high fruit set could result in high competition for resources during early
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fruit growth and before commercial fruit thinning. Greater competition in the early
season because of higher fruit numbers resulted in smaller fruit at harvest, as shown
when apricot trees were thinned later (50 d after full bloom) compared with earlier
thinning (at full bloom or 25 d after full bloom) (Chira et al. 1999).
Fruit quality varied, depending on the age of the wood from which the shoots and spurs
arose. Fruit on one-year-old long shoots or terminal spurs were smaller, or in a few
cases equal in size, to fruit from shoots and spurs arising from the older wood for all
cultivars examined in both the trials reported here and in trials in France although no
data was presented (Lichou et al. 1999). Older spurs and/ or short shoots also produced
larger fruit than on long one-year-old shoots of early ripening apricot cultivars in Italy
(Cirillo et al. 2010). Lower FW on distal and mid regions of one-year-old wood may be
because of the closer proximity of the fruit to the growing shoot apex, which may
compete for resources at peak growth periods. This theory is supported by results for
early maturing peach cultivars, in which the most rapid periods of fruit growth and
shoot growth coincided. This overlap resulting in smaller fruit size compared to late
maturing peaches where peak growth periods for fruits and shoots were temporally
separated (Dejong et al. 1987). ‘Clutha Summer’ was the earliest maturing apricot
cultivar in these trials, and showed the greatest difference in FW between one-year-old
long shoots or terminal spurs and those from two- and three-year-old shoots and spurs.
Similar responses with apple showed fruit on two-year-old spurs were heavier than
those from axillary buds on one-year-old wood or spurs from three-year-old wood or
older (Rom & Barritt 1990; Volz et al. 1994). The shoot apex has been shown to be the
strongest growth sink for peach in the early season (Bussi et al. 2009; Corelli
Grappadelli et al. 1996), when cell division is also occurring in most fruits (Costes et al.
1995; Schechter et al. 1993; Yamaguchi et al. 2002). This period of fruit growth in the
early season is also a critical contributor to determining final fruit size (Scorza et al.
1991; Stanley et al. 2000).
The oldest wood, particularly four-year-old wood, produced fruit with lower SSC and
DMC in the genotypes StB14/15 and StB7/1, and SSC and DMC were also low in fruit
on one-year-old wood of ‘CluthaGold’. Shading in late season affected sugar
accumulation in peaches (George et al. 1996). The older wood was typically located
nearer the centre of the tree, where light transmission would have been lower, based on
reported light transmission measurements in canopies of apricot and peach trees (Dichio
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et al. 1999; Luchsinger et al. 2002; Stanley et al. 2014). Therefore, given that fruit in
more shaded positions had lower SSC (Stanley et al. 2014), it was not surprising that
fruit on older wood had lower SSC and DMC in some of the genotypes in the current
study. Fruit SSC and DMC of some genotypes were not significantly different and were
higher in fruit from two-year-old wood than those from one-year-old wood. This
indicated that light was not the only factor involved in determining fruit SSC and DMC.
Wood type only affected fruit set, FW and nutrient content of fruit. Fruit set was higher
on spurs on two-year-old wood and three-year-old wood than from shoots on one-yearold wood, but there were no differences in fruit set between spurs and short shoots on
two-year-old wood or older. A similar result was found for the apricot cultivar ‘Ninfa’,
although fruit set was higher on spurs than on either one-year-old shoots or short shoots
on older wood (Cirillo et al. 2010). There were no differences found for the three other
cultivars examined by Cirillo et al. (2010). Starch content in the ovaries and ovules of
flowers was found to be higher in short shoots than on one-year-old shoots and this
could be the reason why fruit set was higher (Julian et al. 2010b). Fruit from spurs
weighed more than those from shoots for all genotypes in the current study but cultivar
affected this result in other studies. ‘Ninfa’ apricots from spurs and short shoots
weighed more than those from long one-year-old shoots, whereas the opposite was
found for ‘Pellecchiella’ and ‘Portici’ apricots (Cirillo et al. 2010). Wood type had no
effect on SSC in the current study, and there were also conflicting effects of wood type
on SSC for the four apricot cultivars in the Italian study (Cirillo et al. 2010). Fruit from
shoots had higher Ca content and lower K:Ca ratio than fruit from spurs, but no
differences in postharvest performance between fruit from the different wood types was
evident. Higher Ca in fruit has been shown to reduce postharvest softening in apricots;
however, no effects on storage disorders have been found for apricots or peaches (Lurie
& Crisosto 2005; Tzoutzoukou & Bouranis 1997), unlike other fruits (Ferguson et al.
1999).
The position of the fruit along the shoot had a significant effect on fruit quality but this
effect was also dependent on the age of the wood and the leaf area on the fruiting node.
Fruit were smaller when they were located closer to the apex of one-year-old wood
shoots, particularly when thinning patterns located all fruit in the distal region, whereas
there was no difference on two-year-old wood. This suggests that the growing apex of
long shoots may exert a competitive sink effect on early season fruit growth for those
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fruit on one-year-old wood closest to the apex. In contrast, the apex had little influence
on fruit growth on the two-year-old wood section. These results are similar to those
found when the effect of thinning patterns on FW in peach was examined (Corelli
Grappadelli & Coston 1991). The major source of carbon for fruit growth in the early
season during the critical cell division period was the fruiting lateral shoot for peach and
the spur leaves and short, terminated bourse shoots for apple (Corelli Grappadelli et al.
1996; Lakso & Corelli 1992; Tustin et al. 1992), so a positive correlation between
fruiting node leaf area and FW might be expected for apricot. This was found to occur
in Trial 2 for ‘CluthaGold’ apricot fruit at the base of one-year-old shoots. However,
fruits located at the distal end of one-year-old shoots had lower FW when leaf areas
arising from individual fruiting nodes were high. In the Japanese apricot (Prunus mume
Sieb. et Zucc.), carbohydrate competition between shoots and fruit began in the early
season, when fruits received only 30% of

13

C distribution (Tsuchida et al. 2011) and

vigorous fruiting spurs exported carbohydrate to the extension shoot in apple in the
early season (Lakso & Corelli 1992). Initial size of leafy shoots was found to be one of
the important factors that affected peach fruit size (Genard et al. 1998). These results
suggest that nodes closer to the carbohydrate sink of the growing shoot tip, i.e. at the
distal end of the long shoot, may be more likely to supply assimilate from their leaves to
the extension shoot, which is the priority sink during active shoot growth. This could be
further confirmed by studies of labelled carbon distribution from leaves in different
positions along the shoot.
Fruit on spurs nearer the base of two-year-old wood in Trial 2 had lower SSC and
DMC, but fruit position along the one-year-old wood shoot had no effect on these
attributes. Fruit SSC and DMC have been shown to be greater in upper regions of the
tree in apricot, peach, nectarine, plum and apple (Kong et al. 2011; Luchsinger et al.
2002; Stanley et al. 2014; Tustin et al. 1988; Walsh et al. 2007), where light
transmission was higher (Genard & Baret 1994; Luchsinger et al. 2002; Stanley et al.
2014; Tustin et al. 1988). Therefore, the lower fruit SSC and DMC on the basal
positions of two-year-old wood shoots may be due to their locations in more shaded
regions of the tree. Lower SSC and DMC was found in apricots in Trial 1 and in apples
(Tustin et al. 1988) from three-year-old wood and four-year-old wood, thought to be in
more shaded area of trees, further evidence that shading may play a role. Fruit in the
apical section of apple branches were also heavier than those in basal sections of twoReformatted from: Stanley J, Marshall R, Scofield C, Alspach P. 2015. The effects of reflective cloth and adjusted fruit distribution
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year-old wood, three-year-old wood and four-year-old wood. Artificial shading during
fruit growth stage I early in the season, reduced FW in peach; however, it was shading
in growth stage III close to harvest that reduced SSC (George et al. 1996). Late in the
season would have been when the basal positions on two-year-old wood would have
been much more shaded than the distal positions on the same shoots. Apricot fruit
directly exposed to high light transmission had higher SSC (Dichio et al. 1999). The
one-year-old shoots in this study were closer to the outside of the canopy and the whole
shoot was more likely to be in the higher light environment. However, even in a higher
light environment, SSC and DMC of one-year-old ‘CluthaGold’ fruit were lower than
from two-year-old fruit, evidence that light was not the only factor involved.
Competition with the growing apex in growth stage III may be important for SSC and
DMC accumulation. In addition, one-year old flowers may open later, be smaller and
have an inferior growth potential.
Both genotype and year significantly affected postharvest chilling injury symptoms,
which have been previously observed for apricot and peach (Martinez-Garcia et al.
2012; Stanley et al. 2010). Greater mealiness development in cold-stored fruit from
spurs and short shoots on older wood, which were likely to be in shadier canopy
positions, matches results for peach, in which fruit grown in inner, shaded canopy
positions showed a greater incidence of internal breakdown after cold storage than those
grown in outer canopy positions (Crisosto et al. 1997).
The effect of the initial number of fruit on FW has implications for those cultivars that
have high fruit set and earlier fruit maturity. Whilst high fruit set may be seen as a
positive attribute for apricots as a safeguard against low yields following late spring
frosts, it has a negative effect on fruit size. This can be countered to some extent by
earlier thinning (Rettke & Dahlenburg 1999).
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3.6.

Conclusions

Highest quality apricot fruit, expressed as FW, SSC and DMC, were located on twoyear-old wood or three-year-old wood for most genotypes, and for ‘CluthaGold’, they
were improved further when located towards the distal end of two-year-old wood. On
one-year-old wood, fruit towards the base of the shoot had higher FW, SSC and DMC.
The underlying factors affecting fruit quality appeared to be associated with competition
for carbon resources, between fruit and vegetative growth, and amongst fruit. FW was
reduced by early season competition. It was possibly affected by the leaf area of the
fruiting shoot, which is known to supply carbohydrate directly to the subtending fruit in
the early season, when cell division affects final fruit size. Whilst leaf area was only
measured at harvest, a correlation between early season and late season leaf area would
be expected. These results also suggested that distally located fruit may have increased
competition for resources from the growing shoot tip as the fruiting node leaf area
increased. The location of fruit after thinning also affected fruit quality.
The lower fruit SSC and DMC on older wood was probably related to lower light
penetration into the location of this wood in the lower and inner regions of the canopy.
Lower light may also have increased susceptibility to chilling injury of cold-stored fruit.
Further research is needed to separate the effects of shading and carbohydrate
competition on apricot fruit quality. In particular, carbon labelling could be used to
identify whether leaves on fruiting nodes nearer the shoot tip export carbohydrate to the
shoot tip in the early season, rather than those nodes in the basal region of the shoot.
The practical extension of this work in the short term would be to examine the effects of
differential thinning and modifications to tree structure and pruning.
These results have implications for orchard management to improve fruit quality and
uniformity within apricot trees. Possible techniques that could utilise knowledge of the
variation include training and pruning to favour two- and three-year-old wood and
reduce shading in lower canopy positions. Other possibilities include differential
thinning to reduce fruit numbers of distal regions of one-year-old wood and basal
regions on older wood. Thinning to the same overall crop load, but removing fruit from
“poor quality” bud locations and retaining fruit in “high quality” bud locations, could
improve overall fruit quality. Earlier thinning would reduce competition among fruit
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sooner. The longer term goal would be to redesign training and pruning systems to
favour certain wood types for each cultivar.
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4.1.

Abstract

Apricot fruit harvested from lower, inner regions of the canopy are smaller and have
lower soluble solids concentrations (SSC) than those from upper and outer canopy
regions. A randomised, complete block trial was established using ‘CluthaGold’ apricot
trees to investigate whether reflective cloth and/or adjustments to the distribution of
fruit within these canopy regions could improve overall fruit quality. Extenday®
reflective ground covers were placed along row aisles from pit hardening until harvest,
with “uncovered” rows as controls. Fruit thinning was used to produce a standard fruit
distribution within trees, typical of commercial orchards, spacing fruit approximately 8
cm apart along branches. An “adjusted fruit distribution” treatment was applied, with all
fruit removed from the lower inner canopy zones and the equivalent number of
additional fruit retained in the upper canopy. In all treatment combinations, fruit from
the lower canopy regions were smaller and had lower SSC than fruit from the upper
canopy. Reflective cloth increased light reflected up into the lower canopy and
increased fruit fresh weight (FW) and SSC of fruit in this part of the canopy; however,
these fruit were still smaller and had lower SSC than fruit from the upper canopy of
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trees from any of the treatments. Adjusted fruit distribution did not affect FW or SSC of
fruit grown in the upper canopy even though more fruit were located there. This
corresponded to approximately 15% more fruit that were larger and had higher SSC
than from standard trees. These results have identified potential short-term management
techniques to increase fruit quality in older, more shaded apricot canopies.

Reformatted from: Stanley J, Marshall R, Scofield C, Alspach P. 2015. The effects of reflective cloth and adjusted fruit distribution
on apricot fruit quality. Acta Hort. (in press).

97

4.2.

Introduction

Variation in fruit quality of apricots (Prunus armeniaca) within trees, caused by
position in the canopy, wood type and branch bending, is a significant problem (Lichou
et al. 1999) and results in consumer dissatisfaction if fruit have low soluble solids
concentrations (SSC) (Stanley et al. 2015; Stanley et al. 2013a). Apricot fruit from
upper canopy positions are larger and have higher SSC than those in lower canopy
positions, where light penetration was significantly less (Lichou et al. 1999; Stanley et
al. 2014).
Orchard management practices that increased the size and SSC of the poorer quality
fruit, particularly in the lower canopy, would reduce variability, improve overall fruit
quality and result in greater satisfaction to consumers. The use of reflective cloth on the
ground to increase light into the lower canopy has improved fruit quality in this canopy
region for other stonefruit, including plum, peach and nectarine (Andreotti et al. 2010;
Kim et al. 2008; Layne et al. 2001; Vangdal et al. 2007).
An alternative approach would be to redistribute the crop so that a greater proportion of
fruit was located in high-light regions of the tree. This would result in greater fruit
numbers being located on upper canopy branches; however, if branches are
autonomous, i.e. the branch carbon economy is independent of the rest of the tree, there
would be increased competition on those branches and the fruit quality would be
potentially reduced. The evidence for branch autonomy has been inconclusive. Some
studies on apple, grape and peach found that branches were not autonomous (Intrigliolo
et al. 2009; Palmer et al. 1991; Walcroft et al. 2004), whereas others studies on peach
found the opposite (Marsal et al. 2003; Nicolas et al. 2006). These studies did not test
the effect of redistributing fruit to high-light positions within the canopy. Only one of
the studies evaluated the effect of modified distribution on SSC, in which SSC was not
significantly different among shoots of different cluster distributions but was only
affected by changing whole vine crop loads (Intrigliolo et al. 2009).
The aim of this investigation was to examine whether improving the light environment
in the lower canopy by using reflective cloth, and/or redistributing the same crop load to
higher light positions within the canopy, could improve fruit quality of some or all of
the fruit within the tree.
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4.3.

Materials and Methods

An experiment was carried out over the 2012/2013 season on 15-year-old multi-leader
‘CluthaGold’ trees on a commercial orchard in the Earnscleugh region of Central Otago.
The trial consisted of a randomised complete block design of 2 x 2 treatments, ±
adjusted fruit distribution and ± reflective cloth. Six replicates of three trees for each of
these treatments gave a total of 24 measurement trees, and one guard tree on either side.
Extenday®, a woven white, reflective fabric, was placed along row aisles on both sides
of the trees in the reflective cloth treatment from pit hardening until harvest (reflective
cloth treatment), whereas grass remained uncovered between control trees (uncovered
treatment). Trees in the “Standard fruit distribution” treatment were commercially
thinned by hand to have approximately 8 cm distance between fruit. The number of fruit
removed from each tree was counted and the mean number of fruit removed per cm²
trunk cross sectional area (TCA) was calculated. A similar number of fruit per cm² TCA
were removed from the adjusted fruit distribution trees; however, in this case all fruit
were removed from the lower inner canopy and the equivalent numbers of additional
fruit were retained in the upper canopy (approximately 15% of the remaining fruit). The
numbers of fruit remaining on all trees were counted. Fruit numbers per cm2 TCA for
the standard and adjusted fruit distribution trees were similar (8.7 and 8.9 respectively,
standard error of the difference=0.07, P=0.17) and therefore no further adjustments
were made.
Before harvest, light readings within the canopy and reflected light from the ground
were taken with a light meter (Li-Cor® LI-190 PAR quantum sensor) on ten trees, five
with

Extenday

and

five

without.

Sixteen

instantaneous

measurements

of

photosynthetically active radiation (PAR) for each of four equidistant layers up the tree
(and representing inner and outer canopy positions within each layer) were recorded for
intercepted light, and 16 reflected light readings were taken in the lower canopy with
the sensor facing downwards. PAR was measured above the canopy simultaneously, so
that the percentage ambient PAR within the canopy could be calculated.
Twenty fruit from each canopy zone (upper outer, upper inner, lower outer and lower
inner) in each tree were harvested for immediate assessment on one of four harvest
dates over a 19-day period. Harvest was recorded as Julian days, which is the number of
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days from 1 January. Fruit were harvested when at least 30 to 40% of fruit in that region
for that tree were considered to be at commercial harvest maturity. In some cases, only
10 fruit from one region of a tree were harvested on a particular day and the remainder
were harvested at a later date. A total of 1920 fruit were assessed.
Fruit fresh weight (FW) of individual fruit was measured. Flesh firmness on both the
blush and non-blush sides was measured using a GUSS Fruit Texture Analyser fitted
with a 7.9-mm head (GUSS Manufacturing Ltd, South Africa) after a small patch of
skin had been removed, and the average fruit firmness value was calculated. Penetration
speed, trigger force and penetration distance were set to 10 mm s-1, 0.5 Newtons (N) and
8 mm, respectively. Using the juice obtained while measuring firmness, the soluble
solids concentration was recorded using an Atago refractometer (Pocket refractometer
PAL-1 Tokyo, Japan). Dry matter concentration was then obtained by drying one
vertical slice with a household food dehydrator from the blush and non-blush side of
each fruit, weighing pre- and post-drying, and calculating the percentage.
Linear mixed models were fitted to the data using the asreml package (Butler et al.
2009) for R 2.15.0 (R Development Core Team 2012). Before analysis, mean data for
each canopy region within each tree were calculated. Fixed effects were reflective cloth
treatments, fruit distribution treatments, height within the canopy (upper or lower) and
position within the canopy (inner or outer), and all two-way interactions. Random
effects were the replicates and plot within replicate. In the case of the light
measurements, height was measured in four layers and only five reflective cloth
treatment trees and five uncovered grass treatment trees were measured.
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4.4.

Results and Discussion

There was less ambient PAR reaching the lower canopy layers than the upper canopy
layers (P<0.001); however, there were no differences between inner and outer canopy
positions within the same layer except in the lowest layer (Table 4.1). In the reflected
cloth treatment, light flux reflected back into the lower canopy was 2.7 times greater
than that in the uncovered grass control treatment (P<0.001), particularly in the outer
canopy, which was closer to the reflective cloth in row aisles (Table 4.1). Although the
reflective cloth was slightly different from the Extenday used in this trial, trials in peach
orchards found that the spectral distribution of the reflected light was similar to that of
incident sunlight, so would be likely to contribute in a similar way (Layne et al. 2001).
Total light received in the lower canopy with reflective cloth (19.3+33.1=52.4) was
similar to that received in the upper-middle canopy. These results confirmed those for
other fruit trees that showed reflective cloth increased light transmission into the lower
canopy (Andreotti et al. 2010; Kim et al. 2008; Layne et al. 2001).
Table 4.1. Light transmission (% ambient photosynthetically active radiation) to different
canopy positions in ‘CluthaGold’ apricot trees into different canopy layers from above and into
lower canopy up from the ground. Values ± standard error. P-values shown for main effects and
interactions.
Canopy layer
Light received from above
Upper
Middle (upper)
Middle (lower)
Lower
Mean (P-value 0.21)
Light transmitted from below
Uncovered treatment
Reflective cloth treatment
Mean (P-value <0.001)

Outer
Inner
P-value interaction 0.10
72.5±3.2
72.0±5.6
43.5±3.2
49.9±5.6
35.4±3.2
29.1±5.6
33.1±3.2
16.9±5.6
46.1±1.6
42.0±2.8
P-value interaction 0.002
6.7±0.5
5.4±0.8
19.3±0.5
13.7±0.8
13.0±0.6
9.6±0.3

Mean
P-value <0.001
72.3±3.3
46.7±3.3
32.2±3.2
25.0±3.3
P-value <0.001
6.0±0.5
16.4±0.5

FWs were 7.7 g larger, and SSC and DMC were 1.8 and 1.7% higher (P<0.001) for fruit
in the upper canopy than those in the lower canopy (Table 4.2), confirming results
found previously for apricot (Stanley et al. 2014) and other stonefruits (Lurie &
Crisosto 2005; Walsh et al. 2007). The FW would make a large difference commercially
and the higher SSC and DMC would increase consumer satisfaction (Stanley et al.
2015). Although fruit from the inner canopy had slightly lower DMC than those from
the outer canopy, the differences were not commercially significant. In the lower
canopy, fruit from the inner region were slightly larger and had slightly higher SSC and
DMC than those from the outer canopy (Fig. 4.1). This may have been a result of the
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lower inner canopy fruit having a flesh firmness of 38.1 N compared with 45.7, 45.6
and 46.5 N for lower outer, upper inner and upper outer regions respectively (P<0.001,
standard error ±1.3) and were therefore slight more mature. In addition, this had more
light reached this region of the canopy compared to the lower outer positions (Table
4.1), because of the open centre of the multi-leader tree shape. In the upper canopy, fruit
from the outer region had higher SSC and DMC than in fruit from the inner region.
Fruit from the lower canopy were harvested much later than those from the upper
canopy (Table 4.2). The lower inner canopy fruit were harvested 2 weeks later than
upper outer canopy fruit (Fig. 4.1).
Table 4.2. Day of harvest, fruit fresh weight, soluble solids concentration (SSC) and dry matter
concentration (DMC) for canopy layer (upper or lower) and canopy position (inner or outer)
within ‘CluthaGold’ apricot trees. Values ± standard error. P-values shown for main effects.

Canopy regions
Canopy layer
Upper
Lower
P-value
Canopy position
Inner
Outer
P-value

Day of
harvest
(Julian
day)

Fresh
weight (g)

SSC (%)

DMC (%)

29.6±0.2
39.0±0.2
<0.001

64.6±2.0
56.9±2.0
<0.001

11.6±0.1
9.8±0.1
<0.001

13.2±0.1
11.5±0.1
<0.001

36.5±0.2
32.1±0.2
<0.001

61.9±2.0
59.6±2.0
0.03

10.7±0.1
10.7±0.1
0.51

12.2±0.1
12.5±0.1
0.05

Fig. 4.1. Fruit fresh weight, soluble solids concentration (SSC), timing of harvest and dry matter
concentration (DMC) for canopy layer (upper or lower) × canopy position (inner or outer) in
‘CluthaGold’ apricot trees. The mean is represented by a solid circle; the bar is separated from
the standard error by a small gap for easy recognition of the error range. Error bars represent ±
standard error. P-values shown for interactions were 0.006, <0.001, <0.001 and <0.001
respectively.
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Reflective cloth increased FW compared with that in the uncovered control (Table 4.3).
Whilst reflective cloth resulted in an increase in FW in both the lower and upper
canopy, it was only significantly higher in the upper canopy (Fig. 4.2). SSC and DMC
increased in fruit from the lower canopy but not in the upper canopy (Fig. 4.2).
However, overall there was a small but significant increase in both traits (Table 4.3).
Reflective cloth has not consistently improved all these quality traits for other fruits. It
increased FW in plum, persimmon and in one year, kiwifruit (Andreotti et al. 2010;
Thorp et al. 2001), but not in peach or plum, nor in a different year for kiwifruit (Kim et
al. 2008; Layne et al. 2001; Thorp et al. 2001). However, in the kiwifruit experiment,
reflective cloth increased return bloom so this resulted in higher yields rather than
improved fruit quality in the second year (Thorp et al. 2001). SSC increased in
reflective cloth treatments for nectarines (Andreotti et al. 2010), but was inconsistent for
plum and peach (Kim et al. 2008; Layne et al. 2001; Vangdal et al. 2007). Harvesting of
fruit at commercial maturity from the reflective cloth treatment was statistically earlier
than that from the uncovered treatment; however, the difference was less than a day and
unlikely to be commercially significant (Table 4.3). This differed from peach and
persimmon, in which reflective cloth advanced harvest date (Layne et al. 2001; Thorp et
al. 2001), although in the case of persimmon, the reflective cloth was installed from
flowering through to harvest.

Fig 4.2. The effect of inter-row reflective cloth on fruit fresh weight, soluble solids
concentration (SSC), timing of harvest and dry matter concentration (DMC) in the upper and
lower canopy of ‘CluthaGold’ apricot trees. The mean is represented by a solid circle; the bar is
separated from the standard error by a small gap for easy recognition of the error range. Error
bars represent ± standard error. P-values shown for interactions were 0.31, 0.002, 0.004 and
0.04 respectively.
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Table 4.3. Day of harvest, fruit fresh weight, soluble solids concentration (SSC) and dry matter
concentration (DMC) for reflective cloth treatments (reflective cloth or uncovered) and fruit
distribution treatments (adjusted distribution or standard distribution) for ‘CluthaGold’ apricot
trees. Values ± standard error. P-values shown for main effects.
Treatments
Reflective cloth treatment
Reflective cloth
Uncovered
P-value
Fruit distribution treatment
Adjusted distribution
Standard distribution
P-value

Day of harvest
(Julian day)

Fresh weight
(g)

SSC (%)

DMC (%)

34.0±0.2
34.6±0.3
0.008

62.6±2.2
58.9±1.8
0.008

10.9±0.1
10.5±0.1
<0.001

12.5±0.1
12.2±0.1
0.006

34.4±0.2
34.2±0.2
0.57

60.4±1.9
61.2±2.1
0.97

10.7±0.1
10.6±0.1
0.09

12.4±0.1
12.3±0.1
0.52

Adjusting the fruit distribution within the canopy did not affect the FW, fruit SSC or
DMC in the tree (Table 4.3) or within the upper or lower canopy. This meant that since
approximately 15% more fruit were located in the upper canopy, 15% more fruit in the
adjusted fruit distribution treatment had improved fruit quality traits compared with the
standard fruit distribution treatment. These results showed that fruit in high-light
positions within the canopy achieved improved fruit quality compared with those in
low-light positions, even though there were greater fruit numbers on those branches.
However, if branches are not autonomous (Intrigliolo et al. 2009; Palmer et al. 1991;
Walcroft et al. 2004), then relocation of resources from less fruitful branches may also
have played a role. The modified fruit distribution did not affect harvest timing (data not
presented).
This project was undertaken in a single season. Use of reflective ground covers can
have cumulative effects, improving return bloom and fruit quality, if used over more
than one season (Thorp et al. 2001). Improvements in the light environment of the lower
canopy regions of apricot trees with reflective ground covers might be expected to
improve the quality of fruiting sites in subsequent years and possibly fruit quality
beyond that expected from a single use application. Further research is required to
confirm this.
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4.5.

Conclusions

The light environment in which fruit grow is critically important for apricot fresh
weight and quality and is a limiting factor within existing apricot fruit trees. Short-term
solutions include using inter-row reflective cloth or adjusting fruit distribution within
the canopy. Whilst reflective cloth increased fruit quality in the lower canopy, the fruit
did not attain the quality of fruit grown in the upper canopy. In this regard, modification
of fruit distribution so that more fruit was in the upper canopy, resulted in far more fruit
attaining the highest quality from the crop. Therefore, this would appear to be a more
suitable short-term solution to increase the proportion of high quality fruit in the tree;
however, there are some disadvantages with this strategy. Firstly, there would be a
labour cost to harvest the higher fruit number in the upper canopy because of increased
ladder work. Secondly, the modified fruit distribution would be more complex to
explain to workers thinning the trees, and more prone to errors. Another possible
solution would be to examine the potential for using artificial spur extinction (ASE) in
apricot trees. ASE is a system that reduces the density and distribution of floral buds
through the canopy by selectively removing buds before budbreak (Lauri et al. 2004;
Tustin et al. 2012) and it enhances light penetration into the canopy (Lauri et al. 2004).
The ultimate solution would be to redesign the orchard training system so that the whole
tree received sufficient light to produce uniform, high quality fruit in all regions of the
canopy (Tustin 2014).
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Highlights


Harvest maturity of apricots affected softening rate during and after storage at 0°C.



Mealiness and gel formation only developed during softening after storage at 0°C.



A sensory panel disliked mealy, gelled or over-soft fruit even when still juicy.



Flesh firmness correlated with uronic acid content of water-soluble pectin, regardless of
harvest maturity or chilling disorder presence.
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In stored fruit, water- and CDTA-soluble pectin increased as chilling disorders
increased.

5.1.

Abstract

Apricots (Prunus armeniaca) were held in air storage at 0°C and ripened at 20°C, or ripened
at 20°C straight after harvest, and changes in fruit quality quantified using postharvest and
sensory evaluations. Maturity at harvest significantly affected flesh firmness and other quality
factors. Mealiness and gel formation only developed in fruit that had been stored at low (0°C)
temperatures. Mealiness did not develop until firmness dropped below approximately 20 N,
whereas gel formation began to develop when firmness was as high as 35 N. Development of
mealiness and loss of juiciness were correlated; however, slight mealiness was perceived
when fruit were still considered juicy. Specific cultivar-related differences were evident in
the changes in firmness and development of gel formation during and after cold storage. Fruit
were less liked by the sensory panel when firmness dropped below 20 N, as juiciness
decreased and mealiness and gel formation increased. Cell wall studies showed changes in
yields of water-soluble and CDTA (trans-1,2-cyclohexanediaminetetraacetic acid)-soluble
pectin. In fruit ripened after cold storage, mealiness and gel formation was accompanied by
an increase in water-soluble pectin and an increase in CDTA-soluble pectin, whereas in
apricots ripened straight after harvest, water-soluble pectin increased but CDTA-soluble
pectin slightly decreased. All fruit, regardless of maturity or having chilling disorders or not,
fitted the same correlation between firmness and uronic acid content of water-soluble pectin,
but no pattern was evident for CDTA-soluble pectin. We concluded that the increasing
solubilisation of pectin was a major feature of fruit softening in apricot, whereas the
differences in CDTA-soluble pectin may reflect differences in strength of cell adhesion.
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5.2.

Introduction

Fruits are not always consumed immediately after harvest and are therefore held in cold
storage, to delay the onset of ripening. Many fruits retain sufficiently high quality to give a
pleasurable and satisfying experience when eaten after months in storage. Some apple
cultivars have been stored successfully for 12 months, kiwifruit for 7 months and grapes for 5
months (Gross et al. 2004; OECD 1996). Similarly, storage life of some stonefruits, such as
plums, peaches, nectarines and sweet cherries, has been extended to between 6 and 8 weeks
(Gross et al. 2004; Lill et al. 1989; OECD 1996; Remon et al. 2003).
Many apricot cultivars (Prunus armeniaca) could be stored in refrigerated conditions for up
to 4 to 6 weeks and still show acceptable flesh firmness. However, once taken out of storage
and ripened at 20°C, the fruit softened rapidly and became inedible (Infante et al. 2008;
Stanley et al. 2010). Apart from softening relatively quickly even in cold storage, apricots
also developed chilling injury symptoms when stored below 7°C, such as mealiness, loss of
juiciness or gel breakdown (Jooste & Khumalo 2005; Manolopoulou & Mallidis 1999;
Seibert et al. 2010; Stanley et al. 2010). Mealiness and woolliness in fruit have both been
associated with textural changes and loss of juiciness (Manganaris et al. 2008; Von
Mollendorff & Devilliers 1988). Whilst some authors consider them to represent the same
condition, others emphasise the difference between the presence of soft and dry fibre
(woolliness) and a sandy texture (mealiness) (Arana et al. 2007). As a consequence of these
issues, apricots have been stored commercially for a maximum of 3 weeks (I. Hofma, Le
Fresh, pers. comm.). Some apricot cultivars could only be stored for a maximum of 2 weeks
(Manolopoulou & Mallidis 1999).
Fruit softening is associated with the solubilisation and degradation of cell wall
polysaccharides, particularly pectins. An increase in water-soluble pectin is often associated
with a loss of galactose, arabinose and galacturonic acid from more tightly cell wall-bound
pectin fractions. Pectin solubilisation is usually accompanied by depolymerisation during
ripening, and changes in CDTA-soluble pectin, making up the middle lamellae and regarded
as the glue that holds cells together, lead to changes in cell wall integrity in fruits (Brummell,
2006). Both pectin solubilisation and depolymerisation in fruit vary from species to species,
from very little in fruits that ripen to a crisp texture (apple, pepper), to a great extent in fruits
that ripen to a soft melting texture (kiwifruit, peach, tomato) (Brummell 2006).
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Pectin solubilisation during fruit maturation and ripening has been shown in apricot
(Bouranis & Niavis 1992). The amount of tightly bound pectin was reduced and more pectin
became loosely bound during maturation and ripening of fruit on the tree (Bouranis & Niavis
1992; Femenia et al. 1998). Firmness at harvest correlated strongly with water-soluble pectin
content (Missang et al. 2012). Galactose and uronic acid (UA) content decreased during
maturation for all cell wall fractions, whereas the proportion of arabinose increased in the
water- and CDTA-soluble fractions and decreased in the Na2CO3-soluble fraction (Femenia
et al. 1998), suggesting that decline in cell wall strength and cell-to-cell adhesion associated
with apricot fruit ripening were linked to the structural changes in the pectic polysaccharides
(Femenia et al. 1999). The cell wall enzyme β-galactosidase was related to maturity stage at
harvest (Kovacs & Nemeth-Szerdahelyi 2002), and increased as fruit matured on the tree
(Kovacs et al. 2008).
Cell wall differences between non-mealy and mealy fruit after cold storage have been
reported in nectarines, peaches and plums. In nectarines, there was a loss of UA from cell
wall material for both mealy and non-mealy fruit during ripening after cold storage, and
differences in relative amounts of xylose and galactose were reported (Hobbs et al. 1991).
Intercellular adhesion was less in mealy peaches than in non-mealy peaches. A higher
proportion of cells remained intact and did not release their cellular contents when mealy
peaches were crushed (Brummell et al. 2004b). CDTA-soluble pectins were partially
depolymerised during cold storage of mealy peaches, but this did not occur in unripe or ripe
juicy fruit. Arabinose content in the tightly bound 4 M KOH fraction declined, whereas it
increased in the Ca2+-bound CDTA-soluble pectin fraction during natural ripening of
peaches. These changes did not occur in mealy fruit, and the activity of a number of enzymes
was lower than in normal fruit (Brummell et al. 2004a; Brummell et al. 2004b). The changes
resulted in breakage of tissue along enlarged air spaces, rather than across cells, and this
reduced the amount and availability of free juice when tissue was chewed. A higher
proportion of tightly bound pectins and less loosely bound pectins were found in mealy plums
than in normally ripened plums (Manganaris et al. 2008). Less pectin depolymerisation in the
water-soluble and CDTA-soluble fractions occurred in the mealy plums than in juicy plums
(Manganaris et al. 2008).
Reports on cell wall changes in apricots during and after cold storage are scarce. During cold
storage of apricots, total pectin and solubilised neutral carbohydrate content decreased
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(Kovacs & Nemeth-Szerdahelyi 2002). β-Galactosidase activity increased for one cultivar
that softened significantly during storage, but decreased during storage for a second cultivar
that was already soft at harvest (Kovacs et al. 2008). There are no reports on changes in cell
wall properties in apricots during development of mealiness in cold storage.
In this study, we examined loss of firmness, change of soluble solids concentration, loss of
juiciness, development of mealiness and gel formation and changes in chemistry of pectin of
two cultivars of apricots, ‘Larclyd’ (marketed as Genevieve) and ‘CluthaGold’, during cold
storage and subsequent ripening at ambient temperature. The aim was to determine the effect
of maturity at harvest and cold storage on correlations among these fruit properties.
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5.3.

Materials and Methods

5.3.1.

Plant material and experimental design

5.3.1.1.

Experiment 1

Fruit of cultivar ‘Larclyd’ (marketed as Genevieve) at the stage of commercial maturity were
harvested from multi-leader trees at Earnscleugh, Central Otago, New Zealand, on 11 March
2010. After harvest, 15 replicate fruit were assessed immediately (to determine fruit
properties at harvest) and 15 fruit were placed at 20°C to ripen, of which five fruit were
assessed after each of 3, 5 and 7 d. Other fruit were placed in storage at 0.5°C and 85%
relative humidity. Fifteen fruit were removed from the storage after 2, 4 and 6 weeks and five
fruit were assessed for postharvest and sensory attributes after each of 0, 3 and 5 d of shelflife at 20°C. In total, 75 fruit were assessed. Storage, ripening and sampling regime for cell
wall analyses is illustrated in Fig. 5.1A.
5.3.1.2.

Experiment 2

Fruit of three maturity classes (judged on skin colour) were harvested from five centre-leader
mature ‘CluthaGold’ trees and five multi-leader mature ‘Larclyd’ trees in different orchards
at Earnscleugh, Central Otago, New Zealand. Fruit in maturity class 1 (M1) were the least
mature fruit and had green skin colour radiating out from the suture line. Maturity class 2
(M2) fruit were considered of commercial maturity and had a small amount of green skin
colour inside the suture line. Maturity class 3 (M3) fruit had no green skin and were mostly
orange in colour. ‘CluthaGold’ fruit were harvested on 26 January and 3 February 2011 and
‘Larclyd’ fruit on 28 February and 9 March 2011.
Fifteen fruit (three fruit from each of five trees) per cultivar were assessed immediately for
each maturity class on each of the harvest dates and fifteen were placed at 20°C and assessed
after 4 d of shelf-life. The remaining fruit were placed in storage at 0°C and 85% relative
humidity. Thirty fruit (six fruit per tree) for each maturity class x harvest date combination
were removed from the cold store after 3, 4 and 6 weeks and fifteen fruit were assessed after
0 and 4 d of shelf-life at 20°C. In total, 1680 fruit were assessed. Storage, ripening and
sampling regime for cell wall analyses are illustrated in Fig. 5.1B.
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Fig. 5.1. Apricot storage, ripening and sampling regimes for fruit from experiment 1 (A) and
experiment 2 (B). Samples for cell wall analyses were collected at time points indicated (*). For
experiment 2, ‘Larclyd’ fruit from Maturity class 1, Maturity class 2 and Maturity class 3 were
collected for cell wall analyses. Abbreviations. Wks, weeks in storage (at 0.5°C for experiment 1 and
0°C for experiment 2); d, days of shelf-life at 20°C.

5.3.2.

Instrumental and sensory evaluation

Fruit were assessed for flesh firmness and soluble solids concentration (SSC). After a small
circle of skin had been removed using a mandolin slicer, flesh firmness was measured on
opposite sides of each fruit along the equatorial zone, using a 7.9-mm diameter probe
attached to a GUSS FTA penetrometer (GUSS Manufacturing Ltd., South Africa).
Penetration speed, trigger force and penetration distance were set to 10 mm s -1, 0.5 Newtons
(N) and 8 mm, respectively. Data were calculated as the mean of measurements from a fruit
sample and expressed in Newtons. SSC of expressed juice was measured using a digital
refractometer (Atago, Tokyo, Japan). In experiment 1, fruit were assessed for free juice
content following the method described by Lill and Van der Mespel (1988). In experiment 2,
dry matter concentration (DMC) was determined by taking the fresh and dry weight of two
vertical slices from opposite sides of the fruit (including skin and flesh but excluding the
stone). In experiment 2, each fruit was assessed for gel formation on a scale from 0
(no gel) to3 (severe gel). The score was based on the proportion of flesh that had a glassy
appearance: from 1 representing <10% glassy flesh to 3 representing >50% glassy flesh.
At all time points except at harvest, each fruit was tasted by at least one (experiment 1) or
two (experiment 2) of three trained assessors independently and rated for mealiness and
juiciness. Mealiness was considered to be a woolly or lumpy texture and fruit were scored on
a scale from 0 (no mealiness) through to 3 (high mealiness). Juiciness was considered to take
into account the amount of free fluid released from the sample during chewing and fruit were
scored for juiciness on a scale from 0 (no juice) through to 3 (very juicy).
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Fruit to be assessed for cell wall analyses were peeled; the flesh was diced, frozen in liquid
N2 and stored at -80°C until analyses were carried out.
5.3.3.

Cell wall isolation and extraction

Frozen tissue (70 g) was ground using a mortar and pestle under liquid N2. Preparations of
cell wall material were carried out as described in Prakash et al. (2012), omitting the DMSO
extraction step, as apricots contain no starch (Kurz et al. 2010). In brief, endogenous cell wall
enzymes were inactivated in methanol - chloroform - water- formic acid (16:5:1:1 v/v) and
after centrifugation, the residue washed twice in ethanol (80% v/v) followed twice by water.
Only the water washes were kept, combined, dialysed against water for 10 d with daily water
change, concentrated using a rotary evaporator, and freeze-dried to give the water-soluble
extract (WS). The residue after the water washes was dialysed as described above and freezedried to give the cell wall material (CWM). An aliquot (10 mg) of the cell wall material was
retained for neutral sugar and UA analyses. CWM was extracted in 0.05 mol L-1 CDTA in
0.05 mol L-1 potassium acetate (pH 6.5), and the supernatant dialysed against 0.1 mol L-1
ammonium acetate (pH 5.2) for 3 d with daily buffer change, followed by water for 7 d with
daily water changes, concentrated by rotary evaporation, then freeze-dried to give the CDTAsoluble extract. Freeze-dried material was weighed and yields recorded.
5.3.4.

Analytical methods

For experiment 1, the neutral sugar content of the cell wall fractions was analysed after the
method of Albersheim (1968) by hydrolysis of the cell wall fractions in 2 M trifluoroacetic
acid for 1 h at 121°C followed by the conversion of the sugars into alditol acetates and
separation by gas–liquid chromatography. The UA content of the cell wall fractions was
determined using the methods of Ahmed and Labavitch (1978) and Blumenkrantz and AsboeHansen (1973).
5.3.5.

Data Analysis

A combined data set from both experiments was used for correlation calculations where
common parameters were collected. Data from experiment 1 were considered to be harvested
at maturity class 2 (M2). Data were then subjected to two-way analysis of variance
(ANOVA). Linear regression models and loess (locally weighted regression) non-linear
models were developed for correlations between fruit properties. Loess models are developed
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by fitting models to localised subsets of the data to build up a function that describes the
variation in the data (Cleveland & Devlin 1988). The proportion of the total variance
explained by the model and the proportion of parameters required to develop the regression
surface were calculated. Data were analysed in R statistical package 2.15.0 (R Development
Core Team 2012).

5.4.

Results

5.4.1.

Changes in fruit properties during ripening and cold storage

In experiment 1, fruit of cultivar ‘Larclyd’ were harvested at commercial maturity (M2) and
in experiment 2, fruit from ‘CluthaGold’ and ‘Larclyd’ were harvested at three maturities
(based on skin colour) and changes in fruit properties during storage and subsequent ripening
at 20°C (Fig. 5.2, 5.3 and 5.4).
Changes in fruit properties during storage and ripening showed similar trends for the two
cultivars, except that M3 ‘CluthaGold’ fruit exhibited greater mealiness and less gel
formation than the equivalent ‘Larclyd’ fruit (Fig. 5.3F, 5.3L, 5.4F and 5.4L).
In the least mature fruit (M1), flesh firmness on the day the fruit were removed from the
storage remained similar to that at harvest until 6 weeks of storage (Fig. 5.3A and 5.4A).
More mature fruit at harvest had softened after 3 weeks or longer in the storage and continued
to soften rapidly when they were placed at 20°C (Fig. 5.2A, 5.3B-C and 5.4B-C). There was
no mealiness in fruit ripened at 20°C straight after harvest (Fig. 5.2B, 5.3D-F and 5.4D-F)
and little or no mealiness in fruit assessed immediately out of storage. Only in M3 fruit was
slight mealiness detected straight out of 4 and 6 weeks of storage (Fig. 5.3F and 5.4F).
Mealiness was detected when M2 and M3 fruit were held at 20°C after 3, 4 and 6 weeks.
However, M1 fruit developed only slight mealiness when held at 20°C after 6 weeks of
storage. Fruit straight out of storage were generally scored as moderately juicy
(Fig. 5.2C, 5.3G-I and 5.4G-I). In almost all cases, fruit were assessed as less juicy after
shelf-life at 20°C. Changes in free juice content showed similar trends to the juiciness score
except that the loss in juice content dropped at a faster rate than the juiciness score when fruit
was placed at 20°C (Fig. 5.2D).
Gel formation showed a similar pattern to mealiness (Fig. 5.3J- L and 5.4J-L). There was
little or no gel formation in fruit assessed immediately out of storage, except for M3
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‘Larclyd’ fruit after 6 weeks of storage (Fig. 5.4L). Moderate to severe gel formation
developed during 4 d of shelf-life at 20°C following storage in all cases except M1
‘CluthaGold’ fruit after 3 and 4 weeks of storage (Fig. 5.3J). ‘Larclyd’ fruit were liked less
after 4 d of shelf-life following storage in most cases compared with the liking score for fruit
straight out of storage (Fig. 5.4M-O). Similar trends were observed in ‘CluthaGold’ fruit
except that M1 fruit after 6 weeks of storage followed by 4 d shelf-life were liked as much as
those just removed from the storage (Fig. 5.3M).

Fig. 5.2. Flesh firmness (A), mealiness score (B), juiciness score (C) and free juice content (D) of
apricot fruit from ‘Larclyd’ trees at harvest, placed immediately at 20°C for 3, 5 or 7 days, or after
storage of 2, 4 or 6 weeks at 0°C and placed at 20°C for 0, 3 or 5 d. A higher score indicates greater
mealiness, juiciness and gel formation, or that fruit is liked more. Juiciness score was not assessed at
harvest. Fruit from experiment 1. Each value represents the mean of five fruit. Error bars represent ±
standard error of the mean. Note that standard errors at harvest were not markedly different from the
other standard errors, despite there being three times as many fruit.
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Fig. 5.3. Postharvest changes in flesh firmness (A-C), mealiness score (D-F), juiciness score (G-I), gel score (J-L) and liking score (M-O) for fruit from
‘CluthaGold’ apricot trees at harvest, placed immediately at 20°C for 4 d, or after storage of 3, 4 or 6 weeks at 0°C and placed at 20°C for 0 or 4 d. Fruit from
experiment 2. Fruit were harvested at one of three maturity classes, M1: least mature, M2: commercial maturity, M3: most mature. A higher score indicates
greater mealiness, juiciness and gel formation and that fruit are liked more. Juiciness score was not assessed at harvest. Each value represents the mean of
fifteen fruit. Error bars represent ± standard error of the mean. Abbreviations. M1, Maturity class 1; M2, Maturity class 2; M3, Maturity class 3; wks, weeks.
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Fig. 5.4. Postharvest changes in flesh firmness (A-C), mealiness score (D-F), juiciness score (G-I), gel score (J-L) and liking score (M-O) for apricot fruit
from ‘Larclyd’ trees at harvest, placed immediately at 20°C for 4 d, or after storage of 3, 4 or 6 weeks at 0°C and placed at 20°C for 0 or 4 d. Fruit from
experiment 2. Fruit were harvested at one of three maturity classes, M1: least mature, M2: commercial maturity, M3: most mature. A higher score indicates
greater mealiness, juiciness and gel formation and that fruit are liked more. Juiciness score was not assessed at harvest. Each value represents the mean of
fifteen fruit. Error bars represent ± standard error of the mean. Abbreviations. M1, Maturity class 1; M2, Maturity class 2; M3, Maturity class 3; wks, weeks.
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In experiment 1, the neutral sugar composition of the water-soluble and CDTA-soluble
fraction showed no major differences between normally ripened fruit and fruit with chilling
disorders (Table 5.1). In both fractions, the UA content decreased during softening, and the
galactose content decreased in the water-soluble fraction. The galactose and arabinose
content increased in the CDTA-soluble extract compared with the extract at harvest, but
differences between the other extracts were inconsistent.
The cell walls from ‘Larclyd’ fruit in experiment 1 and 2 were extracted and examined for
changes in the yields of water- and CDTA-soluble pectins. The yield of water-soluble pectin
was higher for fruit that were more mature at harvest (Fig. 5.6A), reflecting softening of the
fruit on the tree. The amount of water-soluble pectin increased during fruit ripening at 20°C
compared with that at harvest for all three maturity classes (Fig. 5.5A and 6.6A). This pectin
solubilisation also occurred during storage. Fruit sampled immediately after 6 weeks of
storage had a higher water-soluble pectin yield than that at harvest, and higher than that of
fruit ripened straight after harvest for M1 and M2 fruit, but lower than that for M3 fruit.
Water-soluble pectin peaked in fruit that had softened for 4 d after being taken out of 6-week
storage such that, for all three maturity classes, over twice as much water-soluble pectin was
present than in fruit at harvest for that maturity.
Changes in CDTA-soluble pectin were not nearly as marked as for water-soluble pectin
(Fig. 5.6B). In M1 fruit, the yield was overall highest and essentially did not change during
storage and ripening. M2 fruit showed similar trends over cold storage and ripening to fruit in
experiment 1 (Fig. 5.5), which were harvested at a similar maturity. M3 fruit behaved
differently. Their CDTA-soluble pectin content was only about half of that of M1 and M2
fruit at harvest, and then increased over 6 weeks of storage and ripening to the same amounts
as found in M1 and M2 fruit (Fig. 5.3B).
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Table 5.1. Arabinose (Ara), galactose (Gal), rhamnose (Rha), fucose (Fuc), xylose (Xyl), mannose (Man), glucose (Glc), uronic acid (UA) and total sugar
content per kilogram of water-soluble pectin and CDTA-soluble pectin for apricot fruit from ‘Larclyd’ trees at harvest (0w0d), placed immediately at 20°C
for 5 d (0w5d), or after storage of 4 or 6 weeks at 0°C and placed at 20°C for 0 d (4w0d and 6w0d) or 5 d (4w5d and 6w5d) (fruit from experiment 1).
Data are means of two replicate samples measured in duplicate ± standard error.
Sugars
Ara
Gal
Rha
Fuc
Xyl
Man
Glc
UA
Total sugars

0w0d
30.8±1.5
40.7±3.0
5.3±0.1
1.4±0.3
8.3±0.3
6.7±0.3
16.4±1.2
450.3±9.6
559.0±6.7

Sugars
Ara
Gal
Rha
Fuc
Xyl
Man
Glc
UA
Total sugars

0w0d
43.4±0.3
24.3±0.1
2.2±0.01
0.5±0.01
3.4±0.2
2.7±0.1
5.8±0.04
483.9±35.0
559.2±0.6

Sugar content in water-soluble pectin (g kg -1)
0w5d
4w0d
4w5d
6w0d
29.5±2.3
27.6±0.8
31.4±6.5
28.0±2.4
31.1±2.8
34.8±0.3
29.7±5.8
34.0±4.4
6.0±0.7
4.8±0.2
8.0±1.6
5.2±0.6
1.2±0.1
1.1±0.1
1.2±0.5
1.3±0.4
5.9±0.4
6.2±0.2
3.4±0.6
4.9±0.4
4.4±0.3
5.7±0.1
2.2±0.4
3.8±0.4
9.1±1.0
10.8±0.1
4.0±0.9
8.3±1.0
489.5±5.6
436.0±17.8
604.2±20.8
564.7±26.3
578.9±7.6
530.2±1.7
684.1±16.2
647.7±9.6
Sugar content in CDTA-soluble pectin (g kg -1)
0w4d
4w0d
4w5d
6w0d
59.9±1.2
58.8±4.1
71.3±1.3
60.3±1.7
29.9±0.6
30.1±2.3
30.8±0.4
29.9±0.3
3.2±0.2
2.7±0.2
4.7±0.4
3.8±0.1
0.7±0.05
0.6±0.04
0.8±0.1
0.7±0.002
4.5±0.3
4.1±0.2
5.2±0.1
4.3±0.6
3.7±0.1
3.6±0.3
3.9±0.03
3.7±0.02
7.9±0.4
6.3±0.5
27.5±1.8
7.8±0.1
338.0±9.1
362.0±9.0
297.9±17.3
343.6±15.0
445.9±3.0
468.3±7.5
444.2±1.2
454.1±1.9

6w5d
27.1±4.5
28.5±5.0
5.1±0.4
0.7±0.1
3.4±0.4
2.4±0.3
4.6±0.7
573.6±17.0
645.4±11.3
6w5d
61.3±3.9
29.7±2.5
5.5±0.5
0.7±0.05
4.6±0.2
4.1±0.2
9.0±0.8
332.6±7.7
447.6±8.2
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Fig. 5.5. Total uronic acid content on a fresh weight basis, in water-soluble pectin (A) and
CDTA-soluble pectin (B), for apricot fruit from ‘Larclyd’ trees at harvest, placed immediately
at 20°C for 5 d, or after storage of 4 or 6 weeks at 0°C and placed at 20°C for 0 or 5 days (fruit
from experiment 1). Data are means of three replicate samples measured in duplicate. Error
bars represent ± standard error of the mean. Abbreviations. CDTA, trans-1,2cyclohexanediaminetetraacetic acid; FW, fresh weight; UA, uronic acid.

Fig. 5.6. Total uronic acid content on a fresh weight basis in water-soluble pectin (A) and
CDTA-soluble pectin (B), for apricot fruit from ‘Larclyd’ trees at harvest, placed immediately
at 20°C for 4 d, or after storage of 6 weeks at 0°C and placed at 20°C for 0 or 4 d. Fruit from
experiment 2. Fruit were harvested at one of three maturity classes, M1: least mature, M2:
commercial maturity,M3: most mature. Data are means of three replicate samples measured in
triplicate. Error bars represent ± standard error of the mean. Abbreviations. CDTA, trans-1,2cyclohexanediaminetetraacetic acid; M1, Maturity 1; M2, Maturity 2; M3, Maturity 3; UA,
uronic acid; wks, weeks.
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5.4.2.

Correlations between fruit properties

Data from both experiments were combined to study the correlations. Flesh firmness
was correlated with the mealiness score, juiciness score, and gel formation score (Figs
4A-C). A loess non-linear model showed a stronger relationship than a linear correlation
in all cases.
There was no mealiness perceived and the juiciness score did not drop below 1 until
firmness was less than 20 N (Fig. 5.7A-B). Flesh firmness also correlated with the free
juice content in a similar trend to that for the juiciness score (Table 5.2, 92% of variance
accounted for by loess model). There was an increase in gel formation as firmness
decreased; however, gel formation scores of more than 1 were evident when fruit were
still relatively firm (35 N) (Fig. 5.7C). Maturity at harvest and cold storage affected
mealiness and gel formation, but did not affect juiciness (Table 5.2). ‘CluthaGold’ had
less gel formation than ‘Larclyd’ (P-value = 0.005), although the interaction between
firmness and cultivar was not significant (P-value = 0.13) (data not presented).
Firmness and maturity at harvest were both correlated to SSC and DMC (Table 5.2).
Juiciness was correlated to mealiness and the curvilinear relationship was stronger than
the linear correlation (Fig. 5.7D). In a few cases, mealiness score was above 0 when
juiciness was still acceptable (score of 1.4 to 1.6). Moderate to severe mealiness only
occurred in fruit that had a juiciness score of less than 1.1. The correlation between
juiciness and gel formation was less obvious, as slight to moderate gel formation (0.5 to
1.5) occurred at almost any juiciness score (Fig. 5.7E). Severe gel formation (score > 2)
was correlated with a juiciness score of less than 1.2 and there were no cases of fruit
without gel formation for these juiciness scores.
There was a correlation between mealiness and gel formation (Fig. 5.7G). Moderate gel
formation was present when little or no mealiness was detected; however, the reverse
never occurred (moderate mealiness and little or no gel formation). Gel developed more
rapidly relative to mealiness for M1 fruit than for M2 and M3 fruit (P = 0.03).
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Table 5.2. Correlations between apricot fruit properties. R2 values for linear regressions and one-way and two-way ANOVA P-values for analysis
between physical and sensory attributes for ‘Larclyd’ and ‘CluthaGold’ apricots at harvest, placed immediately at 20°C for 3, 4, 5 or 7 d, or after
storage of 2, 3, 4 or 6 weeks at 0°C and placed at 20°C for 0, 3, 4 or 5 d. Fruit were harvested at one of three maturity classes. Analysis included
whether fruit had been stored or not (storage) and the maturity class at which fruit were harvested. Experiment 1 & experiment 2 data were combined
before analysis. P-values at ≤0.05 are shown in bold and ≤0.10 shown in italics. Abbreviations. d.f., degrees of freedom; FF, flesh firmness; DMC, dry
matter concentration; SSC, soluble solids concentration.

X parameter
FF

Juiciness
Juiciness
Mealiness
Free Juice
FF
Mealiness
Juiciness
Gel2
SSC2
DMC2

Y parameter
Mealiness
Juiciness
Gel2
Free Juice1
SSC2
DMC2
Mealiness
Gel2
Juiciness1

Liking

d.f.

R2 for linear
regression (%)
37
48
45
77
61
36
66
46
69
85
15
56
50
52
2
0.04

Residual d.f.
76
65
38
8
38
38
65
32
38
8
65
65
65
32
32
32

X parameter
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.67
0.89
1

Storage
0.04
0.57
0.02
0.10
0.42
0.52
0.009
0.02
0.08
0.55
0.32
0.34
0.52
0.13
0.59
0.63
1

ANOVA P-values
X parameter
Maturity
x storage
0.07
<0.001
0.11
<0.001
0.14
0.004
0.93
0.84
<0.001
0.44
<0.001
0.69
0.02
0.93
0.21
0.72
0.66
0.57
0.23
<0.001
0.22
0.004
0.71
0.001
0.10
0.02
0.47
0.97
0.80
0.85
2
1

X parameter
x Maturity
0.01
0.03
0.26

Storage x
Maturity
0.08
0.07
0.23

0.88
0.66
0.04
0.91
0.03

0.79
0.85
0.87
0.98
0.62

<0.001
0.42
0.04
0.16
0.04
0.42
2

0.53
0.98
0.84
0.73
0.62
1.00
2

1

Data were collected and analysed for experiment 1 only (‘Larclyd’ only)
2
Data were collected and analysed for experiment 2 only (both ‘Larclyd’ and ‘CluthaGold’)
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Fig. 5.7. The relationship between flesh firmness and: mealiness score (A), juiciness score (B)
or gel score (C); between juiciness score and: mealiness score (D) or gel score (E); between
proportion of free juice and juiciness score (F); between mealiness score and gel score (G) and
between flesh firmness (H), mealiness score (I), juiciness score (J), gel score (K) or SSC (L) and
liking score for apricot fruit from ‘CluthaGold’ and ‘Larclyd’ trees at harvest, placed
immediately at 20°C for 4 d, or after storage of 3, 4 or 6 weeks at 0°C and placed at 20°C for 0,
4 or 5 d. Points represent means for each combination of factors from either experiment 1 or
experiment 2 (weeks stored x days shelf-life x maturity class). A higher score indicates greater
mealiness, juiciness and gel formation or that fruit are liked more. Abbreviations. LR, linear
regression for all data points; LM, loess model; PV, proportion of variance from loess model;
PP, proportion of parameters required for loess model; SSC, soluble solids concentration.

The linear relationship between the free juice content and the sensory score for juiciness
was strong (Fig. 5.7F), suggesting that the instrumental measurements represented
human perception of juiciness quite accurately (experiment 1 data only).
There were many factors affecting the liking score (Fig. 5.7H-L). There appeared to be
no pattern for liking until the firmness was below 10 N, when liking dropped rapidly
(Fig. 5.7H), although there was also some indication that very firm fruit (>45 N) were
less liked than intermediate firmness fruit (20 to 40 N). This was particularly so for M1
fruit. Fruit were less liked as the mealiness score increased, although some fruit with no
mealiness were less liked than others, particularly M1 fruit (Fig. 5.7I). There was a
similar trend for the effect of gel formation on liking (Fig. 5.4J). Liking dropped at a
much slower rate as juiciness decreased for ‘CluthaGold’ fruit than for ‘Larclyd’ fruit
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(P-value = 0.03; data not presented). Neither SSC nor DMC affected liking (Fig. 5.7L).
There was a significant effect on liking by the interaction between firmness and SSC
(P≤ 0.001). Firm to eating-firmness fruit(> 10 N) were liked more if SSC was high,
whereas over-soft fruit (< 10 N) were liked less as SSC increased.
There were correlations between some fruit properties and water-soluble pectin. A
decrease in flesh firmness correlated with an increase in UA content of water-soluble
pectin, regardless of whether fruit had been stored (Fig. 5.8A) or the harvest maturity (P
= 0.18). There was a significant effect of water-soluble pectin x storage on the
mealiness score when the outlying point was excluded (P = 0.006) (Fig. 5.8B). If fruit
had been stored, mealiness increased as water-soluble pectin increased (P = 0.01). There
was no correlation between juiciness and water-soluble pectin (Table 5.3) for non-stored
fruit when considered alone. In contrast, for stored fruit, juiciness decreased as watersoluble pectin increased (P = 0.058) (Fig. 5.8C). There was a significant effect of watersoluble pectin x storage on gel formation (Fig. 5.8D). Gel formation increased as watersoluble pectin increased in stored fruit, but there was no gel formation in non-stored
fruit.
Correlations between fruit properties and CDTA-soluble pectin depended on whether
fruit had been stored in refrigerated conditions. There was a significant effect of CDTAsoluble pectin on flesh firmness (Table 5.3). There was an increase in firmness as
CDTA-soluble pectin increased for non-stored fruit (P = 0.01), but there was no
correlation for stored fruit (Fig. 5.8E). There was no correlation between mealiness and
CDTA-soluble pectin or a significant effect of CDTA-soluble pectin x storage on the
mealiness score (Fig. 5.8F), although there was a trend for mealiness to increase as
CDTA-soluble pectin increased for stored fruit when the outlying point was excluded
(Fig. 5.8F). There were no correlations between the juiciness score and CDTA-soluble
pectin (Fig. 5.8G). There was a significant effect of CDTA-soluble pectin x storage on
gel formation (Fig. 5.8H). For stored fruit, gel formation increased as yields of CDTAsoluble pectin increased, but gel did not develop in non-stored fruit.
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Fig. 5.8. Correlation between yield of galacturonic acid (UA) in water-soluble pectin or in
CDTA-soluble pectins from cell walls and fruit properties for apricot fruit from ‘CluthaGold’
and ‘Larclyd’ trees at harvest, placed immediately at 20°C for 3, 4, 5 or 7 d, or after storage of
3, 4 or 6 weeks at 0°C and placed at 20°C for 0, 4 or 5 d. Fruit were harvested at one of three
maturity classes, M1: least mature, M2: commercial maturity, M3: most mature. A higher score
indicates greater mealiness, juiciness and gel formation. Points represent means for each
treatment combination from either experiment 1 or experiment 2 (weeks stored x days shelf-life
x maturity class). Gel score was only assessed in experiment 2. LR includes all data points for A
but for B-H, non-stored fruit (non-stored) are separated from fruit held in cold storage (stored).
LR for stored fruit in B and F excludes the outlying point. Abbreviations. CDTA, trans-1,2cyclohexanediaminetetraacetic acid; LR, linear regression; FW, fresh weight; M1, Maturity 1;
M2, Maturity 2; M3, Maturity 3; UA, uronic acid; wks, weeks.
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Table 5.3. Correlations between apricot fruit properties and cell wall pectin content. R 2 values for linear regressions and one-way and two-way
ANOVA P-values for analysis between physical or sensory attributes and uronic acid content of cell walls for ‘Larclyd’ apricots at harvest, placed
immediately at 20°C for 4 or 5 d, or after storage of 4 or 6 weeks at 0°C and placed at 20°C for 0, 4 or 5 d. Fruit were harvested at one of three maturity
classes. Experiment 1 & Experiment 2 data were combined before analysis. Analysis included whether fruit had been stored or not (storage). P-values at
≤0.05 are shown in bold. Abbreviations. CDTA, trans-1,2-cyclohexanediaminetetraacetic acid; d.f., degrees of freedom; FF, flesh firmness; UA, uronic
acid.
ANOVA P-values
X parameter
Water- soluble
UA content

CDTA-soluble
UA content

Y parameter
FF
Mealiness
Juiciness
Gel1
FF
Mealiness
Juiciness
Gel1
d.f.

R2 for linear
regression (%)
77
22
13
36
17
15
11
12

Residual
d.f.
14
14
10
8
14
14
10
8

UA
<0.001
0.04
0.09
0.007
0.05
0.62
0.86
0.05
1

Storage
0.08
0.14
0.47
0.03
0.02
0.06
0.41
0.003
1

UA x storage
0.59
0.17
0.12
0.02
0.12
0.95
0.58
0.01
1

1

Data were collected and analysed for experiment 2 only (‘Larclyd’ only).

Reprinted from Postharvest Biology and Technology 82. Stanley J, Prakash R, Marshall R, Schröder R. Effect of harvest maturity and cold storage on correlations between fruit properties during ripening of
apricot (Prunus armeniaca). Pp. 39-50. Copyright (2013) with permission from Elsevier.

128

5.5.

Discussion

5.5.1.

Changes in fruit properties during ripening and cold storage

Delayed softening in cold storage followed by rapid softening out of storage, as seen in
‘CluthaGold and ‘Larclyd’, has previously been reported for apricot (Nanos et al. 1999;
Stanley et al. 2010). The rate of softening in storage depended on cultivar and maturity
at harvest. The more mature the fruit were at harvest, the softer they were when they
went into storage. Also during storage, more mature fruit softened more rapidly, and
they also softened faster after removal out of storage, shortening the shelf-life
significantly. This was also observed for other apricot cultivars, e.g. ‘Moorpark’
(Stanley et al., 2010). Softening in prolonged storage may be related to the activity of βgalactosidase and polygalacturonase (PG), as their activity has been long associated
with fruit softening, but with varying amounts and activity across species (Brummell,
2006). In apricots, their activity was low in mature green apricots and increased during
ripening and storage (Kovacs et al. 2008). Interestingly, ripening in the cold
significantly increased the expression of the apple MdPG1 gene in ‘Royal Gala’
(Tacken et al. 2010), and antisense suppression of this gene in ‘Royal Gala’ fruit
resulted in delayed softening, a decrease in yield of water-soluble pectin and an increase
in CDTA-soluble pectin (Atkinson et al. 2012).
A small increase in SSC during cold storage and/or shelf-life has previously been
reported for apricots (Ağar et al. 2006; Basile et al. 2005). Unlike apples or kiwifruit,
apricots have not been reported to contain starch (Kurz et al. 2008); hence there is no
conversion from starch to sugar during ripening. The slight increase in SSC may
therefore be due to water loss, or perhaps due to synthesis of sugars from sources other
than starch, such as other carbohydrates as suggested in a sugar accumulation model
(Génard et al. 2006). Water loss was not recorded in this trial but in another trial 5.0%
weight loss was recorded for ‘CluthaGold’ after 3 weeks of storage at 0°C and 12.7%
weight loss after a further 4 d at 20°C, compared with fruit weight at harvest (J. Stanley,
pers. comm.). Free juice content in peaches dropped significantly compared with atharvest values when they were stored and ripened at 20°C (Artés et al. 1999; CamposVargas et al. 2006), similar to the change in free juice content in our trial. Changes in
juice content in ‘Pisana’ apricots following cold storage were smaller (Seibert et al.
2010); however, shelf-life studies were much shorter than in our trials.
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Maturity and storage time also had a significant effect on the development of mealiness
and gel formation in our study, and supports results for another four apricot cultivars
(Stanley et al. 2010). A similar pattern was shown for woolliness development in
peaches and apricots after cold storage (Ben-Arie & Sonego 1980; Seibert et al. 2010),
although the severity was not recorded. Similar trends were seen for gel breakdown in
plums (Taylor et al. 1995). In peaches and nectarines turning mealy after storage, a
reduction in endo-PG activity was frequently found already during the storage period
before symptoms were seen (Lurie & Crisosto 2005). At storage temperatures higher
than 0°C, apricots softened and developed mealiness already after 4 weeks of storage
(Stanley et al. 2010), supporting the theory that a combination of cold storage and
firmness played an important role in chilling injury development.
Pectins became more water soluble as fruit ripened, supporting previous findings in
apricots (Bouranis & Niavis 1992; Femenia et al. 1998). Soluble pectins increased
during ripening and storage in plums (Taylor et al. 1995), although they were not
affected by maturity at harvest, unlike our results for apricots. Harvest maturity and
cultivar also affected changes in β-galactosidase activity during storage for apricots
(Kovacs & Nemeth-Szerdahelyi 2002). A rapid increase in β-galactosidase activity was
shown to occur just before the onset of ripening in apricots, followed by a decline
(Bouranis & Niavis 1992), perhaps accounting for the differences in activity depending
on maturity and storage.
5.5.2.

Correlations between fruit properties

Flesh firmness has been negatively correlated with sensory perception of mealiness
(or woolliness) in apricots, apples, peaches and nectarines (Arana et al. 2007; Infante et
al. 2009; Mehinagic et al. 2004; Robini et al. 2006) and results from the present study
support this. In apples, the floury sensation in the mouth has been related to a
combination of loss of both firmness and juiciness (Barreiro et al. 1998). This appeared
to be the case in apricots as well, since this study found a correlation between a loss of
juiciness and increasing mealiness; however, the initial development of mealiness
occurred occasionally when fruit were still considered juicy.
The positive correlation between instrumental measurement of free juice content and
sensory evaluation of juiciness in this study followed a similar trend to that found in
peaches (Infante et al. 2009) and apples (Ortiz et al. 2001). In peach, the correlation
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between free juice content and mealiness was found to be stronger when free juice
content was measured using the method described by Crisosto and Labavitch (2002),
compared with that used by Lill and van der Mespel (1988), which was the one used in
this study and found satisfactory for apricots. The method by Crisosto and Labavitch
(2002) required constructing specialized equipment to subject the tissue to a
standardised pressing force; whereas the method by Lill and Van der Mespel (1988)
involved forcing the tissue through a disposable syringe with no needle. Both
centrifuged the sample to separate the free juice. Consumer perception of mealiness and
juiciness has been shown to be correlated previously for apricot (R = -0.85) (Robini et
al. 2006). Free juice content for apricot was below about 10% before mealiness was
detected by taste (data not shown), which was the same limit found for peaches
(Campos-Vargas et al. 2006). In nectarine, ‘mealy’ fruit were defined as having a
firmness of less than 20 N and less than 40% juice recovery (McGlasson et al. 2005).
Although many of the measurements in the present study were subjective (mealiness,
juiciness and liking), the trends match those seen in other trials and correlations
between objective and subjective measurements (firmness, juice content) suggest that
these data are valid.
Consumers showed a preference for apricots with higher SSC (Harker et al. 2005), a
pattern also seen in peaches (Crisosto & Crisosto 2005), but in the present study there
was no correlation. Mealiness, gel formation, over-softening and other negative factors
affected by storage may have obscured a relationship. Consumer trials have confirmed
that a dislike for over-soft fruit was more important than consumer preference for high
SSC fruit in some cases (J. Stanley, pers. comm.).
Good correlations between “overall quality” and other parameters have been found
previously for apricot, including for firmness, sweetness, juiciness and flavour
(Valentini et al. 2006). The sensorial perception of apricot was considered complex and
depended on a number of parameters, such as flesh firmness, SSC, acidity and aroma
(Lespinasse et al. 2006).
Changes in flesh firmness of fruit have been shown to be related to changes in the cell
wall in other fruits (Brummell 2006). Firmness at harvest was negatively correlated
with the yield of water-soluble pectin in apricot (Missang et al. 2012), which matched
our results that included both non-stored and stored fruit. A significant correlation was
not found between flesh firmness and CDTA-soluble pectin (Missang et al. 2012),
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whereas a positive correlation was found in our results for non-stored fruit. A reason for
this could be that Missang et al. (2012) limited the range in firmness, whereas the data
in this study included a wide variation in firmness because of the range in maturity
classes.
5.5.3.

Correlation between development of mealiness and gel formation and
cell wall pectin.

In apricots, the tissue of mature, green fruit showed a regular cell structure and had
intact cell walls and middle lamellae, whereas ripe fruit had a moderately regular tissue
structure and the cell walls were starting to come apart; in overripe fruit, the middle
lamellae dissolved (Kovacs et al. 2008). Microscopical studies of mealy apricots for
comparison have not been carried out, but studies on mealy peaches indicated that the
CDTA-soluble pectin, making up the middle lamellae, had been altered compared with
that in non-mealy peaches (Luza et al. 1992).
In mealy peaches, cell walls had separated, and large intercellular spaces developed,
with the plasma membrane separated from the cell wall. This was in contrast to soft,
non-mealy fruit, which had cell wall separation but had not developed the large
intercellular spaces or the plasma membrane separation.
Mealiness in other fruits has been attributed to altered solubilisation of pectins, and
changes in the cell wall enzymes, pectin esterase, β-galactosidase and polygalacturonase
activity have been correlated with development of mealiness (Brummell 2006;
Brummell et al. 2004b; Lurie et al. 1994). Differences in the neutral sugars were
detected between mealy and non-mealy ripe fruits, arabinose in peach and galactose and
galacturonic acid in plum and apple (Billy et al. 2008; Brummell et al. 2004b;
Manganaris et al. 2008). However, no such differences were evident in this study.
Correlations between mealiness or gel formation and the UA content of water-soluble
pectin have not been reported previously for apricot. In nectarines, the UA content in
the water-soluble fraction increased when ripened straight from harvest, and was
significantly higher for woolly nectarines ripened after storage at 0°C (Zhou et al.
2000c), which matches this study’s results on mealiness for apricots. There was a
reduction in the UA content in the CDTA-soluble fraction when nectarines were ripened
after harvest; however, the reduction was less for woolly nectarines ripened after
storage (Zhou et al. 2000c). In apricots, there was a trend for the UA content in the
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CDTA-soluble fraction to increase as mealiness increased, but the trend was not
statistically significant.
In peaches, the water-soluble and the CDTA-soluble fractions both formed gels when
commercial pectin esterase (PE) was added (Zhou et al. 2000a). They proposed that PE
might act on pectins to cause gel formation in the cell walls of woolly fruit, although
they also pointed out that a low degree of esterification would be necessary, because
pectins tend to bind calcium cations. UA content in both water-soluble and CDTAsoluble fractions was high in apricots that displayed more severe gel formation,
compared with stored fruit that had low or nil gel formation. It is possible that CDTAsoluble pectin (and perhaps also the water-soluble pectin) was available in the cell to
bind with calcium and this may have been responsible for the gel formation in apricots.
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5.6.

Conclusions

Both the cultivar genotype and the maturity at which apricot fruit were harvested had a
significant effect on how the fruit performed after cold storage, particularly on fruit
softening and the development of chilling disorders. Mealiness and gel formation only
occurred when fruit were stored. Whilst gel formation developed in fruit at flesh
firmness of less than 35 N, mealiness only developed once fruit started to become soft
(less than 20 N). Mealiness, gel formation and over-softening caused fruit to be less
liked by the sensory panel, and this over-rode liking for higher SSC, which has been
shown to occur when fruit are in good condition.
Pectin became more soluble as fruit softened. All fruit, regardless of the maturity at
which they were harvested, whether they had been ripened from harvest, ripened after
storage, and had storage disorders or not, showed the same correlation between firmness
and amount of water-soluble pectin. In that respect, there appeared to be no difference
between mealy or non-mealy fruit, or between fruit with or without gel formation. Thus,
it can be concluded that increasing solubilisation of cell wall pectin was a major factor
for fruit softening in apricots. In non-stored, normal ripening apricots, fruit softening
and the increase in water soluble pectin were also accompanied by a decrease in CDTAsoluble pectin. No such pattern was evident in stored apricots, which may reflect
differences in strength of cell adhesion. Future studies on the development of chilling
disorders in apricots will focus on the gelling or water-binding properties of watersoluble and CDTA-soluble pectin, such as the degree of methyl esterification,
depolymerisation and viscosity, compared with those of normally ripened fruit.
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Chapter 6. Understanding the Development of Chilling
Injury in Apricot
6.1.

Abstract

During ripening after cold storage, apricots develop chilling injury, which is a major
impediment for storing apricots for more than two to three weeks. Better understanding
of the causes and mechanisms associated with chilling injury in apricots will assist with
developing methods to extend storability. This study examined softening patterns and
chilling injury of two apricot cultivars during ripening immediately from harvest or
after a period of cold storage at 0°C or 4°C. The changes within cell walls for
‘CluthaGold’ apricot were also studied. Over a 6-week period, ‘CluthaGold’ fruit
softened slowly in cold storage at 0°C from 60 N to 35 N, whereas firmness of
‘Larclyd’ fruit did not change. Both cultivars softened rapidly in cold storage at 4°C so
firmness was approximately 10 N after 6 weeks. Once removed from cold storage after
3 weeks, ‘CluthaGold’ softened at 20°C to eating firmness, of between 10 and 20 N,
more rapidly than ‘Larclyd’. Both cultivars developed both mealiness and gel during
cold storage only at 4°C and they developed slight gel symptoms after 6 weeks at 0°C.
Mealiness and gel development occurred rapidly after fruit were removed from cold
storage after 3 weeks and held at 20°C. Rubberiness began to develop during cold
storage, particularly for ‘CluthaGold’ at both temperatures, whilst ‘Larclyd’ developed
only slight rubberiness at 0°C. With ‘CluthaGold’ fruit, differences in mealiness could
be associated with changes in cell wall properties. In fruit that ripened at 20°C from
harvest, middle lamellae pectin decreased in quantity as well as in molecular weight
(MW) distribution during softening, probably lessening the integrity of middle lamellae
and intercellular junctions. When these fruit reached eating firmness (10–20 N), cellcell separation and large intercellular spaces at tricellular junctions were not much more
pronounced than in fruit measured at harvest. Pectin of various degrees of esterification
was still present in middle lamella regions; however, pectin that filled the intercellular
spaces at harvest had disappeared. In eating-firm, mealy, rubbery apricots with gel,
pectin filled the intercellular spaces, similarly to that observed at harvest, and pectin
seemed also to be present in the cell lumen. Cells were more irregular in shape, and
intercellular spaces and cell-cell separation increased compared with those in fruit
without chilling injury. In addition, middle lamellae pectin did not show a reduction of
MW nor a decrease in yield during ripening. Together with MW profiles of pectin
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fractions showing no shift towards lower MW distributions, this indicates that the
amount of cell wall degradation during ripening after cold storage was reduced
compared with that during ripening at 20°C immediately from harvest. This suggests
there may also be reduced ethylene production, gene expression and cell wall enzyme
activities in fruit that develop chilling injuries. Modified storage regimes, such as
intermittent warming and pulse exposure to ethylene, that allow normal ripening to
occur at a slow rate, may provide the best short-term strategy to reduce chilling injuries
in apricot, whilst breeding cultivars that are chilling-resistant is the longer-term
solution.
Keywords: Pectin; immunolabelling; mealiness; chilling injury; temperature; fruit
quality; gel formation.
Abbreviations: CDTA, trans- 1,2- cyclohexanediaminetetraacetic acid; CS, cold
storage; CSP, CDTA-soluble pectin; CWR, cell wall residue; FF, flesh firmness; FW,
fresh weight; MW, molecular weight; NSP, Na2CO3-soluble pectin; RH, relative
humidity; UA, uronic acid; WSP, water-soluble pectin.
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6.2.

Introduction

Cold storage of apricots (Prunus armeniaca L.) results in the development of chilling
injury symptoms, such as gel and mealiness (Chapter 5; Manolopoulou & Mallidis
1999). Chilling injury may not be apparent until after fruit have been removed from
cold storage and have ripened at room temperature, although some symptoms may
develop during the cold storage period. Apricots harvested when more mature were
more prone to mealiness and gel formation after cold storage, whereas those that were
less mature developed more rubbery symptoms. Storage temperatures between 4°C and
7°C resulted in more mealy fruit than those stored at 0°C or lower temperatures
(Manolopoulou & Mallidis 1999; Stanley et al. 2010).
There are differences among fruit species and cultivars, in the changes occurring in the
cell

wall

during

ripening-related

softening,

particularly

in

the

extent

of

depolymerisation of the polyuronide backbone of pectin (Brummell 2006). Whilst there
have been many reports on depolymerisation of polyuronides within cell walls of other
stonefruits such as peach and nectarine (Brummell et al. 2004a; Muramatsu et al. 2004),
there have been very few reports of these changes within apricots, particularly during or
after cold storage.
Changes within cell walls during ripening of stonefruits developing chilling injury after
cold storage differ from cell wall changes during ripening at room temperature. In plum
and peach, there was less solubilisation and depolymerisation of cell wall pectins in ripe
mealy fruit than in ripe juicy fruit (Brummell et al. 2004b; Manganaris et al. 2008). In
apricot, the correlation between water-soluble pectin (WSP) and fruit firmness was
similar for mealy and non-mealy fruit (Chapter 5). There was some molecular weight
(MW) reduction of CDTA-soluble pectin (CSP) chains when fruit harvested at 20 N
(i.e. eating firmness) were cold-stored for 42 days (Liu et al. 2009), but there was no
mention that these fruit exhibited chilling injury symptoms. Changes in MW profiles of
pectins were also reported for the Japanese apricot (Prunus mume) during room
temperature ripening only (Tsuchida et al. 2014).
Consequently, there has been no information presented to date on the differences
between depolymerisation of cell wall pectins and any other aspects of differences in
the cell walls of apricots during softening at ambient temperatures immediately after
harvest and softening during the development of chilling injuries. In addition, there is
no information as to whether cultivars that have superior postharvest performance
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exhibit differences in cell wall separation and/or less pectin solubilisation than those
that perform poorly. Developing an understanding of the relationship between fruit
ripening,

chilling

injury

and

softening-related

cell

wall

degradation

and

depolymerisation in apricot, and how cultivar affects these relationships, will assist in
developing strategies for improving fruit quality, particularly regarding texture and
reduction of chilling injuries. Two cultivars that have different storage behaviours,
‘Larclyd’ - marketed as Genevieve, and ‘CluthaGold’, were chosen for this study.
‘Larclyd’ fruit have been shown to soften slowly at 0°C, and develop gel formation but
little mealiness as they ripen after cold storage (Chapter 5). ‘Larclyd’ exhibited low
ethylene production rates during ripening (Stanley et al. 2014), a characteristic that has
been associated with longer storage potential (Gouble et al. 2005). ‘CluthaGold’
softened more rapidly at 0°C and developed more mealiness than ‘Larclyd’ (Chapter 5),
possibly induced by higher ethylene production rates (Stanley et al. 2014). The aims of
this study were to link differences in chilling injury to genotype and storage
temperatures, and to identify differences between fruit with and without chilling injury
symptoms in changes within their cell walls.
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6.3.

Materials and Methods

6.3.1.

Plant material and experimental design

Fruit of two apricot cultivars, ‘CluthaGold’ and ‘Larclyd’, were harvested at
commercial maturity from mature multi-leader trees on a grower property at
Earnscleugh, Central Otago, New Zealand, on 23 January 2012 and 28 February 2012
respectively.
Eighty fruit were collected from each of eight trees (replicates) per cultivar. Fresh
weights of individually identified fruit were recorded to determine weight loss after
storage. One tray of 32 fruit per replicate was placed into a cold store at 0°C at a relative
humidity (RH) of 85%, one into 4°C (RH of 87%); 14 fruit per replicate were placed at
20°C and two fruit per replicate were used for immediate assessment. Sixteen fruit were
measured at each assessment (two fruit per replicate). From fruit left to ripen at 20°C,
assessments were made at 2, 4 and 6 days for ‘CluthaGold’ and 2, 3, 4 and 6 days for
‘Larclyd’. From fruit placed in cold storage at 0°C and 4°C, sample fruit were removed
every week for 6 weeks, held at 20°C for 4 hours and then an assessment made. After 3
weeks in cold storage, additional fruit were removed and placed at 20°C for different
lengths of time up to 6 days before assessments, depending on the storage temperature
and rate of softening. Additional fruit of ‘CluthaGold’ were removed from cold storage
after 5 weeks and held for different lengths of time up to 5 days before assessment. The
trial design is shown in Fig. 6.1. In total, 544 ‘CluthaGold’ and 384 ‘Larclyd’ fruit were
assessed.
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Fig. 6.1. Apricot storage, ripening and sampling regimes. Abbreviations. d, days of shelf-life at
20°C.

6.3.2.

Instrumental and sensory evaluations

At every assessment, the following measurements were made: fresh weight, flesh
firmness (FF) and a visually given rubbery score and gel breakdown score. FF was
assessed on opposite cheeks of the fruit using a 7.9-mm probe using a GUSS FTA
penetrometer (GUSS Manufacturing Ltd, South Africa) after a small circle of skin was
removed. Penetration speed, trigger force and penetration distance were 10 mm s -1, 0.5
Newtons (N) and 8 mm, respectively.
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Rubberiness was assessed on a scale from 0 (no rubberiness) to 3 (severe rubberiness).
This was judged by noting if the probe penetrated into the flesh or bounced off on one
(score of 2) or two (score of 3) sides. If the probe penetrated the flesh only at the very
end of its trajectory, it received a score of 1. Gel formation was assessed on a scale from
0 (no gel) to 3 (severe gel). The score was based on the proportion of flesh having a
glassy appearance, 1 being <10% glassy, 2 being <25% glassy and 3 being >50%
glassy.
From each 16-fruit sample, the six fruit closest to the mean FF were assessed for
mealiness and juiciness by three people independently tasting a slice from each fruit;
free juice content was subsequently measured for these fruit. Mealiness and juiciness
were scored on a scale from 0 (no mealiness or juiciness) to 3 (very mealy or very
juicy). Mealiness was considered to be a combination of lack of juice and a lumpy or
woolly texture. Free juice content was measured using the method described by Lill and
Van der Mespel (1988).
‘CluthaGold’ samples were selected to examine changes in cell wall chemistry and
structure during softening at room temperature after cold storage at 0°C, in fruit with
and without chilling injury.
6.3.3.

Cell wall isolation and extraction

Fruit were peeled and flesh was chopped, frozen in liquid nitrogen and stored at -80 °C.
Frozen tissue was ground into a fine powder in liquid nitrogen using a mortar and
pestle, and cell wall pectic fractions were prepared (Chapter 5). In brief, after extraction
of ground tissue with methanol-chloroform-water-formic acid, the pellet was
sequentially fractionated with water, trans-1,2-cyclohexanediaminetetraacetic acid
(CDTA) and sodium carbonate (Na2CO3) to give the WSP, CDTA-soluble pectin (CSP),
Na2CO3-soluble pectin (NSP) and the cell wall residue (CWR), respectively. After
dialysis and freeze-drying, the weights of all fractions were recorded. Uronic acids were
measured as described in Blumenkranz and Asboe-Hansen (1973).
6.3.4.

Size exclusion chromatography

WSP, CSP and NSP were separated by size exclusion chromatography on Superose™
(GE Healthcare 610/300 GL). Polysaccharides were dissolved in water (1 mg mL-1) and
loaded onto the column (eluent 50 mM Na acetate pH 5.0, flow rate 0.25 mL min-1).
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Collection of fractions (0.25 mL) commenced 20 min after injection (1 mL sample) and
elution monitored using the uronic acid assay for measuring uronic acid content.
6.3.5.

Light microscopy and immunolabelling

After skin removal, sections of apricot flesh were cut vertically from outer to inner
cortex in the same location within the fruit each time to ensure tissue similarity (Lahaye
et al. 2014). Sections were fixed in 2.5% glutaraldehyde and 2% formaldehyde in 0.1M
phosphate buffer (pH 7.2) and stored at 4°C. For embedding in resin, sections were
washed in phosphate buffer and dehydrated in ethanol (10% to 100% anhydrous ethanol
in 10% increments). The sections were washed in LR White Resin (London Resin
Company Ltd, United Kingdom) overnight, followed by two further changes in resin.
Each section was placed in a gelatine capsule (ProSciTech) filled with LR White Resin,
and hardened at 55°C overnight. The capsule was removed, embedded tissue sectioned
using a diamond knife and Leica UCT ultramicrotome (Leica, Germany), and sections
(200 nm) air dried onto Superfrost® poly-L-lysine slides (25× 75× 1 mm, Biolab,
USA). Sections were viewed using an Olympus Vanox AHT3 compound microscope
(Olympus Optical, Tokyo, Japan). Antibodies used for labelling were JIM5 and JIM7
(PlantProbes, United Kingdom). Sections were wetted with phosphate-buffered saline
with 0.1% Tween® 80 (PBS-T) for 10 min, then incubated with 0.1% bovine serum
albumin c (BSA-c; Aurion, Netherlands) in PBS-T to block non-specific labelling (15
min), followed by incubation with primary antibody (dilution 1:20 v/v in 0.1% BSA-c
in PBS-T) overnight at 4°C in a moist chamber. Slides were then washed in PBS-T. For
labelling with the secondary antibody, the slides were incubated for 2 h in the dark at
room temperature with goat anti-rat IgG AlexaFluor 488 (Molecular Probes, Oregon,
USA) diluted 1: 600 (v/v) in PBS. Sections were washed in ultrapure water, allowed to
dry at room temperature and coverslip-mounted onto the slide using anti-fade agent
Citifluor (Citifluor, United Kingdom) (Sutherland et al. 2009). Sections were viewed
using an Olympus Vanox AHT3 compound microscope (Olympus Optical, Tokyo,
Japan) with a blue-interference filter set for antibody labelling and imaged with a
CoolSnap colour digital camera system (Photometrics, USA). Images were further
processed using Adobe Photoshop Version 6.0.
6.3.6.

Data Analysis

Linear mixed models (LMM) were fitted to the data using the asreml package (Butler et
al. 2009) for R 2.15.0 (R Development Core Team 2012). Random effects in all
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physiology analyses were trees, whereas fixed effects varied depending on the analysis.
Before analysis, mean fruit quality data for each cultivar at each time point for each
temperature were calculated. Data were initially divided into two groups for analysis:
fruit assessed immediately after removal from the cold store and fruit during shelf-life
directly from harvest or after 3 weeks of cold storage. ‘CluthaGold’ fruit held at 20°C
after 5 weeks of cold storage were not included in the analysis, since ‘Larclyd’ were not
assessed over this period. Fixed effects for the first data set were cultivar, temperature,
weeks of cold storage and all two-way interactions. Fixed effects for the second data set
were cultivar, treatment (shelf-life from harvest or shelf-life after 3 weeks at 0°C or
4°C), days of shelf-life and all two-way interactions. Three-way interactions were not
significant in all cases and therefore were not included. In the case of the analysis of
flesh firmness, a cubic spline was fitted to the weeks or days component using the
default knot points to account for the curvilinear nature of the relationship. This analysis
was not very successful at fitting flesh firmness values in the fruit assessed immediately
after removal from longer cold storage durations, and residual plots indicated nonnormality at both tails (data not presented). Therefore, the relationships were further
examined by transforming the flesh firmness data on log10 scale, then back-transforming
the fitted values for comparison. The 95% confidence intervals, i.e. ± twice the standard
error, were calculated for the transformed data. These values were back-transformed
and the standard errors were estimated by dividing the difference between these two
values by four. A cubic spline was also fitted to the days of shelf-life component for
free juice analysis. To compare differences in weight loss during shelf-life, total
percentage weight loss from harvest was first examined. Then the mean weight loss
when fruit were removed after 3 weeks of cold storage was subtracted from the weight
loss during cold storage for each cultivar at each temperature, to examine the percentage
weight loss from the start of shelf-life.
Linear mixed models using asreml were used to examine the effect of specific fruit
quality traits on chilling injury symptoms. The effects of juiciness or free juice × flesh
firmness on mealiness and gel and the effects of percentage weight loss × flesh firmness
on rubberiness and juiciness were analysed as fixed effects and the trees were random
effects. The analysis of the interaction between juiciness × flesh firmness resulted in
negative mealiness scores for juiciness scores or 2 or more. In addition, residual plots
indicated major deviations from normality and also indicated that the relationship was
non-linear.

Hence further analysis was carried out as a generalised linear model
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(GLM), using the log-normal link function. A contour plot showing the fitted trend
surface

of

mealiness

was

drawn

using

the

contour

function

within

R 2.15.0 for the interaction between flesh firmness × juiciness score. Mean mealiness
scores for each treatment combinations were also represented on the plot.
For fitting linear mixed models to examine the relationship between changes in yield of
uronic acid in pectin fractions and flesh firmness, mealiness and gel scores, all fruit that
had been assessed during or after cold storage were included. Locally weighted
regression (loess) non-linear models were fitted for those relationships that were
identified as non-linear based on visual evaluation of the figures. These models were
developed by fitting models to localised subsets of the data, thus building up a function
that described the variation in the data (Cleveland & Devlin 1988). The proportion of
the total variance explained by the model and the proportion of parameters required to
develop the regression surface were calculated.
For cell wall pectin data, means and standard errors of three replicate samples,
measured in triplicate for each flesh firmness range for each cultivar at each time point
for each temperature, were calculated for illustrating trends. Loess models were
developed to examine relationships between uronic acid content in different cell wall
fractions and fruit quality traits (flesh firmness, mealiness and gel formation).

6.4.

Results

6.4.1.

Cultivar, storage temperature, length of cold storage and shelf-life
affected physical fruit quality traits.

Cultivar and storage temperature and/or their interaction had a significant effect on flesh
firmness, the proportion of weight loss from harvest and free juice content, and to a
lesser extent on soluble solids concentration, for apricot fruit after harvest (Table 6.1).
Length of cold storage also had significant effects on physical properties of fruit and
major trends are clearly visible in Figure 6.2. When fruit were held in cold storage, they
softened more rapidly at 4°C than at 0°C (Fig. 6.2A-D). ‘CluthaGold’ had a slow
softening phase for 2 weeks (60 N to 58 N) when held at 0°C, and then softened more
rapidly to 35 N in the next 4 weeks (Fig. 6.2A), whereas ‘Larclyd’ did not change its
firmness when held at 0°C, even after 6 weeks of storage (Fig. 6.2B). Although fruit of
the two cultivars started at a different firmness at harvest, fruit of both cultivars reached
eating firmness (approximately 20 N) after 3-4 weeks when held at 4°C. Analysis using
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cubic splines is not always good at fitting data at the ends, and in this case it resulted in
estimating that ‘CluthaGold’ fruit held at 4°C were softer after 5 and 6 weeks in cold
storage (Fig. 6.3A). When data were log-transformed, the fit for the four treatments in
the long storage end of the fitted curve was in the same order, compared with actual
data points (Fig. 6.3B). The residual plots for this analysis were not improved from
those for the non-transformed data analysis (data not presented). Other analyses, such as
fitted logistic and Gompertz analyses, were considered. All sigmoid growth models tend
to result in part of the curve fitting well, whilst other parts did not fit as well, and
therefore are not likely to improve on the existing analyses (P. Alspach, pers. comm.).
Both analyses identified that ‘Larclyd’ fruit softened at a significantly slower rate than
‘CluthaGold’ fruit at 0°C. Both analyses confirmed that fruit of both cultivars were of
similar firmness at each removal time after 4 weeks of cold storage at 4°C, and that
‘Larclyd’ fruit softened at a slightly slower or similar rate to ‘CluthaGold’ fruit at this
temperature for the two analyses respectively. Given that the first analysis, which did
not log-transform the data, represented the starting firmnesses more accurately, this
appears to be a more accurate representation of the data.
SSC increased more after 3 weeks at 0°C for ‘CluthaGold’ fruit than at 4°C or
compared with ‘Larclyd’ fruit held at either temperature (Fig. 6.2I-L). Free juice content
decreased as shelf-life duration increased and was lower during shelf-life after cold
storage than during shelf-life straight from harvest (Table 6.2).
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Table 6.1. Effect of cultivar, storage temperature and length in cold storage on flesh firmness, proportion weight loss, soluble solids concentration and free
juice content for apricot fruit assessed 4 hours after removal from cold storage. For flesh firmness, a cubic spline was fitted to weeks and flesh firmness was
either transformed on log10 scale (and back-transformed*) or not. Means ± standard error of difference and P-values for main effects and two-way effects are
shown. Abbreviations: CS, cold storage.
Treatment main effects
‘CluthaGold’
‘Larclyd’
0°C
4°C
0 weeks in CS
2 weeks in CS
4 weeks in CS
6 weeks in CS
P: Cultivar
P: Temperature
P: Weeks in CS
P: Cultivar x Temperature
P: Cultivar x Weeks
P: Temperature x Weeks

Flesh firmness (N)
45.0±1.5
41.7±1.5
52.3±1.5
35.4±1.5
50.4±1.3
49.0±1.5
31.6±1.5
23.3±1.8
0.021
<0.001
<0.001
0.034
<0.001
<0.001

Flesh firmness (N)
(log transformed*)
43.9±2.3
38.7±2.0
58.5±3.1
29.1±1.5
50.2±2.3
47.7±2.3
27.4±1.3
15.4±1.0
0.016
<0.001
<0.001
0.012
0.195
<0.001

Weight loss (%)
4.78 ±0.13
4.47 ±0.13
4.63 ±0.13
4.63 ±0.13
0.10 ±0.15
3.55 ±0.10
7.00 ±0.11
10.45 ±0.17
0.087
0.992
<0.001
0.015
0.914
0.825

Soluble solids
concentration (%)
12.7±0.9
12.3±0.9
12.1±0.9
12.9±0.9
12.1±0.1
12.4±0.7
12.7±0.8
13.0±0.1
0.003
<0.001
<0.001
0.589
0.364
<0.001

Free juice (%)
20.2±1.0
16.2±1.0
19.4±1.0
17.0±1.0
23.4±1.1
19.5±0.7
15.4±0.8
11.3±1.3
0.003
0.070
<0.001
0.670
0.119
0.034

*The standard errors were estimated by back-transforming the 95% confidence intervals and dividing the difference between these values by 4 .
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Longer cold storage resulted in greater fruit weight loss, resulting in fruit being
approximately 10% lighter after 6 weeks in cold storage than at harvest (Table 6.1).
‘CluthaGold’ fruit held at 0°C lost more weight than those held at 4°C, whereas the opposite
was true for ‘Larclyd’ (Fig. 6.2E-H). Soluble solids concentration (SSC) was higher in
‘CluthaGold’ than ‘Larclyd’ fruit, and SSC increased only a small amount during cold
storage for both cultivars (Table 6.1). SSC was higher in fruit held at 4°C than in those at
0°C. SSC increased as percentage weight loss of fruit increased (P<0.001, Fig. 6.4). Free
juice content was lower for ‘Larclyd’ than for ‘CluthaGold’ and lower at 4°C than at 0°C
(Table 6.1). Free juice content decreased only slightly over time when fruit were stored at
0°C; however, it dropped rapidly in ‘CluthaGold’ fruit after 5 weeks at 0°C (Fig. 6.2M).
‘CluthaGold’ fruit held at 4°C maintained free juice content for the first two weeks, followed
by a rapid decrease (Fig. 6.2O). ‘Larclyd’ fruit showed a steady decrease in free juice content
over the 6-week period at both 0°C and 4°C (Fig. 6.2N and P).
During shelf-life, i.e. when fruit were held at 20°C straight from harvest or after cold storage,
they softened rapidly, lost weight rapidly and in most cases free juice content also showed a
rapid decline (Fig. 6.2, Table 6.2). Overall, ‘Larclyd’ fruit were firmer than ‘CluthaGold’
fruit during shelf-life at 20°C (Table 6.2), even though they were softer than ‘CluthaGold’
fruit at harvest (Fig. 6.2A-D). ‘CluthaGold’ fruit softened to eating firmness (< 20 N) within
6 days, when held at 20°C directly after harvest (Fig. 6.2A), whereas ‘Larclyd’ softened more
slowly, reaching about 30 N after 6 days shelf-life (Fig. 6.2B). Fruit of both cultivars were
already at eating firmness (10 – 20 N) when removed from 3 weeks at 4°C, and reached an
over-soft stage (<10 N) after 2 days at 2 °C (Fig. 6.2C-D). After cold storage at 0°C,
however, ‘CluthaGold’ fruit took 6 days to become over-soft (Fig. 6.2B), whereas ‘Larclyd’
fruit firmness was approximately 40 N after 6 days at 20°C. ‘CluthaGold’ fruit held at 0°C
for 5 weeks had softened to 40 N upon removal to 20°C and reached eating firmness of 20 N
within 2 days, after which time the softening rate slowed (Fig. 6.2A).
‘CluthaGold’ fruit held at 4°C for 5 weeks had already become over-soft upon removal to
20°C (Fig. 6.2D). Total percentage weight loss was higher for fruit held in cold storage than
for those held at 20°C straight from harvest and there was no difference in weight loss
between fruit held at either cold storage temperature (Table 6.2). However, when only
considering weight loss from the start of shelf-life at 20°C, fruit removed from cold storage
had a lower percentage weight loss than fruit held at 20°C straight from harvest (Table 6.2).
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Fruit lost about 10% of their weight during 6 days of shelf-life at 20°C. Fruit SSC increased
by almost 2% during the 6 days of shelf-life at 20°C (Table 6.2).

Fig. 6.2. Fruit quality of ‘CluthaGold’ and ‘Larclyd’ apricots at harvest or stored at 0 °C or 4°C for up
to 6 weeks and then held at 20°C for up to 6 days: A, B, C, D: flesh firmness; E, F, G, H: proportional
weight loss from harvest; I, J, K, L: soluble solids concentration; M, N, O, P: free juice content. Each
value represents the mean of 16 fruit. Error bars represent ± standard error of the mean.
Abbreviations: CS, cold storage; SSC, soluble solids concentration.
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Fig. 6.3. Fitted curves for flesh firmness of ‘CluthaGold’ (CG) and ‘Larclyd’ (L) apricots at harvest or
stored at 0°C or 4°C for up to 6 weeks: A) a cubic spline was fitted to weeks of cold storage and main
effects were cultivar, temperature and weeks of cold storage, B) a cubic spline was fitted to weeks of
cold storage and main effects were cultivar, temperature and weeks of cold storage, flesh firmness
was log10 transformed for analysis then back-transformed for data display.
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Fig. 6.4. Relationship between fruit weight loss (%) and soluble solids concentration (%) for
‘CluthaGold’ and ‘Larclyd’ apricots stored at 0°C or 4°C for up to 6 weeks and then held at 20°C for
up to 6 days. Each value represents the mean of sixteen fruit. The linear regression line was fitted to
all data. P<0.001. Abbreviations: CG, ‘CluthaGold’; L, ‘Larclyd’; SSC, soluble solids concentration.
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Table 6.2. Effect of cultivar, storage temperature and length in cold storage on flesh firmness, proportional weight loss, soluble solids concentration and free
juice content for apricot fruit assessed during shelf-life of up to 6 days at 20°C directly after harvest or after 3 weeks of cold storage. For flesh firmness and
free juice content, a cubic spline was fitted to days of shelf-life. Means ± standard error of difference and P-values for main effects and two-way effects are
shown. Abbreviations: SL, shelf-life.
Treatment main effects
‘CluthaGold’
‘Larclyd’
Shelf-life from harvest
Shelf-life after 3 w at 0°C
Shelf-life after 3 w at 4°C
0 days of shelf-life
2 days of shelf-life
4 days of shelf-life
6 days of shelf-life
P: Cultivar
P: Temperature
P: Days of shelf-life
P: Cultivar x Temperature
P: Cultivar x Days SL
P: Temperature x Days SL

Flesh firmness during
shelf-life (N)
16.7±1.8
25.0±1.2
38.6±1.7
34.8±1.6
13.4±1.5
41.0±1.6
32.8± 1.0
24.6±1.1
16.4±1.7
0.044
<0.001
<0.001
0.002
<0.001
0.013

Weight loss (total %
loss from harvest)
9.21±0.23
7.25±0.26
5.60±0.33
10.01±0.30
10.6±0.33
3.27±0.30
6.65±0.19
10.04±0.20
13.43±0.31
<0.001
<0.001
<0.001
0.227
<0.001
0.205

Weight loss (% loss
from start of SL)
5.97±0.24
4.01±0.26
5.60±0.32
4.80±0.30
4.58±0.28
0.02±0.30
3.41±0.19
6.80±0.19
10.20±0.31
<0.001
0.001
<0.001
0.579
<0.001
0.255

Soluble solids
concentration (%)
13.56±0.11
12.74±0.12
12.81±0.15
13.21±0.14
13.44±0.13
12.27±0.14
12.87±0.09
13.47±0.09
14.08±0.15
<0.001
0.005
<0.001
0.020
0.019
0.030

Free juice (%)
10.7±1.2
13.4±1.5
15.6±1.9
10.9±1.6
9.8±1.5
18.9±1.6
14.2±1.0
9.6±1.1
5.0±1.8
0.199
0.031
<0.001
0.787
0.096
0.666
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6.4.2.

Differences in development of chilling injury symptoms were related to
changes in physical quality traits as a result of cold storage at different
temperatures.

Length of cold storage at different temperatures affected development of mealiness or gel
development during cold storage (Table 6.3). The fitted values for scores of mealiness, gel
and rubberiness were slightly negative but not greater than twice the standard error (Table
6.3). The residual plots indicated slight deviations from normality. An alternative approach
could have been to set the scores for these traits at harvest to zero, but this would have
inflated the upper boundary. This analysis presented provides a more accurate prediction of
the attributes of interest than the alternative analysis. The prediction of this analysis is that
mealiness, gel formation and rubberiness are extremely unlikely at harvest and predictions of
these attributes after harvest are satisfactory. Hence further analyses were not undertaken.
Fruit of both cultivars exhibited no mealiness during cold storage at 0°C and only slight gel
development at the very end of the 0°C storage period at 6 weeks (Fig. 6.5A, B, E and F).
These chilling injuries developed only once the fruit were removed from cold storage of 0°C
to ripen at 20°C. In contrast to this, both mealiness and gel formation occurred in both
cultivars during the storage period at 4°C (Fig. 6.5C, D, G and H). Mealiness development
during shelf-life after cold storage at 0°C was greater for ‘CluthaGold’ than for ‘Larclyd’,
whereas at 4°C, ‘Larclyd’ developed greater mealiness than ‘CluthaGold’ i.e. the interaction
was significant (Table 6.4). Rubberiness, however, became detectable during cold storage at
both temperatures, yet there were differences between cultivars in development of
rubberiness (Table 6.3). ‘CluthaGold’ showed slight rubberiness after 2 weeks at 0°C, and
increased further with time (Fig. 6.5I). This cultivar also developed slight rubberiness when
held at 4°C (Fig. 6.5K). ‘Larclyd’ fruit did not begin to develop rubberiness until after 3
weeks at 0°C, and rubberiness increased slightly when held at 20°C after removal from cold
storage (Fig. 6.5J). Unlike ‘CluthaGold’, ‘Larclyd’ fruit developed very little rubberiness
when held at 4°C or after removal from 4°C (Fig. 6.5L). ‘Larclyd’ fruit developed slight
rubberiness when held at 20°C straight from harvest. ‘CluthaGold’ fruit held at 0°C or 4°C
for 3 weeks became less rubbery when placed at 20°C (Fig. 6.5I and K), whereas ‘Larclyd’
fruit held at 0°C for 3 weeks increased in rubberiness (Fig. 6.5J) and did not develop any
rubberiness after being held at 4°C for 3 weeks (Fig. 6.5L).
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Table 6.3. Effect of cultivar, storage temperature and length in cold storage on mealiness score, gel score, rubbery score and juiciness score for apricot fruit
assessed 4 hours after removal from up to 6 weeks of cold storage. A higher score indicates greater mealiness, gel formation, rubberiness and juiciness up to a
maximum score of 3. Means ± standard error of difference and P-values for main effects and two-way effects are shown. Abbreviations: CS, cold storage.
Treatment main effects
‘CluthaGold’
‘Larclyd’
0°C
4°C
0 weeks in CS
2 weeks in CS
4 weeks in CS
6 weeks in CS
P: Cultivar
P: Temperature
P: Weeks in CS
P: Cultivar x Temperature
P: Cultivar x Weeks
P: Temperature x Weeks

Mealiness score
0.19±0.06
0.25±0.06
0.00±0.06
0.44±0.06
-0.11±0.06
0.14±0.04
0.39±0.05
0.64±0.07
0.453
<0.001
<0.001
0.419
0.457
<0.001

Gel score
0.41±0.14
0.58±0.14
0.08±0.14
0.91±0.14
-0.26±0.16
0.31±0.10
0.89±0.12
1.47±0.18
0.363
<0.001
<0.001
0.478
0.568
<0.001

Rubbery score
0.67±0.07
0.14±0.07
0.55±0.07
0.27±0.07
-0.01±0.08
0.31±0.05
0.63±0.06
0.95±0.09
<0.001
0.006
<0.001
0.337
<0.001
<0.001

Juiciness score
1.60±0.04
1.43±0.04
1.63±0.04
1.40±0.04
1.82±0.04
1.59±0.03
1.35±0.03
1.12±0.06
0.002
<0.001
<0.001
0.585
0.645
<0.001
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Fig. 6.5. Fruit quality of ‘CluthaGold’ and ‘Larclyd’ apricots at harvest or stored at 0°C or 4°C for up
to 6 weeks and then held at 20°C for up to 6 days: A, B, C, D: mealiness score; E, F, G, H: gel score;
I, J, K, L: rubbery score; M, N, O, P: juiciness score. A higher score indicates greater mealiness, gel,
rubberiness or juiciness up to a maximum score of 3. Each value represents the mean of 16 fruit for
the rubbery score and a mean of five fruit assessed independently by each of three trained assessors.
Error bars represent ± standard error of the mean. Abbreviations: CS, cold storage.
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Overall, juiciness was perceived to drop during cold storage and dropped more at 4°C than at
0°C (Fig. 6.5M-P, Table 6.3). Juiciness increased for ‘CluthaGold’ fruit held at 20°C straight
from harvest (Table 6.4) and decreased after cold storage (Fig. 6.5M and O), whereas it
remained constant for ‘Larclyd’ fruit held at 20°C straight from harvest and after 0°C, but
dropped after 3 weeks of cold storage at 4°C (Fig. 6.5N and P).
To evaluate whether development of chilling injuries was related to changes in certain
physical properties, specific analyses were carried out. Both mealiness and gel development
increased as juiciness decreased, as flesh firmness decreased, and as free juice content
decreased (Table 6.5). When the effects of juiciness and flesh firmness on mealiness
development were considered, the LMM analysis fitted negative values for mealiness when
juiciness scores were assessed as 2 or greater (Table 6.5), indicating that a linear model was
not adequately describing the data. The data were reanalysed to account for a non-linear
relationship using GLM with log normal errors. The new analysis had satisfactory residual
plots. Both juiciness and flesh firmness had a significant effect on mealiness: P = 0.007 and
0.001 respectively. To visualise this relationship further, the actual mean mealiness scores
were recorded on the fitted contour plot of flesh firmness x juiciness score (Fig. 6.6). This
indicated that the majority of the contour plot was irrelevant, since there were no data points
represented in the high juiciness/low flesh firmness region and the high flesh firmness/low
juiciness region. As fruit softened from 60 N to approximately 20 N, there was a slow but
steady reduction in juiciness. However, mealiness was not detectable until juiciness was
below a score of 1.5 and flesh firmness was below 30 N, after which it rose with increasing
rapidity as flesh firmness and juiciness declined (Fig. 6.6). Rubberiness increased as weight
loss increased, but was less severe at lower flesh firmnesses (Table 6.5).
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Table 6.4. Effect of cultivar, storage temperature and length in cold storage on mealiness score, gel score, rubbery score and juiciness score for apricot fruit
assessed during shelf-life of up to 6 days at 20°C directly after harvest or after 3 weeks of cold storage. A higher score indicates greater mealiness, gel
formation, rubberiness and juiciness up to a maximum score of 3. Means ± standard error of difference and P-values for main effects and two-way effects are
shown. Abbreviations: SL, shelf-life.
Treatment main effects
‘CluthaGold’
‘Larclyd’
Shelf-life from harvest
Shelf-life after 3w at 0°C
Shelf-life after 3w at 4°C
0 days of shelf-life
2 days of shelf-life
4 days of shelf-life
6 days of shelf-life
P: Cultivar
P: Temperature
P: Days of shelf-life
P: Cultivar x Temperature
P: Cultivar x Days SL
P: Temperature x Days SL

Mealiness score
0.24±0.07
0.28±0.07
0.00±0.11
0.22±0.08
0.56±0.08
0.05±0.09
0.20±0.06
0.34±0.06
0.48±0.10
0.423
<0.001
<0.001
0.045
0.850
0.102

Gel score
1.18±0.14
1.05±0.16
0.00±0.20
0.99±0.18
2.36±0.27
0.35±0.18
0.87±0.12
1.40±0.12
1.92±0.19
0.602
<0.001
<0.001
0.838
0.377
0.001

Rubbery score
0.65±0.11
0.27±0.12
0.08±0.16
0.78±0.14
0.53±0.13
0.27±0.14
0.40±0.09
0.53±0.09
0.67±0.15
0.012
0.002
0.188
0.013
0.553
0.487

Juiciness score
1.40±0.04
1.31±0.04
1.72±0.06
1.30±0.04
1.04±0.04
1.50±0.04
1.40±0.03
1.30±0.03
1.20±0.05
0.050
<0.001
<0.001
0.109
0.900
<0.001
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Table 6.5. Effect of juiciness or free juice content and of flesh firmness on mealiness scores and gel scores and effect of proportional weight loss and flesh
firmness on rubbery score for apricot fruit assessed 4 hours after removal from up to 6 weeks of cold storage at 0°C or 4°C or assessed for up to 6 days of
shelf-life at 20°C after 3 weeks or 5 weeks of cold storage. A higher score indicates greater mealiness, gel formation, rubberiness and juiciness up to a
maximum score of 3. Means ± standard error of difference and P-values for main effects and two-way effects are shown.
Treatment main effects
Juiciness score: 1
Juiciness score: 2
Juiciness score: 3
Flesh firmness: 10 N
Flesh firmness: 30 N
Flesh firmness: 50 N
P: Juiciness score
P: Flesh firmness
P: Juiciness × firmness
Treatment main effects
Free juice: 5%
Free juice: 15%
Free juice: 30%
Flesh firmness: 10 N
Flesh firmness: 30 N
Flesh firmness: 50 N
P: Free juice
P: Flesh firmness
P: Free juice × firmness

Mealiness score
0.46±0.07
-0.44±0.14
-1.34±0.32
0.32±0.08
0.18±0.05
0.04±0.09
<0.001
0.06
<0.001
Mealiness score
0.36±0.12
0.32±0.07
0.28±0.17
0.71±0.09
0.29±0.06
-0.13±0.10
<0.001
<0.001
0.08

Gel score
1.39±0.15
0.91±0.26
0.43±0.57
2.26±0.18
1.16±0.12
0.07±0.21
<0.001
<0.001
0.145
Gel score
1.48±0.18
1.28±0.13
0.98±0.32
2.38±0.18
1.21±0.12
0.05±0.20
<0.001
<0.001
0.356

Treatment main effects
Weight loss: 5%
Weight loss: 10%
Weight loss: 15%
Flesh firmness: 10 N
Flesh firmness: 30 N
Flesh firmness: 50 N
P: Weight loss
P: Flesh firmness
P: Weight loss × firmness
Treatment main effects
Weight loss: 5%
Weight loss: 10%
Weight loss: 15%
Flesh firmness: 10 N
Flesh firmness: 30 N
Flesh firmness: 50 N
P: Weight loss
P: Flesh firmness
P: Weight loss × firmness

Rubbery score
0.26±0.14
1.01±0.11
1.75±0.19
0.45±0.14
0.82±0.10
1.19±0.18
<0.001
0.007
0.477
Juiciness score
1.32±0.04
1.24±0.04
1.16±0.06
0.99±0.04
1.29±0.03
1.59±0.06
<0.001
<0.001
0.889
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Fig. 6.6. Contour plot showing the fitted trend surface for mealiness score (represented by the
colour gradient) based on the relationship between flesh firmness and juiciness score for
‘CluthaGold’ and ‘Larclyd’ apricots stored at 0°C or 4°C for up to 6 weeks, or stored at either
temperature for 3 weeks then held at 20°C for up to 6 days, or for “CluthaGold’ apricots were
held at either temperature for 5 weeks then held at 20°C for up to 6 days. A higher score
indicates greater juiciness or mealiness up to a maximum score of 3. The numbers indicate the
actual mealiness scores for each combination of storage time × shelf-life × cultivar. Data were
analysed using means of 16 fruit for each combination.
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6.4.3.

There were distinct differences in pectin metabolism in ‘CluthaGold’
apricots between softening at room temperature and development of
chilling injuries after cold storage

Although both apricot cultivars showed severe development of chilling injuries at both
cold storage temperatures, cell wall studies focused on ‘CluthaGold’, comparing
ripening of fruit at 20°C straight from harvest with that of fruit that developed chilling
injuries during and after storage at 0°C.
During ripening of ‘CluthaGold’ at 20°C, the content of unbound WSP in the cell wall
roughly tripled from harvest to the eating-firm stage (Fig. 6.7A). The MW distribution
of WSP gradually increased from harvest until fruit were eating-firm, and decreased
again when fruit became over-soft to a size distribution similar to that at harvest (Fig.
6.8A). The concentration of CSP, present in the middle lamellae, increased sharply
while fruit softened from 59 N at harvest to 38 N at 20°C, then dropped again to harvest
values until fruit became over-soft (Fig. 6.7B). This was accompanied by a sharp
decrease in MW from harvest to 38 N, after which the MW distribution remained
similar until fruit were over-soft (Fig. 6.8B). The concentration of NSP remained steady
during ripening (Fig. 6.7C). The MW distribution decreased sharply when fruit became
eating-firm (11 N) and continued until they were over-soft (5 N) (Fig. 6.8C). The UA
content of the cell wall residue (CWR) slightly decreased over the softening period (Fig.
6.7D).
When ‘CluthaGold’ apricots were removed from cold storage after 5 weeks at 0°C, the
fruit had developed a moderate rubbery texture (Fig. 6.5I) and had dropped by almost
20 N in firmness to approximately 40 N (Fig. 6.2A). Uronic acid content in WSP, CSP
and NSP within fruit removed from cold storage showed no difference from that of fruit
which were ripened from harvest to a similar firmness (Fig. 6.7A-C). The UA content in
the CWR, however, had increased considerably in fruit that were at a firmness of 41 N
upon removal from cold storage compared with that of fruit of 38 N held only at 20°C
(Fig. 6.7D). Whereas the UA contents in WSP and CSP between fruit with maximum
gel and rubberiness, as well as high mealiness scores, and fruit ripened at 20°C straight
from harvest, were similar (Fig. 6.7A-B), the UA contents in NSP and CWR were
overall slightly higher in fruit with chilling injuries (Fig. 6.7C-D). As fruit ripened at
20°C after cold storage at 0°C, from eating firmness (20 N) to an over-soft stage (<10
N), they had a slight reduction in rubberiness, an increase in gel formation and
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mealiness, whilst no differences in UA content between fruit with and without chilling
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injuries were observed anymore (Fig. 6.7).
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Fig. 6.7. Uronic acid content on a fresh weight basis in cell wall fractions of ‘CluthaGold’
apricot fruit during ripening at 20°C and during coolstorage at 0°C for 5 weeks and subsequent
ripening at 20°C. A: water-soluble pectin, B: CDTA-soluble pectin, C: Na2CO3-soluble pectin
and D: cell wall residue. Data are means of three replicate samples measured in triplicate. Error
bars represent ± standard deviation of the mean. Abbreviations: CDTA, trans-1,2cyclohexanediaminetetraacetic acid; CS, cold storage; CSP, CDTA-soluble pectin; CWR, cell
wall residue; NSP, Na2CO3-soluble pectin; UA, uronic acid; WSP, water-soluble pectin.

The MW profiles of WSP in cold-stored fruit developing chilling injuries did not
increase (Fig. 6.8D), unlike those in fruit softened at 20°C immediately from harvest
(Fig. 6.8A). At the time fruit were removed from cold storage (firmness of 41 N), some
depolymerisation had occurred, so that a greater proportion of WSPs were of lower
MW. However, once fruit were removed from cold storage, the MW profile was similar
to the harvest profile until the fruit were at eating firmness (20 N). At the over-soft stage
(5-6 N), the MW profiles were similar between fruit with and without chilling injuries.
The MW profiles of the CSP were similar when comparing fruit that had ripened
straight from harvest or in cold storage to comparable firmnesses of 39 and 41 N,
respectively, and were lower than at-harvest values (Fig. 6.8B and E). As cold-stored
fruit subsequently ripened at 20°C to develop chilling injuries, their MW distribution
increased again, similar to that at harvest, whereas CSP extracted from fruit that ripened
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at 20°C from harvest, continued to shift to lower MW values (Fig. 6.8B and E). The
MW distribution of the NSP decreased overall as fruit ripened to eating-firm stage, with
or without chilling injuries (Fig. 6.8C and F). However, whereas MW profiles of NSP
of fruit after cold storage did not change while the fruit were ripening to an over-soft
stage, the average MW decreased even further in fruit ripened at 20°C straight from
harvest (Fig. 6.8C and F). Fig. 6.9 shows a direct comparison between MW profiles of
pectins from fruit ripened with chilling injury and those of a similar firmness without
chilling injury.
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Fig. 6.8. Molecular weight distribution of (A, D) water-soluble pectin (WSP), (B, E) CDTAsoluble pectin (CSP), and (C, F) Na2CO3-soluble pectin (NSP) for ‘CluthaGold’ apricots during
ripening at 20°C straight from harvest (A, B, C) and during CS at 0°C and subsequent ripening
at 20°C (D-F). Fruit (firmness 41N) were taken out of CS after 5 weeks. Abbreviations: CS,
cold storage; H, harvest; UA uronic acid.
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Fig. 6.9. Molecular weight distribution of (A,B,C) water-soluble pectin (WSP), (D,E,F) CDTAsoluble pectin (CSP), and (G,H,I) Na2CO3-soluble pectin (NSP) for ‘CluthaGold’ apricots at
harvest, during ripening at 20°C, and during ripening to 41 N in CS for 5 weeks at 0°C and
during ripening at RT after being taken out of CS. Abbreviations: CS, cold storage; RT, room
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The relationships between UA content in WSP and flesh firmness, mealiness score and
gel score identified some significant trends. An increase in UA in WSP was associated
with significant fruit softening for ‘CluthaGold’ (Fig. 6.10A). For the same increase in
UA content, ‘Larclyd’ fruit (assessed in Chapter 5) did not soften so rapidly. A similar
contrast between cultivars was observed for the relationships between UA content of
WSP and mealiness score and gel score (Fig. 6.10B and C), in which mealiness and gel
increased at a much greater rate for ‘CluthaGold’ fruit than for ‘Larclyd’ fruit for the
same increase in UA content of WS pectin. Flesh firmness decreased as the UA content
in CSP, NSP and CWR decreased for both cold-stored and non-cold-stored
‘CluthaGold’ fruit (Fig. 6.10D, G and J). Mealiness increased as UA content of CSP
decreased (Fig. 6.10E). However, the relationship between UA content of CSP and gel
development were opposite for ‘CluthaGold’ and ‘Larclyd’ (Fig.6.10F). The reasons are
not clear, however the increase in gel development as UA content of CSP for
‘CluthaGold’ is dependent on a single low gel score. The trends were less obvious for
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relationships between changes in UA content of NSP and CWR of cold-stored fruit of
‘CluthaGold’ and mealiness score or gel formation (Fig. 6.10H, I, K and L), except that
the gel score increased rapidly as the UA in CWR decreased from 4.5 to about 3.9 g
kg-1, and then remained reasonably high (Fig. 6.10L).

Fig. 6.10. Relationship between uronic acid content on a fresh weight basis in water-soluble
pectin (A, B, C), CDTA-soluble pectin (D, E, F), Na2CO3-soluble pectin (G, H, I) and cell wall
residue (J, K, L) from cell walls and flesh firmness, mealiness score and gel score for apricot
fruit from ‘CluthaGold’ trees at harvest, placed immediately at 20°C for up to 15 d, after storage
of 3 or 5 weeks at 0°C or 4°C and placed at 20°C for up to 8 d. A higher score indicates greater
mealiness and gel formation. Lines represent loess model. Data for ‘Larclyd’ fruit for watersoluble pectin and CDTA-soluble pectin are from Chapter 5. Abbreviations: CG, ‘CluthaGold’;
CS, cold-stored; CWR, cell wall residue; FW, fresh weight; L, ‘Larclyd’; NS, non cold-stored;
PV, proportion of variance accounted for by loess model; UA, uronic acid.
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6.4.4.

There were marked changes in extent of cell separation and cell shape
in ‘CluthaGold’ fruit ripened straight after harvest and after cold
storage at 0°C.

In firm ‘CluthaGold’ fruit at harvest, mesocarp cells had irregular shapes, with
distinctly stained and undulating cell walls, considerable cell-cell separation and
relatively large intercellular spaces at tricellular junctions (Fig. 6.11A). There was also
slight evidence of staining in the region between separated cell walls (Fig. 6.11A). After
ripening to eating firmness at 20°C, staining of the cell walls with toluidine blue was
less intense, possibly indicating loss of cell wall material during softening (Fig. 6.11B).
However, there was little evidence of cell wall swelling, as the lightly stained cell wall
was sharp and of similar dimensions to the cell wall at the harvest stage. The extent of
cell-cell separation was also comparable to that at the harvest stage (Fig. 6.11A). After
ripening subsequent to cold storage (Fig. 6.11C, D), cells in fruit at eating firmness had
developed much more irregular shapes with some apparent collapse, and the extent of
both intercellular spaces and cell-cell separation had increased, although some cells did
remain in close contact. Cell wall staining appeared comparable to that of fruit ripened
at 20°C (Fig. 6.11B) and there seemed to be no appreciable cell wall swelling. Fig. 6.12
shows the mesocarp cells of ‘CluthaGold’ at the same time points but at lower
magnification.
6.4.5.

Intercellular spaces and cell lumina of eating-firm, chilling-injured
‘CluthaGold’ apricots with severe mealiness, rubberiness and gel were
filled with pectin, similar to fruit at harvest.

The monoclonal antibodies JIM5 and JIM7 are specific for non- or low methylesterified and more highly esterified homogalacturonan regions of pectin, respectively.
Overall, labelling with both antibodies was intense, and unlike toluidine blue staining
(Fig. 6.13), the intensity did not change over fruit softening. In the harvest samples,
both antibodies labelled middle lamella regions as well as tricellular junctions strongly.
Labelling also showed that intercellular spaces were filled with pectin with varying
degrees of esterification recognised by both antibodies (Fig. 6.13A, B). In cell walls of
fruit that softened at 20°C straight from harvest, pectin within the intercellular spaces
had disappeared. Both antibodies still labelled cell walls strongly at middle lamellae
regions and possibly beyond, exposing areas of cell separation (Fig. 6.13C, D).
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In eating-firm fruit with chilling injury symptoms of mealiness, rubberiness and gel
formation after ripening following cold storage, both antibodies labelled the cell walls
as well as the pectin material between separating cell walls and in intercellular spaces.
There was also grainy pectin labelling in the cell lumina (Fig. 6.13E, F). The extent of
cell wall separation and of intercellular spaces was much greater in the samples
exhibiting chilling damage (Fig. 6.13E, F) than in samples without (Fig. 6.13C, D).
Although cell wall labelling with JIM5 showed a similar intensity and sharpness to
material that ripened to eating firmness, labelling with JIM7 appeared more intense.
This was possibly caused by labelling the cell wall to a greater extent, perhaps
indicating some cell wall swelling. Whereas in fruit without chilling injury (Fig. 6.13C,
D), pectin labelling within intercellular spaces had disappeared during ripening, these
pectin-filled intercellular spaces were still present in fruit with chilling injury (Fig.
6.13E, F), although less intense than at harvest (Fig. 6.13A, B).
6.4.6.

Fruit with combinations of chilling injuries had different pectin content
and molecular weight distributions, and showed differences in pectin
staining using JIM5 and JIM7.

Fruit that had only gel formation, or gel formation and mealiness, or gel formation and
rubberiness, were examined to identify patterns in cell wall changes for fruit with
particular chilling injury combinations. Over-soft fruit that showed both gel and
mealiness symptoms following 3 weeks at 0°C had elevated WSP content compared
with that of over-soft fruit with similar symptoms after 5 weeks at 0°C or chillinginjured fruit at eating firmness (Fig. 6.14A). The UA contents in CSP were overall very
similar between fruit that had different combinations of chilling injuries (Fig. 6.14B).
The UA content in NSP and CWR was lower in fruit that did not have all three chilling
injury symptoms (Fig. 6.14C, D). Over-soft gel and mealy fruit had less UA in the
CWR than those fruit with other symptom combinations that were at eating firmness
(Fig. 6.14D).
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Fig 6.11. Apricot mesocarp cells of ‘CluthaGold’ at commercial harvest (A), after ripening at
20°C to flesh firmness of 5 N straight from harvest (B), and after cold storage at 0°C and the
development of chilling injury symptoms: ripening at 20°C to eating-ripe firmness with gel,
mealy and rubbery symptoms (C), eating-ripe firmness with gel symptoms but not mealy or
rubbery (D), over-soft firmness with gel and mealy symptoms but not rubbery (E) and fruit
straight out of cold store with gel and rubbery symptoms while still very firm (F). All images
are reproduced to the same magnification. Abbreviations. Col, partially collapsed cell; IS,
intercellular spaces; Se, cell-cell separation; St, pectin staining of intercellular spaces.
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Fig. 6.12. Lower magnification images of the mesocarp cells of ‘CluthaGold’ apricots at the
same time points are presented in Fig. 6.11, at commercial harvest (A), after ripening at 20°C to
flesh firmness of 5 N straight from harvest (B), and after cold storage at 0°C and the
development of chilling injury symptoms: ripening at 20°C to eating-ripe firmness with gel,
mealy and rubbery symptoms (C), eating-ripe firmness with gel symptoms but not mealy or
rubbery (D), over-soft firmness with gel and mealy symptoms but not rubbery (E) and fruit
straight out of cold store with gel and rubbery symptoms while still very firm (F). All images
are reproduced to the same magnification. Abbreviations. Col, partially collapsed cell; IS,
intercellular spaces; Se, cell-cell separation; St, pectin staining of intercellular spaces; Un,
undulating cell wall.
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Fig. 6.13. Immunofluorescence labelling with antibody JIM5 (A, C, E) or JIM7 (B, D, F) in
‘CluthaGold’ apricot mesocarp cell walls from fruit at harvest (A, B), ripened at 20°C to flesh
firmness of 5 N straight from harvest (C, D) or ripened at 20°C to flesh firmness of 10 N after
cold storage at 0°C (E, F). Fruit in (E, F) have high gel, mealy and rubberiness scores. Flesh
firmness in Newtons (N) for each fruit is indicated. All images are reproduced to the same
magnification. Abbreviations. IS, intercellular spaces; ML, middle lamella; Se, cell-cell
separation; St, pectin staining of intercellular spaces, cell lumen and between separating cell
walls.
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Apricots that showed gel formation only, after ripening to eating firmness following
cold storage at 0°C, had WSP of larger MW distribution and CSP that looked more
degraded than fruit with any other combination of chilling injury symptoms (Fig.
6.15A-D). Fruit with mealiness and gel formation after 3 weeks at 0°C had CSP of
smaller MW distribution than fruit with same chilling injuries ripened after 5 weeks of
cold storage at 0°C (Fig. 6.15D). The NSP had very similar MW distributions across
fruit with all chilling injury combinations (Fig. 6.15E, F).
After staining with toluidine blue, cells of eating-firm fruit with gel formation as the
only form of chilling injury (Fig. 6.11D), or with both gel formation and mealiness in
over-soft fruit (Fig. 6.11E), looked very similar. Fruit with either of these chilling injury
combinations had cells with irregular shapes, extensive cell-cell separation, partial
cellular collapse and large intercellular spaces, although in some regions the cells still
remained in close contact. However, irregular cell shapes, cell-cell separation, and large
intercellular spaces seemed not quite as extensive as observed in fruit that had all three
chilling injury symptoms (Fig. 6.11C). Fruit that already exhibited gel formation and
rubberiness when still quite firm (51 N) during cold storage, showed quite different cell
characteristics (Fig. 6.11F). These cells had irregular shapes similar to those of eatingfirm, chilling-injured samples (Fig. 6.11C), but cell-cell separation was not extensive
and resembled that of fruit at harvest (Fig. 6.11A). There was distinct staining of
intercellular spaces and regions between separated cell walls, which was seen at a much
lower intensity in fruit at harvest.

170

UA in WSP, FW basis
(g UA kg-1)
UA in CSP, FW basis
(g UA kg-1)
UA in NSP, FW basis
(g UA kg-1)
UA in CWR, FW
basis (g kg-1)

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

A

1.0

B

0.8

m, r, g (0°C 5w)
g, m (0°C 5w)
g (0°C 3w)
r, g (4°C 3w) g, m (0°C 3w)

0.6
0.4
0.2
0.0
4.0

C

3.0
2.0
1.0
0.0
4.0

D

3.0
2.0
1.0
0.0

11 10 12

5 2

Eating firmness over-soft

Flesh firmness (N)
Fig. 6.14. Uronic acid content on a fresh weight basis in cell wall fractions of ‘CluthaGold’
apricot fruit after cold storage and subsequent ripening at 20°C for fruit that had high chilling
injury scores for mealiness, gel and/or rubberiness. A: water-soluble pectin, B: CDTA-soluble
pectin, C: Na2CO3-soluble pectin and D: cell wall residue. Data are means of three replicate
samples measured in triplicate. Error bars represent ± standard error of the mean. Results are
grouped for fruit at eating firmness (10-12 N) or over-soft (2-5 N). Abbreviations: CDTA, trans1,2-cyclohexanediaminetetraacetic acid; CSP, CDTA-soluble pectin; CWR, cell wall residue; g,
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Fig. 6.15. Molecular weight distribution of (A,B) water-soluble, (C,D) CDTA-soluble pectin ,
and (E, F) Na2CO3-soluble pectin for ‘CluthaGold’ fruit that had high chilling injury scores for
mealiness, gel and/or rubberiness after cold storage and subsequent ripening at 20°C.
Abbreviations: CDTA, trans-1,2-cyclohexanediaminetetraacetic acid; CSP, CDTA-soluble
pectin; g, gel; m, mealy; NSP, Na2CO3-soluble pectin; r, rubberiness; UA, uronic acid; WSP,
water-soluble pectin.

Immunolocalisation of pectin within cells of fruit with chilling injuries using JIM5 and
JIM7 antibodies showed intense labelling with both antibodies (Fig. 6.16). In eatingfirm fruit with gel symptoms only, no pectin staining could be detected in the cell lumen
or intercellular spaces at tricellular junctions with either antibody (Fig. 6.16A, B), but
staining could be observed in fruit that showed gel and mealiness, especially in cell
corners (Fig. 6.16C, D). In fruit that showed gel, mealiness and rubberiness, however, a
more intense grainy pectin staining was visible (Fig. 6.13E, F). In fruit with gel
symptoms only, labelling of cell walls with JIM7 appeared less intense than in fruit with
gel and mealiness (Fig. 6.16D) or with all chilling symptoms (Fig. 6.13F), and
represented more the intensity of JIM7 labelling of an eating-firm fruit without chilling
injury (Fig. 6.13D). Fruit with gel formation and rubberiness that developed during cold
storage when fruit were still firm (51 N) showed characteristics of fruit at harvest as
well as eating-firm fruit using either antibody (Fig. 6.16E, F). Pectin-filled tricellular
corners and little cell-cell separation resembled those of fruit at harvest (Fig. 6.13A, B),
whereas the irregular cell shapes and lack of undulating cell walls were similar to those
of fruit with chilling injuries. JIM5 stained pectin material that filled the regions
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between separated cell walls (Fig. 6.16E). Labelling of cells with JIM5 seemed equally
intense and showed no difference between fruit with and without chilling injuries and
combinations (Fig. 6.16A, C, E).

Fig. 6.16. Immunofluorescence labelling with antibody JIM5 (A, C, E) or JIM7 (B, D, F) in
‘CluthaGold’ apricot mesocarp cell walls from fruit ripened at 20 °C after cold storage: at 0°C
for 5 weeks (A, B, C, D) or 5 weeks at 4°C (E, F). The fruit in (A, B) had a high gel score but
were not mealy or rubbery; (C, D) had high gel and mealy scores but were not rubbery and
(E, F) had high gel and rubbery scores but were not mealy. Flesh firmness in Newtons (N) for
each fruit is indicated. All images are reproduced to the same magnification. Abbreviations. IS,
intercellular spaces; Se, cell-cell separation; St, pectin staining of intercellular spaces.
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6.5.

Discussion

Genotype and storage temperatures significantly affected fruit softening in apricots and
there was an interaction between genotype and temperature. This was consistent with
previous results in which ‘CluthaGold’ fruit softened more rapidly than ‘Larclyd’ fruit
after storage at 0°C and 3 days of shelf-life at 20°C (Stanley et al. 2010). Fruit of both
cultivars had similar softening rates after storage at 3°C followed by 3 days of shelf-life
at 20°C in the earlier trial (Stanley et al. 2010). The faster rate of softening of
‘CluthaGold’ fruit than ‘Larclyd’ fruit for the same increase in WSP suggests that there
may be differences between two cultivars in how the pectin solubilises. For
‘CluthaGold’, the UA content in both CSP and CWR decreased as fruit ripened, which
reduced the strength of the cell walls and caused fruit softening, but there was no
change in UA content in NSP. The solubilisation patterns of pectin in ‘Larclyd’ fruit
may be different, which may account for the differences in the changes of cell wall
strength, and should be the subject of further studies. Faster softening of ‘CluthaGold’
fruit may also be related to greater ethylene production during ripening than in
‘Larclyd’ fruit (Stanley et al. 2013a), a relationship which has been shown for other
apricot cultivars (Gouble et al. 2005).
As expected, longer periods of cold storage increased weight loss of apricots (Koyuncu
et al. 2010). Weight loss in stonefruits is a result of the transfer of water from the fruit
to the environment and has been shown to depend on fruit surface characteristics and
the environmental conditions, including relative humidity, air velocity and temperature
(Crisosto et al. 1995b).
Both storage temperature and genotype had significant effects on chilling disorders.
Fruit of both cultivars developed a mealy texture during cold storage at 4°C but very
little mealiness developed during cold storage at 0°C, which was also found in these
cultivars and two others stored at 3°C and 6°C (Stanley et al. 2010). In both these trials,
mealiness was more severe for fruit ripened at room temperature after being stored at
temperatures higher than 0°C compared with those stored at 0°C, a result also found for
peach and nectarine (Ju et al. 2000). Apricots that were ripened after storage at 0°C did
not develop mealiness until flesh firmness dropped to approximately 20 N (Chapter 5),
and fruit stored at 4°C in this study also started to develop mealiness when firmness was
approximately 20 N, but this was during cold storage. There was less of a difference in
mealiness between the two cultivars than has been observed previously (Chapter 5), but
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it is possible that season as well as genotype may affect the degree of mealiness, as
reported for peach (Martinez-Garcia et al. 2012), or that fruit differed in harvest
maturity, since that affects the development of chilling injury in apricot.
As previously observed (Chapter 5), perceived mealiness increased as perceived
juiciness decreased. In the current trial no mealiness developed when juiciness scores
were above 1.5.
Gel formation during or after cold storage at 0°C began to develop when fruit had a
firmness of 35 N or softer (Chapter 5). In this study, gel formation also began once fruit
reached a firmness of about 35 N, both during ripening at room temperature after cold
storage at 0°C and during cold storage at 4°C. This contrasts with nectarine, in which no
gel was found during shelf-life after cold storage at 0°C nor during cold storage at 4°C,
but only developed after 2 days of shelf-life following cold storage at 4°C (Lurie et al.
2011). Rubberiness, sometimes referred to as leatheriness, was more prevalent in
‘CluthaGold’ than ‘Larclyd’ and more prevalent at 0°C than at 4°C. Similarly, peaches
were more leathery at 0°C than at 5°C (Ju et al. 2000). However, rubbery peaches
tended to be juicier and form less gel than mealy peaches (Ju et al. 2000), whereas no
clear relationships between rubberiness and juiciness or gel were observed for apricots
in this trial.
The faster increase in mealiness and gel development for ‘CluthaGold’ fruit than in
‘Larclyd’ fruit, for the same increase in UA content of WSP, suggests that the
disruption of the ‘normal’ cell wall disassembly process has a genetic basis. However,
the data were collected for ‘Larclyd’ (Chapter 5) in a different year than for
‘CluthaGold’ in this trial, so seasonal effects cannot be ruled out (Martinez-Garcia et al.
2012).
Sensory juiciness in apples and nectarines is associated with the breaking open of the
cell wall to release the cellular juice (Harker & Hallett 1992; Harker & Sutherland
1993). In fruit that ripen to a melting texture, such as melting flesh peach, this is
achieved by changes to pectin and hemicellulose solubility and structure, which result in
loosening and weakening of the cell wall, as well as changes in cell adhesion mediated
by changes in middle lamellae pectin (Brummell et al. 2004a). Cell wall changes in
‘CluthaGold’ apricots softening at 20°C immediately following harvest followed a
pattern that was consistent with those in other fruits that ripen to a soft-melting texture.
More, and increasingly larger, pectin molecules were becoming water-soluble and were
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hence removed from the cell wall network, aiding fruit softening, as this left the cell
wall progressively weaker. This might also be indicated by less intense staining of
eating-firm cell walls with toluidine blue than that of cell walls at harvest. The presence
of intercellular spaces and some cell-to-cell separation also matches previous
observations of tissue structure of normally ripened apricots (Kovacs et al. 2008).
The ease with which cells in fruit tissue burst was probably related to the strength and
elasticity of the cell wall and plasma membrane as well as to the strength of adhesion
between neighbouring cells (Harker & Hallett 1992; Harker & Sutherland 1993).
Indeed, in apricots that developed gel formation, mealiness and rubberiness during
softening, the UA content in the more tightly bound pectin, NSP and in the CWR, was
higher than in fruit that ripened without chilling injury. Pectin that became watersoluble over softening in these chilling-injured fruit did not increase in size as much as
that in fruit that softened without cold storage, leaving pectin with higher MWs in the
cell wall. Hence, it can be assumed that in fruit with chilling injuries, restructuring and
weakening of the cell wall for juice release when chewing was not as pronounced as in
normally-ripened fruit. When eating-soft, mealy, rubbery apricots with gel formation
progressed to an over-soft stage after removal from cold storage, fruit became less
rubbery, while maintaining gel and mealiness. In these over-soft fruit, no differences in
UA content between fruit with and without chilling injuries were observed anymore.
Hence, rubberiness could be linked to the increased presence of pectin that is bound
tightly to the cell wall, rendering it stronger and giving the sensation of rubberiness.
Leatheriness after cold storage in peaches, which has similar symptoms to rubberiness
in apricots, occurred when fruit were firmer (>30 N) and enzyme activities associated
with cell wall degradation and ethylene production were lower, whilst the insoluble
pectin content was higher in leathery fruit than in juicy or mealy fruit (Ju et al. 2000).
Peaches harvested at a less mature stage were more prone to leatheriness, a feature also
noted for apricots (Stanley, pers. obs.). Leathery peaches had very deformed mesocarp
cells and significant staining of the intercellular matrix, presumably pectin (Luza et al.
1992), which were similar to those seen in the rubbery apricots. However, the greater
cell wall thickening compared with that in juicy or mealy peaches was not seen in
rubbery apricots. Leathery peaches showed less depolymerisation within the CSP
fraction than mealy peaches (Brummell et al. 2004b). For apricots, though, there was no
difference in depolymerisation of CSP between rubbery fruit on removal from cold
storage
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(41 N) and juicy fruit at a similar firmness, but differences were evident for mean MW
of WSP.
Adhesion between cells might be expected to influence the way fruit tissue breaks when
chewed, by determining whether 1) the fruit tissue breaks into small fragments
containing undamaged cells, leaving a dry sensation in the mouth, or 2) individual cells
rupture when crushed, leaving a pulp of connecting cell wall material and a moist
sensation in the mouth (Harker & Sutherland 1993). Chemistry and localisation of
pectin in the cell wall, especially in middle lamellae and intercellular junctions, might
therefore determine tissue breakage and juice release. It is likely that in apricots without
chilling injury, the weakened cell wall, as well as degradation and disappearance of
pectin in intercellular junctions, will aid tissue breakage and juice release, resulting in a
fruit that is perceived as juicy. However, in apricots showing mealiness, gel and
rubberiness, these changes remained absent. Although cell separation was more
pronounced, middle lamella-related CSP did not disappear from cell junctions, and
degradation of this pectin was also not noticeable. It is likely that cells either do not
break open in these chilling-injured fruit, as cell walls remain too strong, or that they
break open but the amount of pectin present in the cell wall and cell lumen will bind the
juices released, resulting in a fruit that is perceived as dry, as suggested for nectarine
(Harker & Maindonald 1994).
Fruit with combinations of chilling injuries showed different pectin content and MW
distribution, and differences in pectin staining using JIM5 and JIM7 antibodies than
fruit that were severely chilling-injured exhibiting all symptoms. The perception of
mealiness correlated with the presence of pectin in the cell lumen, and rubberiness with
the presence of pectin in tricellular corners as seen with immunolocalisation; apricots
showing gel formation only were, however, not distinguishable from fruit without
chilling injury using immunolocalisation.
Solubilisation and depolymerisation patterns of pectins differed between apricot and
peach during ripening. Depolymerisation of CSP within the cell walls of fruits during
ripening occurs in one of three different patterns: 1) very little depolymerisation over
the ripening process, as found in bell pepper and apple, 2) progressive, in which
depolymerisation starts slowly but shows significant change later in the ripening
process, as in papaya and kiwifruit, or 3) abrupt, in which there is virtually no
depolymerisation until fruit are almost ripe, followed by rapid depolymerisation, as in
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melting-flesh peach and melon (Brummell 2006). The changes in depolymerisation
have not previously been recorded in apricot, although a slow increase in the proportion
of short-length CSPs in apricots with prolonged 0°C storage (Liu et al. 2009) suggests
that apricot may exhibit progressive depolymerisation during ripening. This is supported
by the results in this study, in which depolymerisation of CSPs occurred gradually as
flesh firmness decreased. Thus it appears that the changes are different from that in
peach, in which depolymerisation was not seen until fruit were at a firmness of
approximately 20 N (Brummell et al. 2004a). Depolymerisation of NSP within apricot
fruit followed an abrupt depolymerisation pattern, thus there was little change until fruit
reached a firmness of approximately 10 N, whereas peach showed a main peak of high
MW pectins, which remained unchanged right through to over-soft fruit (Brummell et
al. 2004a). In addition, the changes in the MW profile of WSPs during ripening for
apricot contrasted those of peach. In peach, a peak of high MW WSPs remained until
fruit became ripe, at which time there was rapid depolymerisation (Muramatsu et al.
2004). In apricot on the other hand, WSP increased in MW until the over-soft stage
while ripening at 20°C.
Symptoms of mealiness and gel formation were absent or very minor for apricots
immediately after they were removed from cold storage at 0°C after 5 weeks, even
though they could subsequently only ripen with the development of chilling injury.
However, there were some differences between the cell wall characteristics of apricots
softened in cold storage and those ripened at 20°C from harvest to a similar fresh
firmness (38 – 41 N). Not only was the UA content of the CWR higher in cold-stored
fruit, but the increase in MW of WSP characteristic for apricots ripening at 20°C was
absent.
Woolliness in nectarine and peach has been associated with inhibition of ethylene and
aroma-related volatiles (Zhang et al. 2011; Zhou et al. 2001a; Zhou et al. 2001b). This
contrasts with many other fruits such as kiwifruit, lemons and Japanese plums, in which
the development of chilling injury after removal from cold storage has been
accompanied by an increase in ethylene production and respiration (Feng et al. 2003;
Khan et al. 2011; Leguizamon et al. 2001). It has been suggested that the different
patterns are due to the type of chilling injury, being pitting and water-soaking symptoms
in kiwifruit and lemons, whereas woolliness is an internal injury in nectarines and
peaches (Zhou et al. 2001a). However, the chilling injury symptoms in Japanese plum
were internal, yet ethylene production increased after removal from cold storage (Khan
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et al. 2011). Another experiment on peach found an initial burst of ethylene occurred
within 24 hours of removal from cold storage after which ethylene production dropped
dramatically (Fernández-Trujillo et al. 1998). It is not known, therefore, which ethylene
pattern would be exhibited by apricot immediately after removal from cold storage prior
to chilling injury development. However, it seems likely that ethylene would be
suppressed immediately after removal from cold storage or shortly afterwards, since
ethylene is essential for the correct sequence of cell wall degradation that is required for
the normal ripening process (Lurie & Crisosto 2005; Zhou et al. 2001a). Furthermore,
the development of mealiness in peaches and nectarines has also been associated with
the down-regulation of genes associated with the ethylene and the cell wall disassembly
pathways and associated enzymes for peach, compared with those of cold-stored fruit
that received intermittent warming during storage, which subsequently did not show
mealiness symptoms (Lurie & Crisosto 2005; Zhou et al. 2001b). An alternative may be
to test ethylene pulses, similar to that tested in other fruits (Starrett & Laties 1991)
Mealy fruit could be differentiated from non-mealy fruit for peach and plum by
examining the MW profiles of the various pectin fractions (Brummell et al. 2004b;
Manganaris et al. 2008). In both fruits, there was reduced depolymerisation of CSP for
mealy fruit compared with non-mealy fruit. Mealy plums also exhibited reduced
depolymerisation of the WSP and NSP fractions. A similar pattern was seen for all three
pectic fractions for mealy versus non-mealy ‘CluthaGold’ fruit. The CSP yield was
lower in mealy fruit than juicy fruit for peach (Brummell et al. 2004b), whereas in plum
the WSP yield was lower and the NSP yield was higher for mealy fruit (Manganaris et
al. 2008). A similar change was observed only for NSP yield in apricots during our trial.
Mealiness, or woolliness, was found to be a result of de-esterification accompanied by a
lack of depolymerisation in peach (Lurie et al. 2003a) and was caused by cell fluids
forming calcium-pectate gel complexes with high MW pectin in the middle lamella in
peach and nectarine (Ben-Arie & Lavee 1971; Zhou et al. 2000b), which is also a likely
mechanism for mealiness in apricot.
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6.6.

Conclusion

The development of chilling injury in apricot is dependent on genetic and seasonal
factors before harvest, on maturity at harvest as well as on storage temperature and
duration. The normal ripening process, involving solubilisation and depolymerisation of
pectins within the cell wall, appears to be disrupted by cold temperatures. UA content in
the tightly-bound fractions of the cell wall remained higher than in fruit softening of
unstored fruit held at ambient temperatures after harvest. In addition, depolymerisation
of the CSP fraction, as well as weakening of the cell wall through release of high MW
pectin into the water soluble fraction, did not occur. Cells within apricots with chilling
injury exhibited more irregular cell shapes, greater intercellular spaces and more cellcell separation. These factors resulted in cell walls that were less likely to break open
during chewing, and when cells did break, any juice was probably bound with pectin
held in the cell walls or cell lumen. Future research should focus on linking changes in
gene expression and ethylene production with the development of chilling injuries, and
whether delayed cold storage, intermittent warming or ethylene manipulation would
allow normal ripening to proceed. Modified storage regimes such as intermittent
warming or ethylene pulses may provide the best short-term strategy for lengthening the
storage life of apricots, whilst breeding new cultivars that have the ability to enable
ethylene production to be up-regulated through exogenous ethylene supply could be a
longer-term solution.
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Chapter 7. Summary and Conclusions
The pre-harvest factors that affect apricot fruit quality studied in this project can be
aggregated into four main focal points: genotype, competition for resources, the light
environment of the fruit and their surrounding leaves, and harvest maturity. The final
quality of a fruit is determined by the combination of these main factors, and the
postharvest storage conditions. This study focused on a number of interactions and
examined changes within the whole tree, within individual branches, within individual
fruit and within fruit cell wall, and in some cases followed fruit from pre-harvest fruit
development through to consumer eating experiences. This has allowed the effects of
certain pre-harvest factors affecting fruit quality to be studied comprehensively.
Progress has been made on understanding the underlying physiological processes
involved and their effects of on-orchard decisions on delivering fruit of high quality to
consumers and in cell wall physiology during ripening and development of chilling
injuries.

7.1.

Consumer Preferences – What is the Target for Growers?

Consumers ultimately determine acceptable fruit quality, and their experience affects
repeat buying habits (Summerfruit New Zealand & The Nielsen Company 2013). The
quality traits of apricots sought by consumers are moderate to large fruit size, yellow to
orange skin and flesh colour, few or no blemishes and bruises, juicy fruit, good texture,
sweet taste (i.e. high soluble solids concentration (SSC)) and no chilling injuries such as
mealiness, gel formation or off-flavours. These are all traits that are fruit quality targets
in apricot breeding programmes (Gatti et al. 2009; Moreau-Rio 2006). However, the
preferred combinations of firmness and sweetness of apricot fruit have been less clear.
The consumer studies in this research revealed that consumers preferred fruit that had
higher SSC if the fruit were at eating firmness of between 10 N and 25 N (Chapter 2). In
contrast, SSC was not important if fruit became over-soft, at firmnesses of less than 10
N. Hence, pre-harvest factors which contribute to the development of high SSC by the
time they are harvested, and enable fruit to be delivered to consumers before they are
over-soft, would be desirable.
In order to draw together the results of the various aspects of this project, the effects of
the pre-harvest and postharvest factors studied on the major fruit quality traits are
summarised below.
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7.2.

Increasing and maintaining fruit weight

The choice of genotype affected the potential maximum size of apricot fruit, if there are
no constraints during fruit growth i.e. competition for resources or low light. When
standard commercial thinning practices were followed, genotype had the major effect on
mean fruit weight, so that fruit from different cultivars ranged in weight between 50 g
and 90 g (Chapter 3; Table 7.1). However, there were many factors that were involved
in modifying fruit weight for any single genotype, both within the orchard and after
harvest, and the magnitude of these effects differed depending on the genotype (Table
7.1).
Fruit were significantly larger on trees thinned to lower crop loads, ranging from 83 g to
96.5 g for the high and low crop load treatments respectively (Stanley et al. 2014). Fruit
from upper canopy positions were larger than lower canopy positions (Table 7.1), and
the upper canopy fruit and adjacent leaves received higher irradiance of light (Chapter
4). When irradiance was increased by reflecting light up into lower canopy positions
using reflective cloth, fruit in the lower canopy were larger than those in the same
locations within trees without reflective cloth treatments, although still not as large as
those fruit from the upper canopy (Chapter 4; Table 7.1). The importance of high light
irradiance was further confirmed by increasing the proportion of the fruit located in
upper canopy positions of the tree, which caused a greater proportion of fruit to be
larger (Chapter 4).
Examining changes in fruit quality along branches also highlight significant differences.
Higher numbers of fruit on spurs and shoots arising off two-year-old wood prior to
thinning resulted in smaller fruit (Chapter 3, Table 7.1). Fruit located in basal positions
on one-year-old long shoots were larger than those in distal positions. In general, fruit
on one-year-old long shoots were smaller than those on spurs and short shoots arising
from older wood (Chapter 3, Table 7.1). However, genotypes modified this trend in
some cases. There also appeared to be greater competition for resources between fruit
and shoot growth when fruit on one-year-old wood were located closer to the apex
(Chapter 3), although this needs to be confirmed in further studies.
Once fruit were harvested, several factors significantly affected fruit weight loss during
storage, particularly genotype (Chapter 6). Longer storage time increased weight loss
(Chapter 6). Fruit held in cold storage followed by shelf-life lost a greater proportion of
fresh weight overall than fruit held at room temperature straight from harvest; however,
183

the percentage weight loss during the shelf-life period was lower (Chapter 6).
Percentage weight loss was similar for fruit stored at 0°C and at 4°C.

7.3.

Increasing soluble solids concentration

Many pre-harvest factors proved to modify SSC (Table 7.1). Genotype and orchard-toorchard variation affected SSC of fruit (Chapters 2 and 3). Reducing crop load could
increase SSC by up to 2% (Chapter 2; Table 7.1). A similar increase in SSC could be
achieved by preferentially locating fruit in upper canopy positions that received greater
light penetration and by reducing crop in the less illuminated inner canopy (Chapter 4,
Table 7.1). Therefore, distributing fruit so that the greater proportion was in the upper
canopy resulted in more fruit having higher SSC. Increasing light into the lower canopy
with reflective cloth could increase SSC by approximately 0.4% (Chapter 4; Table 7.1).
In some genotypes, SSC was lower in fruit on older wood and on more distal positions
along two-year-old wood sections (Chapter 3, Table 7.1). This is possibly because the
fruit and adjacent leaves occupied lower light positions in the late season, when growth
stage III was occurring, as for peach (George et al. 1996). However, a more detailed
study of ‘CluthaGold’ fruit revealed that SSC was also significantly lower in fruit on
one-year-old long shoots than in those on short shoots and spurs on two-year-old wood
(Chapter 3, Table 7.1). This suggests that the proximity of fruit to the shoot apex
affected its relative sink strength and ability to accumulate sugars. Leaf area at the
fruiting node and pre-thinning fruit numbers had no effect on SSC of fruit (Chapter 3).
Fruit from the earliest harvest had higher SSC than fruit from later harvests, possibly
because the first fruit to mature were from high light positions in the canopy (Stanley et
al. 2013a).
Fruit that were less mature at harvest had lower SSC (Chapters 2 and 5, Table 7.1). This
is particularly important for apricots, as they do not have starch that can convert to
sugars after harvest (Kurz et al. 2008). The small increases in SSC observed during cold
storage and shelf-life were related to water loss (Chapter 6).
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Table 7.1. Summary of the greatest magnitudes of difference for fresh weight and/or soluble solids concentration of apricot fruit between factors assessed in this
study. For more details, refer to the relevant chapter. “–“ indicates the data were not collected. A blank indicates the data were not the greatest difference for that trait
in that trial.

Genotype
Orchard-to-orchard
variation
Reducing crop load
Wood age: 1 v. 3-year-old
wood
Wood age: 3 v. 4-year-old
wood
<10 fruit v. >20 fruit on 2year-old shoot prior to
thinning
Basal v. distal fruit on 1year-old shoots
Basal v. distal fruit off 2year-old shoot
Lower v. upper canopy
Inner v. outer canopy
Uncovered ground v.
reflective cloth
Standard v. adjusted
distribution
Maturity at harvest

Cultivar/Genotype
StB7/1 v. ‘Clutha Summer’
CM1/4 v. StB7/1
‘CluthaGold’

Difference
40.4 g

‘CluthaGold’ & ‘Vulcan’
‘Clutha Summer’

28.3 g

Fruit weight (g)
Range
48.7 – 89.1 g

P-value
<0.001
0.002

64.9 – 93.2 g

<0.001

StB7/1

Difference

SSC (%)
Range

P-value

Reference
Chapter 3
Chapter 3
Chapter 2

4.0%
1.3%

10.7 – 14.7%
11.5 – 12.8%

<0.001
<0.001

2.0%

11.8 – 13.8%

<0.001

Chapter 2
Chapter 3

2.4%

13.6 – 16.0%

0.005

Chapter 3

‘CluthaGold’

6.6 g

65.5 – 72.1 g

0.02

Chapter 3

‘CluthaGold’

19.1 g

45.3 – 64.4 g

<0.001

Chapter 3

‘CluthaGold’

0.7%

10.2 – 10.9%

0.005

Chapter 3

‘CluthaGold’
‘CluthaGold’
‘CluthaGold’

7.7 g
2.3 g
3.7 g

56.9 – 64.6 g
59.6 – 61.9 g
58.9 – 62.6 g

<0.001
0.03
0.008

1.8%
0.0%
0.4%

9.8 – 11.6%
10.7 – 10.7%
10.5 – 10.9%

<0.001
n.s.
<0.001

Chapter 4
Chapter 4
Chapter 4

‘CluthaGold’

0.2 g*

60.2 – 60.4 g

n.s.*

0.1%*

10.6 – 10.7%

n.s.*

Chapter 4

‘CluthaGold’

-

-

-

1.3%

11.5 – 12.8%

<0.001

Chapter 2

*Although there no significant difference, 20% more fruit were located in the upper canopy, which had larger fruit and higher SSC than the lower canopy (see lower canopy v. upper canopy).
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7.4.

Reducing fruit softening

Flesh firmness, as measured by a penetrometer, represents one attribute encompassed by
the term “fruit texture” (Harker et al. 1997) and has been shown to be important for
consumer preferences for apricots (Chapter 2). Firmer fruit at harvest (50 to 60 N) were
less mature and subsequently softened more slowly in cold storage (0 to 10 N over 6
weeks at 0°C) than fruit of intermediate firmnesses between 30 and 50 N at harvest,
which softened 20 to 25 N over the same period (Chapter 5). Fruit that had reached
eating firmness (approximately 20 N) when placed in cold storage softened by 10 N in 6
weeks at 0°C (Chapter 5). Longer cold storage time and longer shelf-life resulted in
softer fruit (Chapters 5 and 6). Colder storage temperatures significantly slowed the
softening rate (Chapter 6). Genotype affected the softening rate at different
temperatures; one genotype softened at a slower rate than the other one at both
temperatures (Chapter 6). In terms of reducing softening, fruit should be harvested in a
less mature state, when it is very firm, however, it is not the ideal solution when
accounting for other factors such as SSC and flavour (Chapter 5).

7.5.

Reducing chilling injury

Some genotypes exhibited more symptoms of certain chilling injuries than others;
however, the extent of chilling injury for each genotype also varied among seasons
(Chapters 3, 5 and 6). Genotypic differences were evident with respect to faster
development of mealiness and gel formation in ‘CluthaGold’ than in ‘Larclyd’ fruit for
the same increase in WSP (Chapter 6).
Fruit were mealier after cold storage from trees with higher crop loads (Stanley et al.
2013a; Stanley et al. 2014) and were mealier in fruit from upper canopy positions than
from lower canopy positions (Stanley et al. 2014). Fruit on one-year-old long shoots or
terminal spurs were mealier and developed slightly more gel than fruit on older wood
(Chapter 3).
Fruit that were more mature at harvest developed more severe mealiness and gel
symptoms after cold storage (Chapter 5). Gel did not develop until flesh firmness was
less than approximately 35 N and mealiness developed below 20 N (Chapters 5 and 6).
Fruit that were more mature at harvest reached these flesh firmness thresholds more
rapidly than less mature fruit. The extent of the effect of harvest maturity on the severity
of chilling injury symptoms was genotype-specific (Chapter 5).
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Longer storage times increased chilling injury development during subsequent shelf-life
(Chapter 5 and 6). Cold storage temperature had a significant effect on the development
of the various chilling injury symptoms (Chapter 6). Both mealiness and gel
development were more severe at 4°C than 0°C and symptoms of both developed during
cold storage. In contrast, rubberiness was more severe at 0°C than at 4°C (Chapter 6),
although fruit ripened without storage could have slight rubbery symptoms (Chapter 5).

7.6.

Changes in apricot cell walls during ripening

Cell wall changes during ripening, and how cold storage modified these changes,
remained relatively unexplored before the study described in Chapter 6. Changes in
intercellular adhesion and solubilisation of pectins during “normal” ripening (i.e. at
20°C immediately after harvest) were similar to those observed in peach (Brummell et
al. 2004b). However, the depolymerisation pattern for water-soluble pectins (WSP),
CDTA-soluble pectins (CSP) and Na2CO3-soluble pectins (NSP) during ripening of
apricots (Chapter 6) differed from peach (Brummell et al. 2004b). Instead, differences
in depolymerisation between mealy and non-mealy apricots were similar to those
reported for plum (Manganaris et al. 2008). Also, the changes in yield of the different
pectin fractions for apricot when fruit were mealy were in agreement with those
reported for plum for NSP but not for the other fractions. The development of mealiness
and/or gel formation occurred more rapidly for ‘CluthaGold’ than for ‘Larclyd’ for a
similar increase in WSP during ripening after cold storage. This suggests there may be
differences in the disassembly process of the cell walls during ripening and the
development of chilling injury between genotypes.

7.7.

Conclusions

This research has demonstrated that there are a number of factors that have major
contribution to enhancing fruit quality traits. Crop management and storage temperature
have proved equally as important for apricot fruit quality as harvest maturity. These
factors can be integrated into a management strategy to improve fruit quality of apricot:


Crop load: Reduce crop load, although economic yields are still required and
therefore an intermediate crop load is advisable, although quantification is required.



Arrangement of fruit within the tree:


Position a greater proportion of fruit in higher light regions during
commercial thinning.
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Thin fruit to preferential locations on the branch: probably the base of oneyear-old long shoots, and on short shoots and spurs arising from two-yearold wood; however, this will vary slightly by cultivar.



Fruit numbers before commercial thinning: These results showed that higher fruit
numbers before thinning on short shoots and spurs on two-year-old and three-yearold wood reduced fruit size; however, no artificial modification to fruit number was
carried out. Artificial spur extinction, which has been successful in increasing light
penetration and fruit weight in apple (Breen et al. 2015; Tustin et al. 2011), may be
a suitable method to reduce early season competition.



Light penetration into low light regions: This can be improved using reflective
cloth; however, the gains were not as great as those from adjusting fruit arrangement
in the tree so that fewer fruit were in low light positions. Artificial spur extinction
may be a better method for improving light distribution within the tree.



Harvest maturity: Ideally harvest fruit at fruit firmnesses of between 35 N and 50 N.
This is a balance between extending storage capability so that fruit will not be too
soft when they reach the consumer, and harvesting fruit that have high SSC.
Consumers showed a strong preference for fruit that were harvested at a more
mature stage. The other factors listed above will improve fruit SSC at harvest, but
the ultimate solution would be to develop new cultivars that have high sugar
accumulation characteristics.



Storage temperature: Although temperature was not studied in detail, 0°C would
still appear to be the recommended storage temperature. This does increase the
likelihood of rubberiness development. However, management of fruit softening,
mealiness and gel formation by storing at 0°C outweighs this negative aspect.

Modifying tree management, harvest maturity and postharvest management to balance
the requirements for improving all the different fruit quality traits simultaneously is
challenging. The recommended strategies above will improve the majority of the fruit
quality traits, albeit at the potential expense of:


Increased mealiness because fruit are located in high light positions, and



An increased likelihood of rubberiness because of fruit being held at 0 °C.

Improved knowledge of the carbohydrate distribution between competing fruit and
between fruit and shoots, location of fruit within the canopy, and of changes within cell
walls of apricot tissue, has provided some insights into the complex integration of many
188

factors responsible for fruit quality of apricot. These have enabled the development of
an integrated strategy for improving fruit quality; which will hopefully result in
consistently better experiences for apricot consumers. However, with further research,
longer-term solutions could provide even greater improvements.

7.8.

Future Research

A number of research topics that require further research have been identified during
this study.
7.8.1.

Role of other fruit quality traits in consumer preferences for apricot

This study showed the importance of an interaction between flesh firmness and SSC in
consumer preferences for apricot and could link these back to crop loads and harvest
maturity (Chapter 2). Sugar/acid ratio was also shown to be important. Many questions
remain, including the importance of juiciness for consumer acceptance, particularly its
interaction with flesh firmness. It would be valuable to determine what effect the
presence of different chilling injuries had on consumer acceptance of apricot fruit.
7.8.2.

Competition for resources

Higher leaf areas arising from individual fruiting nodes resulted in lower fresh weight of
fruits that were located at the distal ends of one-year-old shoots (Chapter 3). In contrast,
a positive relationship was found between leaf area from the fruiting node and fruit
weight at the base of one-year-old shoots. This suggests that the growing shoot tip is the
priority carbohydrate sink in such shoot systems, and the fruit is a secondary sink.
Hence, carbohydrate sources close to the growing shoot tip will favour distributing
carbohydrate to the shoot until shoot extension ceases. Carbon labelling trials would
enable this hypothesis to be examined in more detail.
Fruit quality was generally better from short shoots and spurs arising from two-year-old
and three-year-old wood, as well as the base of one-year-old wood (Chapter 3).
Selectively thinning fruit to increase the proportion of fruit on these wood types may
improve the mean fruit weight and SSC of fruit on each tree. Artificial spur extinction
has been shown to improve light distribution within trees, fruit weight and fruit set in
apple (Breen et al. 2015; Tustin et al. 2011). This may be a suitable strategy for
improving all these factors in apricot, and the resulting higher light environment may
maintain older spurs such that they produce higher quality fruit, as found for apple. It
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may prove more suitable that adjusting the distribution of fruit to increase the
proportion in the upper canopy (Chapter 4). This latter strategy increases ladder work to
harvest fruit and makes commercial fruit thinning more complex to perform. Examining
the effect of artificial spur extinction (ASE) on fruit quality may confirm whether fruit
on short shoots and spurs arising from older wood may have improved quality if the tree
structure is modified to increase light penetration. ASE would be carried out by
removing a set proportion of spurs, particularly weak and highly shaded spurs. Whilst
there are differences between apple and apricot in terms of growth and bearing habit,
the effect of the light environment and of competition for resources on fruit growth and
quality are underlying factors that are important for both fruit crops. Early reduction of
fruiting sites may hold greater risk for apricot than apple, particularly in Central Otago,
where the majority of the New Zealand apricots are grown. This is because of the
possibility late frosts, which can damage a large proportion of the flowers or young
fruit.
7.8.3.

Design new orchard planting systems

The strategies proposed from this study will not solve all the issues. These include low
light penetration in the centre of the canopy, increased ladder work in the upper canopy,
and more complex thinning instructions to casual orchard staff. A longer-term solution
would be to design new orchard planting systems options. Future research to design a
new system should consider the following ideas:


The development of a tree structure that allows for uniform light penetration
throughout the canopy and results in uniform, high quality fruit production



A design that is very simple so that instructions to orchard staff on pruning, training
and thinning are easy to follow



Incorporation of methods to select preferentially the wood age and type that resulted
in the highest quality fruit



Examination of the potential to use artificial spur extinction to reduce carbohydrate
resources being diverted into fruit that will later be removed during thinning.

7.8.4.

Changes in cell walls disassembly during development of chilling injury

Significant progress has been made in characterising the differences in cell wall
disassembly during ripening that occur as a result of chilling injury. These changes still
need to be linked to changes in gene expression and changes in regulatory compounds
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such as ethylene production. Ethylene may play a critical role in differentiating between
cultivars and may help to explain why some cultivars exhibit fewer chilling injury
symptoms. Further research should focus on the differences among apricot cultivars in
solubilisation and depolymerisation of pectin during ripening after cold storage, to
further understand why and how they differ in chilling injury development. Modified
storage regimes, such as intermittent warming and ethylene pulses, may enable
“normal” ripening processes to proceed and reduce chilling injury development.
7.8.5.

Breeding new apricot cultivars that have superior quality
characteristics

Genotype had one of the greatest effects on fruit quality and defined the range that was
possible for each quality trait. Therefore, the greatest long-term solution is to breed new
cultivars that have the desired traits. Some specific targets have been identified from
this research:


Increased accumulation of sugars so that fruit have higher SSC whilst still firm



Fruit that produce very little ethylene during ripening so that they will soften more
slowly during cold storage



Fruit that develop fewer chilling injury symptoms.
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