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Abstract: In the last few years, spring frosts have become more of a rule than an exception. There are
several prevention measures available for growers and numerous are being tested; however, fruitlets
are often affected to some extent. One of the more common phenomena is the development of frost
rings. The aim of our study was to evaluate how the occurrence of frost rings affects sugar, organic
acid, and phenol content in the flesh and phenol content in the peel of cv. ‘Gala’ apples. The results
show that the frost damage from spring frost affects compounds in the peel, as well as in the flesh
of ripe apples. The flesh of fruits with frost rings contained higher content of fructose and in the
flesh directly under the rings there was higher sorbitol and malic acid content. Additionally, the
hydroxycinnamic acid and dihydrochalcone content in apple flesh was also altered by frost. The
frost-affected peel had a completely different ratio of phenolic compounds content in comparison
to healthy apples. While there was a significantly higher content of hydroxycinnamic acids and
dihydrochalcones in the corky peel in comparison to the unaffected peel, the flavonol and anthocyanin
content was considerably lower.

Keywords: frost rings; sugar; sorbitol; phenolic content

1. Introduction

In recent years, the number of warm periods in winters and cold periods in spring
has been increasing. This leads to unavoidable late spring frosts which reduce yield in
orchards. The frost in 2017, which affected practically all of Europe, was one of the most
severe spring frosts in history. The remaining fruits on the trees are usually damaged;
periderm formations and cracks appear on the apple skin. The so-called ‘frost ring’ and
‘frost eye’ develop on the apple surface; these are russeted bands encircling the fruit which
cause constricted growth in defined areas [1].

While winter frost is more deadly to a tree and is thus the limiting factor of crop
cultivation, spring frost leads to crop loss in established orchards [2]. When temperatures
drop below 0 ◦C, ice crystals start to form in the floral organs. When the crystals grow
from extracellular space through membranes to the cell core, this causes cell death. Brown
discoloration at the ovary after the thawing of apple flowers is the first sign of frost
damage. The discoloration may extend both to the style and to the ovary [1,3,4]. A kind
of deformation that is similar to frost rings is russeting. Russeting is thought to occur
during the fruit expansion, where rapid sigmoidal cell expansion in the fruit strains the
cuticle and leads to microcracking and results in the formation of a waterproofing periderm
layer, consisting mainly of suberin [5,6]. Russeting can also develop due to other weather
conditions and factors, such as improper use of chemicals and mechanical injury or pest
damage [7]. It is also a known trait of some cultivars, such as the ‘Renette Canada’, a
few ‘Golden Delicious’ strains and others, but it is mostly an undesirable trait in the fruit
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market. This might change in the future due to recent studies on apples with russet. Busatto
et al. [8] confirm a higher content of secondary metabolites in the peel of apples with russet.
With growing awareness of the beneficial effect of the phenolic compound intake on our
health [9], this is important information for further studies and breeding. Even the latest
reports on russet in apples suggest that this may be a rather good trait, at least as far as
human nutrition is concerned [8,10]. However, russet reduces storage life [11] and, for
now, reduces the value of apples in the fresh market and is, therefore, prevented with
gibberellins wherever possible [12].

There is research on how spring frost affects apples [3,4,13], but information regarding
the effect on fruit quality is scarce. Warrington et al. [14] report that low temperatures in
the first 40 days after bloom (DAFB) induce smaller fruits. Climate change also affects
apples. The tastes and textural attributes of apples have changed due to global warming.
Organic acid concentration, fruit firmness and watercore occurrence have decreased and,
in some cases, soluble solids have increased in recent years [15]. We wanted to add to
the existing body of knowledge with research on how the inner fruit quality of apples
damaged by spring frost. The aim of this study was to evaluate how the occurrence of frost
rings affects the sugar, organic acid, and phenol content in the flesh and peel of cv. ‘Gala’
apples. The parameters were chosen because the content of sugars and organic acids—and
especially their ratio—have a major effect on apple taste perception. Phenolics are increased
in apples with russet and are currently the subject of many researches on their influence on
human health.

2. Materials and Methods
2.1. Plant Material

The study was carried out on the cultivar ‘Gala’ apples in a year with spring frost. The
apple trees were planted in 2003 and are grown on MM106 rootstock. During flowering
time, the night temperatures dropped to −1.1 ◦C (measured on 2 m of height), followed by
20 cm of snow on the following day. The trees were in the fruit growth stage of an end of
flowering (G). The apples were harvested at technological maturity (determined with tests
on the ion-starch, fruit firmness, and soluble solids) on 25 September in an orchard located
in the north-west part of Slovenia (latitude 46◦20′ N, longitude 14◦12′ E, altitude 500 m).
Two types of fruits were collected: fruits with frost damage (FD) that had the so-called
‘frost ring’, and undamaged apples (C). Both types were exposed to the low temperatures
during spring frost, but the apples within the control group had no visible damage and
were therefore classified as first quality fruits and comprised the control group in our
experiment. Samples from frost-damaged apples were divided into: peel samples (healthy
peel (FD-P1), discoloured boundary (FD-P2), and corky peel (FD-P3) (Figure 1)); and flesh
samples (flesh underneath healthy peel (FD-F1) and flesh underneath corky peel (FD-F2)).
The flesh samples were sampled a few millimetres under the peel. Samples of undamaged
apples consisted of a peel sample (C-P) and a flesh sample (C-F). The samples of control
apples were taken from the equatorial plane (where the frost rings usually appear). Apple
peels and flesh samples were collected according to the above determined treatments and
immersed in liquid nitrogen. Frozen samples were stored at −80 ◦C until further analyses.

2.2. Extraction and Determination of Individual Sugars and Organic Acids

Frozen samples, comprising of 2 g of flesh, were chopped and ground for the extraction
in 10 mL of double-distilled water. Further extraction steps were performed in accordance
with the description by Zupan et al. [16].

Analyses of sugars and organic acids were performed using a Thermo Finnigan Sur-
veyor HPLC system (Thermo Scientific, San Jose, CA, USA). Rezex RCM-monosaccharide
(300× 7.8 mm; Thermo Scientific, San Jose, CA, USA) and Rezex ROA organic acid columns
(300 × 7.8 mm; Phenomenex, Torrance, CA, USA) were used for sugar and organic acid
analyses. Instrument settings were in accordance with the description by Mikulic-Petkovsek
et al. [17].
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Figure 1. Peel samples from frost damaged apples: healthy peel (FD-P1), discoloured boundary
(FD-P2), corky peel (FD-P3).

2.3. Extraction and Determination of Individual Phenolic Compounds

For the extraction, 2 g of flesh and 0.5 g of peel were chopped into small pieces and
phenolic compounds were extracted with 2 mL and 3 mL of methanol (Sigma-Aldrich,
Steinheim, Germany), containing 3% (v/v) formic acid (Fluka Chemie, Buch, Switzerland),
respectively. Further extraction steps and HPLC-MS analysis followed the methodology
described by Mikulic-Petkovsek et al. [17].

2.4. Statistics

Six samples were taken for each treatment, and each sample was combined from
two apples. The results were statistically analysed with the Statgraphics Centurion XV
(StatPoint, Inc., Warrenton, VA, USA, v. 15.2.14) program, using one-way analysis of
variance (ANOVA) to interpret the effect of the treatments. The differences in the content
levels were estimated with Duncan’s test, and p-values of less than or equal to 0.05 were
considered statistically significant.

3. Results
3.1. Sugars and Organic Acids in Apple Flesh

Sugars and organic acids were determined only in the apple flesh. The contents of
sucrose, glucose, fructose and sorbitol were determined, and their sum calculated (Table 1).
Fructose accounts for the largest proportion of sugars, and it was precisely the fructose
content that had statistically significantly variation in both FD-F1 and FD-F2 from C-F. Flesh
of frost-affected apples contained higher fructose content, not only underneath the corky
tissue, but also under the healthy peel. There was more than 10% higher fructose content in
comparison to undamaged apples. There were small, not statistically significant differences
in terms of the sucrose content, whereas the glucose content was similar between samples.
There were, however, differences in the sorbitol content; about 33% higher content was
determined in FD-F2 in comparison to C-F. The sum of sugars was not significantly different
between the different flesh samples.

The individual contents and sum of three organic acids were determined: malic, citric
and shikimic acid (Table 2). There was a difference in malic and citric acid content, and
consequently also in the sum of organic acids. The FD-F2 flesh had a higher organic acid
content in comparison to other two samples, in particular because of a higher malic acid
content. The sugar/organic acid ratio was 18.7, 20.0 and 17.5 for C-F, FD-F1 and FD-F2,
respectively. There were no statistical differences.
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Table 1. The content of individual sugars and sum of sugars: sucrose, glucose, fructose and sorbitol
(mean ± SE in g kg−1 fresh weight) in flesh of undamaged apples (C-F), and damaged apples: flesh
underneath healthy peel (FD-F1) and flesh underneath corky peel (FD-F2). Different letters in the
columns denote statistical differences between treatments (the Duncan test, p < 0.05).

Sucrose Glucose Fructose Sorbitol Sum of Sugars

C-F 41.52 ± 2.17 a 6.31 ± 0.34 a 46.51 ± 0.83 a 0.91 ± 0.08 a 95.24 ± 2.55 a
FD-F1 35.10 ± 2.00 a 6.84 ± 0.52 a 52.79 ± 1.76 b 0.94 ± 0.06 a 95.64 ± 2.95 a
FD-F2 38.77 ± 1.63 a 6.51 ± 0.23 a 55.43 ± 1.17 b 1.21 ± 0.04 b 101.92 ± 1.25 a

Table 2. The content of individual organic acids and the sum of organic acids: malic acid, citric acid,
shikimic acid (mean ± SE in g kg−1 fresh weight) in flesh of undamaged apples (C-F), and damaged
apples: flesh underneath healthy peel (FD-F1) and flesh underneath corky peel (FD-F2). Different
letters in the columns denote statistical differences between treatments (the Duncan test, p < 0.05).

Malic Acid Citric Acid Shikimic Acid Sum of Organic Acids

C-F 4.78 ± 0.06 a 0.36 ± 0.04 ab 0.02 ± 0 a 5.09 ± 0.10 a
FD-F1 4.42 ± 0.34 a 0.35 ± 0.05 a 0.02 ± 0 a 4.78 ± 0.35 a
FD-F2 5.41 ± 0.17 b 0.47 ± 0.04 b 0.02 ± 0 a 5.83 ± 0.23 b

3.2. Phenolic Content in Apple Flesh and Peel

The content of phenolic compounds was determined separately in apple flesh and
peel because it is known that there is a much higher content of phenolic compounds in the
peel when compared to the flesh [18]. The results for the flesh are presented in Figure 2.
Individually determined phenolic compounds were congregated into four groups: hy-
droxycinnamic acids (chlorogenic acid, 4-caffeoylquinic acid—4CQA, 5-caffeoylquinic acid
2—5CQA2 and 4-p-coumaroylquinic acid), dihydrochalcones (3-hydroxy-phloretin-2′-O-
xyloglucoside, phloretin-2-O-(2”O-xyloglucoside) and phloridzin), flavonols (quercetin
3-galactoside) and flavan-3-ols (procyanidin dimer B1, procyanidin dimer B2, five pro-
cyanidin trimers, catechin and epicatechin). There were statistically significant differences
between FD-F1 and FD-F2 in the content of two phenolic groups, dihydrochalcones and
hydroxycinnamic acids, whereas C-F was somewhere in the middle. There were no statisti-
cally significant differences in the content of flavonols, flavan-3-ols and in the sum of all
quantified phenolics.

Just like in the apple flesh, the phenols in the peel were grouped together into
four groups with the addition of anthocyanin. In addition to all of the phenolics from
flesh, the following phenolics were determined in the peel: hydroxycinnamic acids (p-
coumaric acid hexoside and sinapic acid glycoside), flavonols (quercetin 3-rutinoside,
quercetin 3-glucoside, quercetin 3-xyloside, quercetin 3-arabinopyranoside, quercetin 3-
arabinofuranoside, quercetin 3-rhamnoside), flavan-3-ols (procyanidin tetramers 1–4) and
anthocyanin (cyanidin galactoside) (Figure 3). Among the hydroxycinnamic acids, FD-P3
stands out. The most significant difference between samples is due to the chlorogenic
acid content in FD-P3. The 4CQA content was also higher in the affected part, but there
was a lower content of p-coumaric acid hexoside and sinapic acid glycoside in the corky
peel. In addition, the sum of dihydrochalcones stands out in FD-P3, with phloridzin
and with phloretin-2′-O-xylosilglucoside having higher content. On the other hand, we
have flavonols showing a completely different picture. The FD-P3 has the lowest content,
and FD-P1 has the highest—even higher than C-P. The highest difference is in quercetin
3-rhamnoside content. The content of flavan-3-ols is the highest in FD-P1 followed by C-P
and FD-P3 and is the lowest in FD-P2. The content of flavonols and flavan-3-ols in FD-P1 is
higher because of a relatively higher proportion of all phenols in the group and not just
one predominantly increased compound as with hydroxycinnamic acids and dihydrochal-
cones. There is a significantly lower content of anthocyanins in FD-P3, but the other three
samples show no statistically significant differences between them. The sum of phenolics is
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statistically significantly lower in FD-P2, while C-P, FD-P1 and FD-P3 have no significant
differences in the sum of the phenolic content.
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Figure 2. Content of individual phenolic compounds (mean ± SE in mg kg−1 fresh weight), shown in
groups: (a) hydroxycinnamic acids (chlor ac, chlorogenic acid; 4CQA, 4-caffeoylquinic acid; 5CQA2,
5-caffeoylquinic acid 2; 4-O-p-coum ac, 4-p-coumaroylquinic acid); (b) dihydrochalcones (3-hyd-phl
2′-xylglu, 3-hydroxy-phloretin-2′-O-xyloglucoside; phloretin-2-O-(2”O-xylosilglu, phloretin-2-O-(2”O-
xyloglucoside); phloridzin); (c) flavonols (Q 3-gal, quercetin 3-galactoside); (d) flavan-3-ols (procy B1,
procyanidin dimer B1; procy B2, procyanidin dimer B2; procy tri 1–5, five procyanidin trimers; catechin;
epicatechin); and (e) sum of all phenolics in flesh of undamaged apples (C-F) and damaged apples:
flesh underneath healthy peel (FD-F1) and flesh underneath corky peel (FD-F2). Different letters above
columns denote statistical differences between treatments (the Duncan test. p < 0.05).
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Figure 3. Content of individual phenolic compounds (mean ± SE in mg kg−1 fresh weight) shown in
groups: (a) hydroxycinnamic acids (p-coumaric acid hex, p-coumaric acid hexoside; chlor ac, chloro-
genic acid; 4CQA, 4-caffeoylquinic acid; 5CQA2, 5-caffeoylquinic acid 2; sinapic acid gly, sinapic acid
glycoside; 4-O-p-coum ac, 4-p-coumaroylquinic acid); (b) dihydrochalcones (3-hydroxy-phloretin-2′-
O-xyloglucoside; phloretin-2-O-(2”O-xyloglucoside); phloridzin); (c) flavonols (Q-3-rut, quercetin
3-rutinoside; Q-3-gal, quercetin 3-galactoside; Q-3-glu, quercetin 3-glucoside; Q-3-xyl, quercetin
3-xyloside; Q-3-ara-pyr, quercetin 3-arabinopyranoside, Q-3-ara-fur, quercetin 3-arabinofuranoside;
Q-3-rham, quercetin 3-rhamnoside); (d) flavan-3-ols (procy B1, procyanidin dimer B1; procy B2,
procyanidin dimer B2; procy tri 1–5, five procyanidin trimers; procy tetra 1–4, four procyanidin
tetramers; catechin; epicatechin); anthocyanins (cyanidin-3-galactoside); (e) anthocyanins; and (f) the
sum of all phenolics in the apple peel of undamaged apples (C-P) and the frost-damaged apples:
healthy peel (FD-P1), discoloured boundary (FD-P2), corky peel (FD-P3). Different letters above
columns denote statistical differences between treatments (the Duncan test. p < 0.05).
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4. Discussion

Carbohydrates are essential to the quality and yield of fruit. Fructose and sucrose
are the major soluble sugars in apple; sorbitol is the major sugar alcohol [18,19]. When
carbohydrates are synthesized in leaves, they are transported to the fruits via sorbitol and
sucrose, with sorbitol as a predominant transportation form. In apple fruit, sorbitol is
converted into fructose [20]. The content of both was higher in FD-F2 flesh in comparison to
C-F flesh. Sorbitol content is also higher in FD-F2 in comparison to FD-F1. Sorbitol is known
for its accumulation in dormant buds and tissues of Rosaceae trees [21]. Sugar alcohols
are associated with the development of tolerance to drought, salt, low temperatures, and
related stresses [22]. Higher sorbitol content in leaves was observed in connection to
drought resistance [23]. Our results suggest that spring frost damage also affects the
sorbitol content in the damaged tissue of mature apple fruits; however, further research
is needed to shed some light on the mechanisms behind this. The amount of sorbitol can
greatly influence the perceived sweetness of apples. It has been shown by Aprea et al. [24]
that sorbitol content correlates with perceived sweetness better than any other single sugar
or total sugar content.

Malic acid, the predominant organic acid in an apple [19], has the greatest impact on
the perception of flesh sourness. Furthermore, malate, the ionic form of malic acid, is a
central metabolite involved in cell function [25], among others also as an osmoticum for
plant cells to increase cold tolerance [26]. Several biochemical pathways are involved in
the synthesis and metabolism of malate [27]. The acidity depends on the stored malate
in the vacuole, which depends on acidity level of the vacuole and transporters for malate
to vacuole. The genes encoding for transporters for apple have already been identified
and the role confirmed [28–30], and recent research on genetic control and coordination
has shown a complex network of regulating and signalling genes that include MYB genes,
including MdMYB73, which is, among others, influenced by the MdCIbHLH1 gene in-
volved in cold tolerance [29,31]. This physiology behind the apple acidity might explain the
difference in malic acid content underneath the corky peel, but it needs to be thoroughly
addressed in future studies to establish the mechanism behind it. Regardless of the cause
behind the higher content of malic acid, it can, however, influence the perceived taste of
apples. Perceived sweetness is greatly influenced by the acidity and vice versa [32]. The
sugar/organic acid ratio is also one of the factors of taste perception. The highest ratio was
in FD-F2 flesh, which suggests a sweeter taste, but with no statistical differences. Further
research should be undertaken in the context of taste perception.

The content of phenolic compounds is highly influenced by stress, as they are actively
involved in defence mechanisms against biotic and abiotic stress [33,34]. The increased
content of phenolic compounds is a result of higher activity of enzymes involved in their
biosynthesis. Not only does the activity of enzymes involved in phenol synthesis increase
during stress, the phosphoenolpyruvate (PEP)-carboxyl-ase activity increases also, which
suggests a shift from the production of sucrose to metabolic processes supporting defence
and repair [35]. Regarding the influence of spring frost damage on phenolic content in
ripe apples, it appears that the content is influenced by frost damage. In apple flesh, the
FD-F1 had a significantly lower content of hydroxycinnamic acids and dihydrochalcones in
comparison to FD-F2. Busatto et al. [8] have determined a higher content of procyanidin B2 +
B4 and phloridzin in the apple flesh of apples with russet. Our results on dihydrochalcones
are in accordance with these results, which suggest an influence of russet formation on
phloridzin content, but there were no statistically significant differences in flavan-3-ol
content. Even though the difference between the samples in the sum of phenolics was not
statistically significant, one can see the indicated trend, a higher content in FD-F2 and a
lower content in FD-F1 in comparison to C-F.

The apple peel is severely affected by the frost, and therefore the influence on phenolic
content is not that surprising. However, what is interesting is the different response of
phenolic groups to the deformation. While the content of hydroxycinnamic acids and
dihydrochalcones is highest in FD-P3, the flavonol and flavan-3-ol contents are highest in
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FD-P1. The sum of phenolics is equal in all but in FD-P2, indicating the border between the
healthy and corky peel. The content of hydroxycinnamic acids in FD-P3 is higher mainly
due to the greater chlorogenic acid content. Chlorogenic acid is known for its increase
during stress situations, caused either by pests [36], disease [37] or disorders [38]. In a recent
study, Gutierrez et al. [39] reported on the positive correlation between chlorogenic acid
content and russeting, which was also confirmed by Busatto et al. [8]. Like chlorogenic acid,
phloridzin was also found to be increased in apple peels with russet [8,39]. In the study
by Gutierrez et al. [39], linear modelling revealed that russet and genotype explained 38-
and 36% of the variation in the peel’s phloridzin content in ‘Golden Delicious’ apples and
its sports. The cultivar ‘Gala’ does not develop russet under normal growing conditions;
therefore, increased phloridzin content can be attributed mainly to the development of
frost rings. Phloridzin is involved in the disease resistance [40]; its increase could thereby
increase the protection of affected tissue.

While some phenolic compounds, such as chlorogenic acid, are key components to
lignin and suberin pathways, their expression may inhibit specific classes of phenolics [41].
This might explain the lower content of flavonols FD-P2 and FD-P3. Gutierrez et al. [39]
also found a negative correlation between russet and the flavonol content. Flavan-3-ols
were the lowest in FD-P2, which seems to be the most affected part of the peel with the
least of phenolics. This phenomenon in frost rings might be explained by higher synthesis
of dihydrochalcones and hydroxycinnamic acids. On the other hand, we have the highest
content of flavan-3-ols in FD-P1. The sum of phenolics shows us that the FD-P2 was truly
the most affected and that other peel samples seem to be comparable in the content of
phenolics. However, we can see that the distribution of phenolic groups varies greatly
between samples.

5. Conclusions

Frost damage did not only affect the peel, but also the flesh. The flesh of fruits
with frost rings contained a higher content of fructose and, directly under the rings, also
sorbitol and malic acid. Additionally, we confirmed that hydroxycinnamic acids and
the dihydrochalcone content in the apple flesh were altered by frost. The frost-affected
peel had a completely different ratio of phenolic compounds content in comparison to
undamaged apples. While there was a significantly higher content of hydroxycinnamic
acids and dihydrochalcones in comparison to the unaffected peel, the flavonol content was
considerably lower. With these results, we have fairly contributed to the knowledge on
fruit quality and on how frost alters the fruit’s metabolites.
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