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Abstract

- Heidi Halbwirth? - Maja Mikulic-Petkovsek® - Robert Veberic® - Ana Slatnar®

Although many aspects of scald have been investigated, we are still far away from a general understanding of the disorder.
Here, we tried to elucidate the role of the phenolic compounds and their fate during scald development. The study was
performed on ‘Granny Smith’ apples. After 5 months in cold storage, scald developed rapidly at room temperature, giving
us the opportunity to study unaffected, partly scalded, and fully scalded apple peels. We analyzed the phenolic content,
enzyme activity, and gene expression of the flavonoid pathway as well as peroxidase and polyphenol oxidase activity. We
demonstrate that scald incidence is mostly dependent on hydroxycinnamic acids, namely, chlorogenic acid and its increased
accumulation during scald development, while other phenolic compounds do not seem to be relevant. Expression of genes
of the flavonoid pathway was strongly increased during disorder development, whereas a decreased activity of most analyzed
flavonoid pathway enzymes was observed. The results presented here help elucidate the role of phenolic content during scald
development, which will be useful for future studies of scald development.

Keywords Malus domestica Borkh. - Scald - Gene expression - Hydroxycinnamic acids - Color - Enzyme activity

1 Introduction

Scald, a physiological disorder mainly affecting apples and
pears, is an important storage disorder (Lurie and Watkins
2012) that greatly reduces the income of fruit growers and
handlers (Wang and Dilley 1999). Scald incidence is local-
ized to the few layers of hypodermis cells; its first signs are
light-brown lesions, which subsequently transform into dark-
brown lesions (Bain and Mercer 1963). The cause behind
scald development is still not completely understood. How-
ever, studies largely support the hypothesis of an underlying
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a-farnesene oxidation (Meigh and Filmer 1969; Anet 1972;
Bramlage et al. 1993; Lurie and Watkins 2012). On the other
hand, a-farnesene is present in resistant and non-resistant
apple cultivars, thus pointing to the presence of further
mechanisms affecting scald development.

A significant role of antioxidant systems in scald develop-
ment has also been suggested (Barden and Bramlage 1994).
Phenolic compounds are an important part of these antioxi-
dant systems, which are frequently upregulated in reaction
to different types of stress (Dixon and Paiva 1995). A higher
phenolic content mediates enhanced protection, which was
also demonstrated by Abdallah et al. (1997). On the other
hand, membrane disintegration releases phenolic compounds
from the vacuoles, thereby providing additional substrate
for polyphenol oxidase (PPO) activity, which enhances skin
browning (Ju et al. 1996). Some earlier papers indicated an
indirect relationship between phenolic compounds and scald
incidence as the phenolic content decreases during scald
development (Golding et al. 1998). Polymeric phenols can
be irreversibly bound to polymeric matrices in brown apple
skin (Piretti et al. 1994, 1996). Ju et al. (1996) and Rudell
and Mattheis (2009) both confirmed that sun-exposed sides
of apples developed less scald symptoms than shaded sides.
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Whereas Ju et al. (1996) ascribed this mostly to anthocya-
nins, Rudell and Mattheis (2009) suggested that quercetin
glycosides are mainly responsible for a higher scald resist-
ance. Both anthocyanins and quercetin glycosides have anti-
oxidative effects, and their protective role is especially well
researched with respect to sunburn (Felicetti and Schrader
2008; Yuri et al. 2010; Zupan et al. 2014). Ju and Bramlage
(1999) reported a higher total antioxidant activity (activity
of free phenolics in the cuticle plus activity of lipid-soluble
antioxidants in fruit peel) in apple cultivars that are more
resistant to scald incidence.

Recent studies on scald and phenolic compounds were
carried out by Busatto et al. (2014) and Busatto et al. (2018).
In the first study, they examined the variation of some phe-
nolic compounds and related gene expression during super-
ficial scald development. They observed a higher expression
of MdPAL and MdC3H genes and a consequently higher
accumulation of chlorogenic acid, which is subsequently
further oxidized by PPO. The second study, by Busatto
et al. (2018), focused on an integrated screen, including an
analysis of volatiles, phenols, and lipids, together with a
large-scale transcriptome study to elucidate the mechanism
of superficial scald development. The results showed the
induced gene flavonoid 3’ monoxygenase, a phenylalanine
ammonia lyase, and a flavonol synthase along with increased
levels of chlorogenic acid and its isomers. However, there
are no reports of enzyme activity downstream in the phenyl-
propanoid pathway.

Besides phenolic compounds, antioxidant enzymes also
contribute to cell protection. Shaham et al. (2003) stud-
ied the role of peroxidase (POX), superoxide dismutase
(SOD), ascorbate peroxidase (APX), catalase (CAT), and
glutathione reductase (GL) activities in scald development.
No direct relationship between antioxidant content and the
above-mentioned enzyme activities during scald develop-
ment could be found. Other studies, such as Ahn et al. (2007)
did not observe a direct involvement of APX, SOD, and
POX in scald susceptibility or resistance. While Abbasi et al.
(2008) did not find any connection of POX activity to scald
development either, they did observe a possible correlation
between PPO activity and antioxidant level. Rao et al. (1998)
found that lower H,0, concentrations are associated with
higher POX and catalase activities, and consequently lower
scald susceptibility. A higher H,O, content was confirmed
in ‘Granny Smith’ apples in comparison to a scald-resistant
cultivar, which suggests direct regulation of transcription
of the antioxidant enzymes catalase and GL and monode-
hydroascorbate reductase (Zubini et al. 2007). Apart from
their antioxidant role, phenolic compounds are also involved
in brown coloration of the peel after cell membranes disin-
tegrate due to increased PPO activity (Nicolas et al. 1994;
Abbasi et al. 2008). Yihui et al. (2018) reported that lac-
case catalyzes the reaction between epicatechin to cause the

@ Springer

browning of apple peels. Laccases are dioxygen oxidore-
ductases that are, together with catechol oxidase, part of the
PPO category (Pourecl et al. 2006). Busatto et al. (2014)
described a higher PPO gene expression level in apple skin
on the fourth day outside cold storage.

The role of phenolic compounds in scald development
and the improved phenol content determination techniques
prompted us to perform a thorough study on the phenolic
content and on quantitative expression of genes of the flavo-
noid pathway. We also included for the first time measure-
ments of selected enzyme activities (phenylalanine ammonia
lyase—PAL, chalcone synthase—CHS, chalcone isomer-
ase—CHI, flavanone 3-hydroxylase—FHT, dihydroflavonol
4-reductase—DFR and phloretin 2"-O-glycosyltransferse—
P2'GT) and the activities of PPO and POX to elucidate the
fate and role of phenolic compounds in scald development.
We hypothesize that phenol content is not entirely connected
to phenylpropanoid and flavonoid enzyme activity.

2 Materials and methods
2.1 Plant material

A cultivar prone to scald, ‘Granny Smith’, was used for this
experiment. Apples were harvested in the autumn of 2015 at
optimal technological ripening stage and stored in cold con-
ditions for 5 months. On February 22nd, only the apples
without visible signs of scald were selected and placed at
room temperature (21-23 °C), where they were further eval-
uated and analyzed. Fruits were sampled on the following
dates: 22nd (T0), 23rd (T + 1), 24th (T +2), and 26th (T +4)
of February. On TO, only the peel of apples without scald
was sampled (K); on T+ 1, two types of peel were sampled
from the same fruit: unaffected peel (K) and peel with first
visible signs of scald (B); on T+ 2 and T +4, three types of
peel were sampled: K, B, and peel with fully developed scald
(S) (Fig. 1A). A thin layer of peel was peeled and immedi-
ately immersed in liquid nitrogen and stored at -80 °C until
further analyses.

2.2 Color measurements

Ten apple fruits per sampling date were used for color meas-
urements. The color was measured in the same way as tissue
was sampled: On TO, the color of K peel; on T + 1, the color
of K and B; and on T +2 and T + 4 the color of K, B, and S
were measured. Measurements were carried out with a port-
able colorimeter (CR-10 Chroma; Minolta, Osaka, Japan)
in the CIELAB scale system; therefore, parameters a*, b*,
lightness of color (L*), and hue angle (h°®) were measured.
Parameter L* provides the information of relative lightness
of colors with the range from 0 to 100, where O represents
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Fig.1 a Marked treatments: K—no visible signs of scald; B—first
signs of scald; S—fully developed scald. b Apple peel color param-
eters a, b, hue angle (°), and relative lightness of colors for all three
sample types (K, B, and S) at sampling day T +2. Parameters a and

black and 100 represents white. Coordinates a* and b* locate
the color on a rectangular-coordinate grid perpendicular to
the L* axis (positive a* indicates a hue of red-purple and
negative bluish-green; positive b* indicates yellow and neg-
ative blue).”> Hue angle (h°) tells us the basic tone of color
and is expressed in degrees from O to 360.

2.3 Extraction and determination of individual
phenolic compounds

Frozen apple peels were ground in a mortar to a fine powder,
and 0.6 g was extracted with 5 mL of methanol. Further
extraction and HPLC analysis were performed as described
by Zupan et al. (2014). The identification of phenolic

NG
sw0{ B
35 | ‘
30 A
= 25 A S
20 A
15 A
10 1
5 4
-10 5 0 a 5 10 15
Lightness s B K

37 50 58 100

b are presented on the x and y axes, respectively; the size of the bub-
bles represents the hue angle, and marked values on the bar below the
graph represent the relative lightness of colors

compounds was carried out using an HPLC-Finnigan MS
detector and an LCQ Deca XP MAX instrument (Thermo
Finnigan, San Jose, CA) with an electrospray interface (ESI)
operating in negative ion mode. The content was calculated
in mg kg~ ! (fresh weight) and in relation to the control K,
which was set as 100% for each sampling date. Content of
100% (control) values for each date are shown in Fig. 2.

2.4 Enzyme assays
Shock-frozen peel was ground into powder using liquid
nitrogen, and 0.5 g of the fine powder was homogenized in

a mortar with 0.25 g quartz sand (Sigma-Aldrich), 0.25 g
Polyclar AT (Serva Electrophoresis), and 3 mL of extraction
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buffer. The homogenate was poured into micro tubes and
centrifuged for 10 min at 4°C (12,857 x g). To remove low
molecular compounds, supernatant (400 ul) was added on
gel chromatography columns (Sephadex G25 medium,;
Sigma-Aldrich). The protein solution eluted in the excluded
volume of the column (crude extract) was used for enzyme
assays.

Enzyme assays for PAL (EC 4.3.1.24), CHS (EC
2.3.1.74), CHI (EC 5.5.1.6), DFR (EC 1.1.1.219), FHT
(EC 1.14.11.9), and FLS (EC 1.14.11.23) were performed
according to Halbwirth et al. (2002) using the assay condi-
tions optimized for apple peel (Table 1). The assays were
incubated for 30 min at 30 °C. PAL and CHS/CHI assays
were stopped with 200 ul ethyl acetate. To PAL assays 10 ul
of acetic acid was also added. Products were quantified
on a scintillation counter. The FHT and DFR assays were
terminated by adding 70 pl of ethyl acetate and 10 pl of
acetic acid. Organic phases were transferred to precoated
cellulose plates (Merck, Germany) for thin-layer chroma-
tography (TLC) in chloroform/acetic acid/H,O (10:9:1,
v/v/v) for FHT and DFR assays. The conversion rates were
then determined with a TLC linear analyzer (Berthold, Ger-
many). P2'GT was terminated by adding 10 pl of acetic acid
and 25 ul of methanol. The mixture was chromatographed on
Schleicher and Schiill 2043b paper, using water as a solvent
system. Zones containing the labelled products were cut out,
and radioactivity was quantified on a scintillation counter.
All products were identified as described using authentic
substances (Fischer et al. 2003).

POX and PPO activity determination was carried
out according to Slatnar et al. (2010). For POX enzyme

measurements, the preparation was incubated with o-dian-
isidine (Sigma-Aldrich, Germany) in buffer F (Table 1),
and time-dependent changes in the absorption at 460 nm
were determined in comparison with a blank containing
only o-dianisidine and buffer F measured with a spectro-
photometer (Perkin Elmer, UV/VIS Lambda Bio 20). For
PPO measurements, the enzyme preparation was incubated
with 0.2 m pyrocatechol solution (Merck, Germany) in
buffer G, and the time-dependent changes in absorption at
410 nm were determined in comparison with a blank con-
taining only buffer G and pyrocatechol solution. Enzyme
activity was calculated in ,A min~!. At each sampling
date, the results were calculated in relation to the control
K, which was set as 100%. Content of 100% (control) val-
ues for each date are shown in Fig. 2.

Buffers used: Extraction buffer for activity assays of
PAL, CHS/CHI, DFR; FHT, and FLS was a 0.1 m HEPES
0.1 m, pH 7.3; PEG 1500, 1.5%; sucrose, 10%: dithio-
erythritol, 1 mM; ascorbic acid, 100 mM: calcium chlo-
ride, 25 mM. Extraction buffer for activity assays of POX
and PPO was 0.1 m Tris/HCl (Merck). Buffer A (PAL
assays): 0.1 m KPi+ 0.4% Na-ascorbate, pH 8.5. Buffer
B (CHS/CHI assays): 0.1 m KPi+ 0.4% Na-ascorbate, pH
6.0. Buffer C (FHT assays): 0.1 m Tris/HCI1+0.4% Na-
ascorbate, pH 7.25. Buffer D (P2'GT, assays): 0.1 m Tris/
HC1+0.4% Na-ascorbate, pH 7.5. Buffer E (DFR assays):
0.1 m KPi+0.4% Na-ascorbate, pH 5.75. Buffer F (POX
assays): 0.1 m KPL, pH 6.0, 0.1 m H,O, pH 6.5. Buffer G
(PPO assays): 0.1 m Na,HPO,, pH 6.5.

Table 1 Optimised conditions for assays of main enzymes of the flavonoid pathway in apple peel

enzyme  crude extract after Substrate(s) (ul) Cofactor and cosubstrate (ul) Buffer Buffer (ul) Final volume (ul)
gel chromatography solutions
()
PAL 40 (**C)-phenylalanine 5 A 55 100
(0.063 nmol, 548 Bq)
CHS/CHI 40 p-CuCoA (1 nmol) 5 B 50 100
(**C)-malonyl-CoA 5
(1.5 nmol, 1300 Bq)
FHT 40 (**C)- naringenin - 2-oxoglutarate (1.46 mg 5 C 50 100
(0.036 nmol, 100 Bq) ml™h) 5
FeSO,x7 H,0 (1.46 mg
ml™h
DFR 20 (*4C)-dihydroquercetin -  NADPH (41.86mgml™!) 5 E 25 50
(0.036 nmol, 100 Bq)
P2'GT 30 Phloretin (0.3 nmol) 2.5 (C)-UDPG (0.206 nmol, 2.5 D 15 50
2300 Bq)
POX 50 o-dianisidin (0.410 nmol) 10 F 1.050 1.110
PPO 100 Pyrocatechol solution (1.1 g 170 G 330 600
pyrocatechol and 50 mL
buffer G)
@ Springer
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2.5 Gene expression studies

Total RNA prepared according to Chang et al. (1993) was
used for the isolation of mRNA via the tMACS mRNA iso-
lation kit (Miltenyi Biotech, Auburn, CA). cDNA was pre-
pared using RevertAid H Minus MuLV reverse transcriptase
(Fermentas Life Science, St. Leon-Rot, Germany) with the
oligo(-dT) anchor PrimerGACCACGCGTATCGATGT
-CGAC(T) V.

The MdCHS, MdCHI, MdFHT, MdDFR, MdANS, and
MdAUFGT gene expression was analyzed by qRT-PCR using
a StepOnePlus system and SYBRW Green PCR Master Mix
(Applied Biosystems, Darmstadt, Germany) according to
the supplier’s instructions. Primer sequences are provided
in Table 2.

The analysis was carried out in triplicates for all men-
tioned primers. The efficiency of the primers was determined
based on standard curves, which were obtained by applying
different DNA concentrations. Results were calculated in
relation to the housekeeping gene actin. At each sampling
date, the results were calculated in relation to the control K,
which was set as 100%. Content of 100% (control) values
for each date are shown in Fig. 2.

2.6 Statistical analysis

For phenolic compounds, peels of two fruit were combined
into one sample, with eight samples for each treatment (TO:
8K; T+ 1: 8K and 8B; T+2: 8K, 8B and 8 s; T+4: 8K, 8B
and 8 s; in total 72 samples).

The peels were also collected from two fruits for enzyme
activity determination, but there were three replicate sam-
ples made for each treatment (TO: 3K; T+ 1: 3K and 3B;
T+2: 3K, 3B and 3 s; T+4: 3K, 3B and 3 s; in total 27
samples).

A one-way analysis of variance (ANOVA) and a Duncan
test were used to determine the difference among treatments
(K, B, and S). Data were analyzed with the Statgraphics
Centurion program (Manugistics Inc.; Maryland, USA).
Error bars are shown where pertinent.

Table 2 Forward and reverse primers used in qRT-PCR analysis

3 Results

Apples started to show visible signs of scald after only
1 day of storage at a temperature of about 22 °C. After 7
days, apples were so badly scalded that control samples
from the same fruit were impossible to obtain. Therefore,
we collected samples on four sampling dates in 1 week
(TO, T+ 1, T+2, and T+4). The color of fruit was also
measured on those days. When the statistical analysis was
performed, three distinct groups of scald incidence could
be distinguished (Fig. 1, B), of which the control peel (K)
was the lightest and peel with fully developed scald (S)
was the darkest. The hue angle was the highest for control
peel and the lowest for peels with fully developed scald,
which shows the color shift from green-yellow to yellow-
red, respectively.

Twenty-eight individual phenolic compounds were
quantified in the peel of cv. ‘Granny Smith’. For a bet-
ter illustration of the results, phenolic compounds are
presented in four groups (Fig. 3): total hydroxycin-
namic acids (3-, 4-, and 5-caffeoylquinic acid; p-cou-
maric acid hexoside 1 and 2; sinapic acid glycoside, and
4-0O-p-coumaroylquinic acid), total flavanols (catechin,
epicatechin, and procyanidins), total dihydrochalcones
(3-hydroxy-phloretin-2'-O-xyloglucoside, phloretin-2'-
O-xylosylglucoside, and phloretin-2-O-glucoside (phlo-
ridzin)) and total flavonols (quercetin glycosides).

In scald-affected peels (B and S), an increase in hydrox-
ycinnamic acids was noticed, with the highest increase in
peels with fully developed scald from T+ 2 to T + 4, where
hydroxycinnamic acids content increased by more than two-
fold. About 90% of hydroxycinnamic acids on T +4 in peels
with fully developed scald are represented by chlorogenic
acid and 4-caffeoylquinic acid, whereas their content in
the peel with first visible signs of scald and in controls was
considerably smaller, 76% and 44%, respectively. In control
peel, the content of chlorogenic acid and 4-caffeoylqunic
acid varied from 41 to 47% from TO to T +4 and in peel with
first visible signs of scald from 53-76% from T+ 1 to T +4.

Gene identifier (Gen- Name Forward primer (5" — 3') Reverse primer (5’ — 3')
bank)
CN938023 Actin TGACCGAATGAGCAAGGAAATTACT TACTCAGCTTTGGCAATCCACATC
CN944824 CHS GGAGACAACTGGAGAAGGACTGGAA CGACATTGATACTGGTGTCTTCA
CN94654 CHI TCCTCCAACACTTTGTTCCTC CGGTCTTACCCTTCCACTTAAC
CN491664 FHT TGGAAGCTTGTGAGGACTGGGGT CTCCTCCGATGGCAAATCAAAGA
AF117268 DFR GATAGGGTTTGAGTTCAAGTA TCTCCTCAGCAGCCTCAGTTTTCT
AF117267 UFGT CCACCGCCCTTCCAAACACTCT CACCCTTATGTTACGCGGCATGT
AF117269 ANS TGAGTGGGAGGACTACTTCTT GCGGTTGCCTCAATGTAATC

@ Springer

Journal : Large 13580 Article No : 268 Pages : 10

MS Code : 268

Dispatch : 17-8-2020 |

274

275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311



Author Proof

312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344

Horticulture, Environment, and Biotechnology

Fig.:fs antent of hydrox.ycin— 140 K uB ms b 140 1« uB ms
namic acids, flavanols, dihydro- 120 b 120
; b b bb

chalcones, and flavonols (%) in 100 1 ] I 100 4 I I b I
apple peel in three sample types ® a 3
unaffected: control peel (K), % 80 § 80 a
peel with first visible signs of z 60 = 60
scald (B), and peel with fully = 40 4 g 40 | 4
developed scald (S) on four a E,
sampling days (TO — T +4). 20 A = 20 4
Difterent letters denote signifi- 0 . . . 0 T T :
cant differences (Duncan test, TO T+1 T+2 T+4 TO T+1 T+2 T+4
p<0.05) between treatments 400 - 140 - =B =
(K, B, and S). At each sampling 2350 - K =B =S b k=B bS

2 b 120 c £
date, the results were calculated 2 300 -
in relation to the control K, E 250 | 2100 | I
which was set as 100%. Control s £ 80

£ 200 - g a
values for each date are shown 85 Z 60 -
g $150 b = b
in Fig. 2 K b a ™ 40 - b

2100 | I L IN. I

250 - 20 - i a

0 T T 0 T T T
TO T+1 T+2 T+4 TO T+1 T+2 T+4

All other groups of phenolic compounds showed a
different behavior than the hydroxycinnamic acids and
remained unchanged with a decrease mostly at the last
sampling date (Fig. 3). Fully scalded peel had significantly
lower dihydrochalcone and flavanol content in compari-
son to the healthy control and the peel with beginning
symptoms. In the group of flavanols, nine procyanidins
were determined besides the monomers catechin and epi-
catechin. Epicatechin, procyanidin trimer, and procya-
nidin tetramer were the prevalent compounds in the total
flavanol content; thus, their pattern is about the same as
total flavanols. Even more evident changes were in fla-
vonol content, where not only S peel, but also B peel dif-
fered from K.

Expression of genes MdCHS, MdCHI, MdDFR,
MdFHT, and MdUFGT increased in B peel and that
of MdCHS, MdCHI, MdADFR, MdANS, and MdUFGT
increased in S peels (Fig. 4). The gene expression in S peel
on the last sampling date (T +4) was the most definite.

The activity of five enzymes from the phenylpropanoid/
flavonoid pathway was determined (Fig. 5). Apart from
phloretin 2'-O-glucosyl transferase (P2'GT), we observed
a decrease in S peels compared to the control, which is
consistent with the decrease in the majority of phenolic
compounds but in contrast to the enhanced gene expres-
sion observed. Activity of DFR in B peel at T+ 1 and T +4
was evidently higher in comparison with K and S peel.

POX and PPO activity is presented in Fig. 6. While
POX activity was less affected and generally decreased
slightly, PPO activity increased significantly with scald
symptoms, particularly on the last sampling date. Further-
more, correlation analysis revealed a negative correlation
—0.755 (R>=56.9%) between the two enzyme activities.

@ Springer

4 Discussion

The results of the shift in color is well presented and fits in
with results obtained by Pesis et al. (2007), which meas-
ured higher #°, L*, and C* at the blossom end in compari-
son to the stem end of fruit; the blossom end showed signs
of scald. This shift from lighter to darker color could be
used to aid the monitoring of stored fruits.
Hydroxycinnamic acids are well known for their accu-
mulation in stress situations such as wounding (Mayr et al.
1994; Slatnar et al. 2013), fungal infection (Slatnar et al.
2010; Mikulic-Petkovsek et al. 2011), and physiologi-
cal disorders (Felicetti and Schrader 2009; Zupan et al.
2014). The increase in hydroxycinnamic acids was also
noticed in our present study on scald development. The
increase in hydroxycinnamic acids in the tissue develop-
ing scald is mainly due to increased chlorogenic acid and
4-caffeoylquinic acid contents. This is in accordance with
the results from Busatto et al. (2018), who noticed the
extremely high increase in chlorogenic acid content in
apples with developed scald. Furthermore, they observed
a negative correlation between induced genes by scald
incidence (such as flavonoid 3’ monoxygenase, PAL, and
flavonol synthase), which resulted in an increase in chlo-
rogenic acid (and its isomers) and other compounds such
as phloridzin, catechin, quercetin, and rutin. The latter
were correlated with the set of genes triggered by 1-MCP.
Our results also show a decrease in content of these com-
pounds. Busatto et al. (2014) also reported decreased accu-
mulation of phloridzin in apples that were out of storage
for 4 or 8 days showing visible signs of scald. They found
a decrease in the content of some flavanols after 4 days;
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however, the content was again increased on the eighth day
outside of storage. In older studies, which cover only some
flavanols, a decrease in flavanol content was reported after
the apples were taken out of storage and scald developed
(Piretti et al. 1994; Ju et al. 1996). In a more recent study,
Rudell and Mattheis (2009) performed a PCA study of
the peel metabolome of bagged fruit after artificial UV
exposure at harvest in connection to scald incidence and
reported that catechin and epicatechin levels increased
in unexposed peel and decreased with increased scald
severity.

On the gene expression level we observed a pronounced
activation of all selected genes, except for MdFHT, in
the fully scalded peels. Busatto et al. (2014) determined
higher expression of genes MdCHS, MdF3H, MdFLS, and
MAdANR after 1 month of storage and a higher expression
of genes MdPAL and MdC3H after 2 months of storage in
apples with scald. Similar results were obtained also in
the study of Busatto et al. (2018). It is evident that scald
development activates genes in the phenylpropanoid and
flavonoid pathways. For some genes, expression is higher
already in the B peel, especially MdCHI and MdUFGT, but
mostly it is more pronounced in S peels. The up-regulation
could be a defense reaction to stress, which is the result
of scald formation.

The activity of selected enzymes of the flavonoid pathway
did not show a clear correlation to phenolic content and gene
expression. We assume that this can be partially explained
by cell destruction and increased oxidation of phenolic com-
pounds, which—as quinoid structures—can interact with
enzymes and result in a denaturation of the enzymes. How-
ever, this is not the case for P2'GT, which remains almost
unchanged if fully scalded peels are compared to controls
or increased in B peels. It could be speculated that a portion
of the observed in vitro activity is derived from unspecific
B-glucosidases released during cell deterioration, as the
higher P2'GT activity is not reflected by higher phloridzin
content. The lack of correlation between gene expression
and enzyme activity could also be explained in the following
way: General activation of the flavonoid pathway in response
to disorder development did not occur early enough to be
reflected in the flavonoid concentrations in the peels.

While the role of PPO is generally related to phenol
oxidation (Nicolas et al. 1994), and thus its role in scald
development is clear, the role of POX is a little more
complicated. POX can generate or regulate ROS, POX
also regulates the H,0, level and oxidize various sub-
strates (Passardi et al. 2005). The correlation to scald is
not completely clear; however, it seems that apples with
scald show lower POX activity in comparison to sound

@ Springer

Article No : 268 Pages : 10

Journal : Large 13580

MS Code : 268 Dispatch : 17-8-2020 |

401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425



Author Proof

426
427
428
429
430
431
432
433
434
435

Horticulture, Environment, and Biotechnology

Fig.5 Changes in specific 160 ~
enzyme activity (%) of PAL, 140
CHS/CHI, FHT, DFR, and 120
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unaffected - control peel (K), j 30
peel with first visible signs of A~ 60
scald (B), and peel with fully
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sampling days (TO — T +4). At 20
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100%. Different letters in each 120
sampling date denote signifi-
cant differences (Duncan test, 100
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Fig.6 Peroxidase (POX) and polyphenol oxidase (PPO) activity (%)
in three sample types: unaffected - control peel (K), peel with first
visible signs of scald (B), and peel with fully developed scald (S) on
four sampling days (TO — T+4). At each sampling date, the results

apples or even resistant cultivars (Bramlage et al. 1993;
Rao et al. 1998; Ju and Bramlage 1999; Fernandez-Trujillo
et al. 2003). In our present study, POX activity was also
the lowest in peels with fully developed scald, especially
on T+4. As mentioned above, the PPO activity was like
a mirror picture of POX activity, with the highest activity
in fully scalded peels and lowest in healthy control peel.
The increased PPO activity in fully scalded peel and also
in peel with beginning scald symptoms on T +4 can also
be correlated to high hydroxycinnamic content, especially
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were calculated in relation to the control K, which was set as 100%.
Different letters in each sampling date denote significant differences
(Duncan test, p<0.05) between treatments (K, B, and S). Control val-
ues for each date are shown in Fig. 2

chlorogenic acid, which is a well-known substrate for PPO
(Di Guardo et al. 2013). Yihui et al. (2018) claim that
laccases, a subgroup of PPO category, are responsible for
the brown coloration in scald formation, with their strong
affinity for epicatechin as a substrate in oxidation process.
While our test for PPO activity determination was not that
specific, we do believe it is not just the laccase, but the
whole PPO group, that is responsible for the brown colora-
tion. However, further investigation should be conducted
to make firm conclusions.
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5 Conclusions

We conclude that the main reaction to scald in the phenyl-
propanoid pathway occurs at various levels. Whereas there
is a strong induction of gene expression in the flavonoid
pathway, probably as part of the defense reaction, most
polyphenol groups and enzyme activities of the flavonoid
pathway decrease with the development of scald symp-
toms, most likely due to their disintegration. Our hypoth-
esis was therefore confirmed. A strong up-regulation was
observed in hydroxycinnamic acid concentrations, namely,
of chlorogenic acid. The increase of chlorogenic acid con-
tent was followed by increased PPO activity, whereas POX
activity decreased. With this, we elucidated the phenolic
role and fate during scald development. Among all phe-
nolic compounds, chlorogenic acid has the most prominent
role in scald development. In future studies, indestructible
methods for phenolic content determination could be used
to follow the transition from healthy to scald on the same
fruit. This knowledge could be useful for apple sorting or
even for scald incidence prediction.
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