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Abstract

The quarantine hot water treatment (HWT) reduces the chilling injury (CI) symptoms in mango fruit. In ‘Keitt’ mango
this effect is associated with up-regulation of the secondary metabolism in the peel, specifically higher accumulation of
gallic acid derivatives, but the metabolic changes of the pulp are unknown. This study analyzed metabolic and expression
changes in the pulp of ‘Keitt’ mango to further elucidate the mechanisms associated with the HWT-induced CI tolerance.
Mangoes with HWT (46.1 °C, 90 min) and control were stored under CI conditions (20 days at 5 °C) and then ripened (7
days at 21 °C). Methanol extracts were analyzed for total phenolics (TP), antioxidant capacity (ABTS, DPPH, FRAP) and
phenolic profiles by UPLC-DAD-MS; the expression of genes encoding phenylalanine ammonium lyase (PAL), chalcone
synthase (CHS) and glucosyltransferase (UGT) was analyzed by RT-qPCR. HWT alleviated CI symptoms and protected
the membrane integrity as evidenced by lower CI index, electrolyte leakage, and malondialdehyde content values. The
metabolites identified (20) were classified as gallotannins, gallic acid derivatives, benzoic acid derivatives, phaseic acid
derivatives, and flavonoids. After cold storage and ripening, HWT fruit had higher levels of gallotannins, the most abundant
compounds, and other metabolites such as p-hydroxybenzoic acid hexoside and dihydrophaseic acid hexoside. HWT fruit
also had higher expression of the UGT gene and higher values of TP and antioxidant capacity (ABTS, DPPH, and FRAP).
Thus, the HWT-induced CI tolerance in mango fruit is associated with an enhanced antioxidant capacity in the pulp due to
the increased synthesis of gallotannins.
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Introduction

Mango (Mangifera indica L.) is one of the most important
fruit crops worldwide; Mexico was the fourth producer and
the first exporter of mango in 2020 [1, 2]. The cultivar Keitt
is highly consumed due to its aroma and flavor [3], but it is
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highly susceptible to chilling injury (CI), a physiological
disorder that occurs when the fruit is stored below 13°C
and affects its quality due to the development of symptoms
such as poor aroma, lenticel darkening, uneven color devel-
opment, pitting, and decay [4-8]. Chilling stress results in
metabolic imbalance due to excess production of reactive
oxygen species (ROS) [9], membrane stiffness and perme-
ability [7, 10], and deficiency in energy production [11]. In
this regard, low temperature storage activates the catabolism
of fatty acids, favoring the accumulation of saturated over
unsaturated fatty acids, membrane damage, and lipid peroxi-
dation [7]. Cold stress also affects negatively the accumula-
tion of phenolic compounds and ascorbic acid [12, 13], and
volatile metabolites related to fruit aroma [8, 14].

Mango destined to the export market receives a quar-
antine hot water treatment (HWT) for pest control [15],
which also reduces the CI symptoms in the cultivar Keitt
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[4]. In the pulp, this effect has been associated with a
reduction in electrolyte leakage and malondialdehyde
(MDA) content, an increase in the activity of antioxidant
and cell wall enzymes and higher accumulation of total
phenolics and carotenoids with respect to the non-treated
fruit [4, 16]. Omics studies of the peel from ‘Keitt’ mango
with HWT and non-treated revealed that the CI tolerance
induced by the heat treatment was associated with greater
accumulation of heat shock proteins, antioxidant and cell
wall enzymes, pathogenesis-related proteins, and enzymes
involved in the secondary and energy metabolism [6]. This
tolerance was also associated with an increase in the ratio
of unsaturated/saturated fatty acids and higher accumula-
tion of simple sugars and gallic acid derivatives, specifi-
cally gallotannins and galloylquinic acids, which are the
most abundant compounds in the peel [5]. Nevertheless,
the metabolic responses of mango fruit to HWT depend on
several variables such as the physical and chemical com-
position of the different tissues. In this sense, the changes
in the metabolome and gene expression associated with CI
tolerance in the pulp of mango fruit are unknown. The aim
of this research was to analyze changes in phenolic pro-
files and the expression of genes related to the secondary
metabolism in the pulp of ‘Keitt’ mango fruit in response
to HWT, cold storage and ripening to gain further insight
into the mechanisms of the CI tolerance induced by HWT.

Materials and methods
Plant material and postharvest treatments

Mango fruit (Mangifera indica L.) of the cultivar Keitt
were obtained from an orchard located in Culiacan,
Sinaloa, México (24° 47" 40" N, 107° 30’ 59" W). Mature
green fruit were harvested based on firmness (119 + 8 N)
[17] and selected based on weight (500-600 g), color uni-
formity, and absence of damage. After washing the man-
goes with sodium hypochlorite (200 mg L™'), two groups
of 45 fruit each were formed; one received the quarantine
HWT indicated by USDA-APHIS [15] for mango export
(46.1 °C, 90 min) and the other was used as control. Con-
trol and HWT fruit were air-dried at 21 °C, stored at 5 °C
for 20 days and then at 21 °C for 7 days (80-90% relative
humidity) for ripening and visualization of CI symptoms.
Mango pulp samples from both treatments (three replicates
of five fruit each) were obtained before cold storage (0
days at 5 °C), after chilling stress (20 days at 5 °C), and
after ripening (20 days at 5 °C plus 7 days at 21 °C). One
half of the pulp sample from each replicate was frozen
and the other was lyophilized. Both samples were stored
at — 70 °C until use.
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Reagents and solvents

The reagents purchased from Sigma-Aldrich (St. Louis,
MO, USA) were standards (purity > 99%) of gallic acid,
abscisic acid, hydroxybenzoic acid, quercetin, rutin, myri-
cetin and trolox, the radicals (purity >98%) 2,2'-azino-
bis(3-ethylbenzothiazolin)-6-sulfonic acid (ABTS),
2,2-diphenyl-1-pycrilhydrazyl (DPPH) and 2,4,6-tris(2-
pyridyl)-s-triazine (TPTZ), analytical grade (>98%)
mannitol, formic acid, NaCl, and molecular biology
grade (purity > 99%) cetyltrimethylammonium bromide
(CTAB), tris base, polyvinylpyrrolidone (PVP) K40,
B-mercaptoethanol, EDTA, SDS and diethyl pyrocarbon-
ate (DEPC). The analytical grade solvents ethanol, isoamyl
alcohol, chloroform, hydrochloric acid, hexane and ethyl
acetate were obtained from J.T. Baker (Phillipsburg, NIJ,
USA). LC/MS grade water, methanol and acetonitrile were
from Thermo Fisher Scientific (Waltham, MA, USA).

Chilling injury index (ClI)

Chilling injury index (CII) was determined according to
Loépez-Lopez et al. [4]. The CI symptoms evaluated were
uneven color development (U), pitting (P), and decay (D).
The CI symptoms assessment was visually performed
in fifteen fruit per treatment/storage condition (five per
replicate). The injury level (IL) for each symptom was
estimated using a five-point hedonic scale based on the
percentage of damaged surface tissue: 0 =no tissue injury,
1=1% to 25% of tissue injury, 2=26% to 50% of tissue
injury, 3=51% to 75% tissue injury and 4 = > 76% of tis-
sue injury. The CII was estimated using the following for-
mula: CII=(LU +ILP +ILD)/3.

Physiological and pulp color parameters

For electrolyte leakage (EL), pulp cylinders of 7 mm diam-
eter (six per replicate) were washed with deionized water,
covered with 25 mL of a 0.1 mol/L mannitol solution and
incubated for 2 h at 25 °C under constant shaking. The
conductivity of the solution was measured (Hanna Instru-
ments EC/TDS, CDMX, MEX) after incubation and again
after autoclaving (121 °C, 10 min) and cooling at 25 °C
to release all the electrolytes. EL was expressed as per-
centage [4]. Malondialdehyde (MDA) content was deter-
mined by the thiobarbituric acid (TBA) technique [18] and
expressed as nmol/g on a fresh weight basis. Pulp color
parameters (a* and b*) were evaluated using a colorimeter
CR-200 (Minolta, Ramsey, NJ, USA) and one measure-
ment was taken in the center of each cut cheek.
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Preparation of methanol extracts

Freeze-dried pulp samples from each replicate (five fruit)
were mixed and ground. About 1 g of sample was mixed
with 15 mL of methanol, sonicated for 15 min at 25 °C,
agitated for 15 min with an orbital shaker, and centrifuged
for 15 min at 12,000xg and 25 °C (5804R, Eppendorf,
Hamburg, Germany). The supernatant was collected and
the extraction was repeated two times; the recovered super-
natant (45 mL) was adjusted to pH 2 with HCI and then
washed three times with 15 mL of hexane. The methanol
extract obtained was dried (Biichi Waterbath B-48, Brink-
mann Instruments, FL, USA) and stored at — 70 °C until use
for the analysis of phenolics and antioxidant capacity. For
the analysis of flavonoids, the methanol extract was extracted
several times with ethyl acetate until the color disappeared;
the recovered ethyl acetate extract was dried and stored at
— 70 °C until use. Before the analysis of metabolites, both
extracts were resuspended in 1 mL of methanol, passed
through a syringe filter (PVDF, 0.45 uM, Pall, FL, USA),
and a C18 cartridge (C18 ec chromafix®, Macherey—Nagel,
Allentown, PA, USA).

Analysis of metabolites by UPLC-DAD-MS

UPLC-DAD-MS analysis was performed according to Vega-
Alvarez et al. [5] with some modifications. The methanol
(3 uL) and the ethyl acetate (10 pL) extracts were used to
analyze compounds detected at 280 and 350 nm, respec-
tively. They were injected into an ACCELA UPLC-DAD
system (Thermo Scientific, CA, USA) and separated with
an ACE Excel C18 column (3 pm, 150 X3 mm) (Advanced
Chromatography Technologies Ltd., Aberdeen, UK). The
mobile phases used were 1% formic acid in water (A) and
acetonitrile (B) running at 0.25 mL/min with the following
gradient: 1% B for 4 min, 1-8% B for 3 min, 8-16% B for
2 min, 16% B for 7 min,16-23% B for 2 min, 23% B for
5 min, 23-30% B for 4 min, 30-40% B for 3 min, 40-60%
B for 7 min, 60-0.5% B for 5 min. Rutin and myricetin were
used as internal standards. The metabolites were identified
using UV-spectra and mass spectrometry (MS) data from
commercial standards or data available in the literature. The
quantification was based on calibration curves of gallic acid,
abscisic acid, hydroxybenzoic acid, quercetin, and myricetin
(Sigma Aldrich) and the results were expressed as mg/kg on
a fresh weight (FW) basis.

The UPLC-DAD was connected to a linear ion trap mass
spectrometer (LTQ-XL, Thermo Scientific) with an electro-
spray source (ESI) to characterize the different compounds
in the mixture in a single analysis based on their molecular
weight and fragment information. The MS operated in both
positive (ESI+) and negative (ESI—) ionization mode using
the following experimental parameters: spray voltage 5 kV,

capillary voltage 35 V, capillary temperature 300 °C, sheath
and auxiliary gas flow rate of 25 and 15 (arbitrary units),
respectively. Full scan spectra were acquired over the m/z
range of 110 to 2000 and analyzed with the Xcalibur 2.2
software (Thermo Scientific, USA). The fragmentation for
MS" experiments was performed by collision-induced dis-
sociation applying 1040 V. Nitrogen and helium gases were
used for drying and collision, respectively. Direct insertion
of the sample was also performed to assist in the identifica-
tion of the compounds.

Total phenolics content and antioxidant capacity

Total phenolics was determined in the methanol extracts
using the Folin-Ciocalteu assay [19]. The results were
expressed as milligrams of Gallic Acid Equivalents
(GAE)/100 g FW. The antioxidant capacity (AC) was eval-
uated using three methods: ABTS [20], DPPH [21], and
FRAP [22]. The results were expressed as umol of Trolox
Equivalents (TE)/100 g FW.

RNA isolation

Total RNA was isolated using the CTAB method [23]. Frozen
mango pulp from each replicate (five fruit) was ground in the
presence of liquid nitrogen. About 3 g of pulverized tissue
were mixed with 10 mL of extraction buffer [20 g/L. CTAB,
20 g/L PVP K40, 0.1 mol/L Tris—HCI (pH 8), 0.025 mol/L
EDTA, 2 mol/L NaCl, 20 mL/L pB-mercaptoethanol] and
incubated for 15 min at 65 °C. The mixture was extracted
two times with 10 mL of chloroform: isoamyl alcohol (24:1),
centrifuged (10,000xg/10 min/25 °C) (5804R, Eppen-
dorf) and the supernatant was mixed with 2.5 mL of LiCl
(10 mol/L) to precipitate the RNA overnight at -20 °C. After
centrifugation (10,000Xg/10 min/5 °C), the RNA pellet was
mixed with 700 pL SSTE buffer [0.1 mol/L Tris—HCI (pH
8), 1 mol/L NaCl, 5 g/L. SDS, 0.001 mol/L] pre-warmed at
60 °C, the mixture was extracted three times with 700 pL of
chloroform:isoamyl alcohol (24:1) and the upper phase was
collected (10,000%xg/10 min/5 °C). The RNA was precipi-
tated by adding two volumes of pure ethanol and incubat-
ing for 2 h at — 70 °C. The pellet was washed with ethanol
(0.7 L/L), dried, and resuspended in 50 pL. of DEPC-treated
water. The RNA was treated with DNase (Sigma-Aldrich) to
remove contaminant DNA.

Gene expression analysis

Gene expression was determined by RT-qPCR. RNA was
quantified spectrophotometrically and 10 ng were used for
the analysis. The experiment was performed using a real
time system model StepOnePlus™ (Applied Biosystems,
Carlsbad, USA) and the kit SCRIPT One-Step RT-PCR
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(Jena Bioscience, CA, USA). PCR primers for phenylalanine
ammonia lyase (PAL, F=CCGTGCTGCAACCAAAATGA;
R =GCAATGGCAAGACGTGTGTT), chalcone synthase
(CHS, F=CATCTGCGTGAAGTGGGTCT; R=TTCAGT
CCGAGTTTGGCCTC), UDP-glucose:galloyl-1-O-B-p-
glucosyltransferase (UGT, F= AACACACTGCGGATG
GAACT; R=CATTCGGATCCCGGTCTTG) and actin
(ACT, F=TCCCAGTATTGTGGGTAGGC; R=GGC
AACTCGAAGCTCATTGT) were designed using Primer-
Blast (http://www.ncbi.nlm.nih.gov/tools/primer-blast); the
amplicon size was specified between 100 and 250 bp with
an alignment temperature of 60 °C. The amplification condi-
tions were: 50 °C for 15 min for cDNA synthesis, then 95 °C
for 5 min (denaturation), followed by 40 cycles at 95 °C
(15 s) and 60 °C (1 min) with a ramp rate of 2.2 °C/s. The
Actin gene was used as reference and the expression values
were calculated relative to the non-treated fruit using the
278AC method.

Data analysis

Data are the mean values of three replicates of five fruit
each. Two-way ANOVA was performed and the Fisher
test (P <0.05) was used for mean comparisons between
the treatments and between the storage conditions using
STATGRAPHIC plus version 5.1 (Statistical Graphics
Corporation™, MD, USA). Principal component analysis
was performed to investigate the grouping and relation-
ship of chilling injury index, physiological and pulp color

parameters, metabolites, and antioxidant capacity with the
different treatments using the open-source R studio pro-
gram (Version 3.6.2, R Foundation for Statistical Comput-
ing, Vienna, Austria).

Results

Chilling injury index (Cll), physiological and quality
parameters

Control fruit had significantly higher CII values and more
severe CI symptoms than HWT-treated fruit after cold
storage and subsequent ripening (Table 1, Online Resource
1A). Pitting and uneven color development appeared in
both treatments while decay was only observed in control
fruit (Online Resource 1A). The ripening process (7 days
at 21 °C) increased the severity of these symptoms but
the CII was always higher in control than HWT-treated
fruit (Table 1). The development of CI symptoms was
accompanied by an increase in electrolyte leakage (EL)
and malondialdehyde content (MDA) whose values were
higher in control than HWT fruit after chilling stress and
ripening (Table 1).

Fruit firmness was not affected by the HWT and
decreased significantly after cold storage and subsequent
ripening (Table 1). Regarding the pulp color, the a* param-
eter increased during storage in both treatments, while b*

Table 1 Chilling injury index,

X gt % Parameter Treatment Storage condition
physiological and quality
parameters of control and 0 days at 5 °C 20 days at5 °C 20 days at
HW-treated ‘Keitt’ mango fruit 5°C+7 days at
stored under chilling conditions 21°C
and ripened
cn Control ND 0.80+0.1082 1.60+0.174
HWT ND 0.23+0.16%° 0.80+0.134°
Electrolyte leakage (%) Control 27.4441.21¢ 43.27+0.4182 58.8842.244%
HWT 29.06 +0.37¢ 36.47 +2.805° 51.66+1.734°
MDA content (nmol/g) Control 11.85+1.41¢ 31.15+3.4788 41.48+2.834A0
HWT 11.25+1.73% 20.17+0.518° 29.96+2.034°
Firmness (N) Control 120.84 +3.8442 79.62 +6.14%2 9.20+0.18%
HWT 118.51£4.00A° 75.29 +5.1282 9.11+0.77¢
Pulp color (a*) Control 2.86+0.018% 3.72+0.494% 4.28+0.104°
HWT 2.69+0.30 4.02+0.2982 4.90+0.264
Pulp color (b*) Control 59.33+1.054% 60.79+0.30%% 62.20+0.114°
HWT 59.41+0.778 60.61+0.6752 66.09 + 1.86"°

Values are the mean + standard deviation of three replicates. Different letters in the same row (A, B, C) or
column (a, b) indicate significant differences (Fisher, ®=0.05) between storage conditions and treatments,

respectively

CII Chilling injury index; MDA Malondialdehyde; HWT Hot water treatment; ND Not determined
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changed only after ripening (Table 1). The b* parameter
was higher in HWT than control fruit after ripening, indi-
cating a more yellowish color (Online Resource 1B).

Effect of HWT, chilling stress and ripening
on the content of metabolites in the pulp of mango
fruit

Twenty metabolites were separated by UPLC-DAD in the
methanol and ethyl acetate extracts (Online Resource 2).
The main metabolites identified were gallic acid derivatives
(O-galloylglucose, tetra-O-galloylglucose, penta-O-gal-
loylglucose, hexa-O-galloylglucose, O-methyl-di-O-gal-
loylglucose and galloyl di-hexoside), flavonoids (quercetin
and myricetin derivatives), p-hydroxybenzoic acid hexoside
and phaseic acid derivatives (dihydrophaseic acid hexoside
isomers I, II and III) (Table 2). Galloyl glucosides showed
a typical fragmentation pattern characterized by the loss
of the galloyl moiety (m/z=152), gallic acid (m/z=170)
and the presence of the pyrogallol group (m/z=125).
MS spectra of O-galloylglucose showed the molecular
ion [M-H]™ m/z=331 and fragments of m/z=271, 211,
169 (gallic acid ion) and 125 (pyrogallol group) (Table 2,
Online Resource 3A) [24]. Tetra-O-galloylglucose exhib-
ited the molecular ion [M-H]™ m/z="787 and fragments of
m/z=635 ([M-H-152]7, loss of galloyl moiety), 617 ([M-
H-170]7, loss of gallic acid) and 465 ([M-H-152-170]" or
[M-H-170-152]", sequential loss of the galloyl moiety and
gallic acid or vice versa) (Table 3, Online Resource 3B) [25].
Quercetin derivatives were characterized for the presence of
the molecular ion of the aglycone [M-H]™ m/z=301 and the
typical fragmentation ions of m/z=179 and 151 (Table 2,
Online Resource 3C) [26].

The most abundant metabolites were gallic acid deriva-
tives, specifically O-galloylglucose (Table 3). Before cold
storage (0 days at 5 °C), HWT decreased significantly the
accumulation of O-galloylglucose, p-hydroxybenzoic acid
hexoside, dihydrophaseic acid hexoside, and myricetin hexo-
side, but it also increased the abundance of penta-O-galloyl-
glucose, hexa-O-galloylglucose, O-methyl-di-O-galloylglu-
cose and one gallic acid derivative (compound 3) (Table 3).

The chilling stress (20 days at 5 °C) modified the abun-
dance of the metabolites in both treatments. In control fruit,
the levels of O-galloylglucose and p-hydroxybenzoic acid
hexoside decreased significantly while those of gallic acid
derivatives [O-methyl-di-O-galloylglucose, tetra-O-galloyl-
glucose, penta-O-galloylglucose, hexa-0-galloylglucose and
gallic acid derivative (compound 3)] increased (Table 3).
In HW-treated fruit, cold stress increased the abundance of
O-galloylglucose, galloyl di-hexoside, p-hydroxybenzoic
acid hexoside, dihydrophaseic acid hexoside, and myri-
cetin hexoside, but it decreased the content of gallic acid

derivatives (penta-O-galloylglucose and hexa-O-galloylglu-
cose). At the end of cold storage (20 days at 5 °C), HWT
fruit had significantly higher levels of O-galloylglucose,
galloyl di-hexoside, and p-hydroxybenzoic acid hexo-
side than control samples, but the opposite was observed
for tetra-O-galloylglucose, penta-O-galloylglucose, and
hexa-O-galloylglucose.

After ripening (20 days at 5 °C+7 days at 21 °C), the
content of O-galloylglucose increased significantly in both
treatments, but its level was significantly higher in HWT
than control fruit (Table 3). Tetra-O-galloylglucose, penta-
O-galloylglucose, hexa-0-galloylglucose and compound
3 are other gallic acid derivatives whose abundance also
increased during ripening in HWT fruit reaching values
significantly higher than those of the control. In addition,
the abundance of O-methyl-di-O-galloylglucose, tetra-
O-galloylglucose, gallic acid derivative (compound 3), and
dihydrophaseic acid hexoside decreased during ripening in
control fruit, and their levels were significantly lower than
those of HWT fruit.

Total phenolic content and antioxidant capacity
of mango pulp

TP content was negatively affected by chilling stress only in
control fruit with a reduction of 34% (Table 4). After ripening,
there was an increase in TP content only in HWT fruit reach-
ing a value significantly higher than that of the control fruit.
The AC by the three methods (ABTS, DPPH and FRAP) was
affected by the HWT before cold storage (Table 4), which cor-
responded with the reduction observed in the levels of O-gal-
loylglucose, the most abundant phenolic compound (Table 3).
The chilling stress (20 days at 5 °C) reduced significantly the
AC in the control fruit reaching values similar to those of the
HWT fruit (Table 4). After ripening (20 days at 5 °C+7 days
at 21 °C), the HWT fruit showed a significant increase in the
AC by the three methods with values significantly higher than
those of the control fruit (Table 4).

Changes in expression of genes encoding enzymes
involved in the synthesis of the main metabolites
identified in mango pulp

The relative expression of genes encoding key enzymes
involved in the synthesis of gallotannins, phenylpropanoids,
and flavonoids is shown in Fig. 1. There were no signifi-
cant differences in the expression of PAL and CHS between
control and HWT fruit in the different storage conditions.
However, the transcript levels of UGT, the gene encoding a
glucosyltransferase that synthesizes O-galloylglucose, were
higher in both chilled and ripened HWT fruit compared to
the control fruit (Fig. 1B and C).

@ Springer



K.V. Pineda-Hidalgo et al.

Table 2 Metabolites identified by UPLC-DAD-MS in the pulp of control and HW-treated mango fruit cv. Keitt after cold storage (20 days at
5 °C) and ripening (20 days at 5 °C plus 7 days at 21 °C)

Peak no Rt UV Zmax [M-H]™ m/z Tentative identifica- Formula Molecular mass HPLC-ESI (-)-MS" References

tion experiment
m/z (% base peak)
Gallotannins
1 727 278 331.07 O-galloylglucose 1 C;3H;s 0,0 332.18 331.07 (100); 271.05  [5, 24, 40-42]

(6.37), 211.04
(3.17), 169.22
(6.68), 125.1 (4.25)

2 8.57 278 331.09 O-galloylglucose I~ C,3 H,s O,y 332.90 331.09 (100); 271.51  [5, 24, 40-42]
(4.29), 210.90 (2.8),
210.90 (2.8), 169.07
(6.09), 125.24 (4.2)

5 12.80 278 331.14 O-galloylglucose Il C,3 H,, 0,, 332.16 331.16 (100); 270.80  [5, 24, 40-42]
(9.25), 211.84 (6.2),
169.12 (74.09),
125.01 (6.19)

7 14.42 280 497.24 O-methyl-di-O-gal- C, H»,0,, 498.01 497.24 (5); 483.18 [40, 43]
loylglucose (100), 330.90 (17),
183.08 (44.21),
169.14 (34.8),
125.05 (7)
13 21.72 280 787.23 Tetra-O-galloylglu- C;, Hyy O,, 788.81 787.21 (100); 635.1 [5, 25, 40, 41, 43]
cose | (7.2), 617.2 (2),
465.7 (3), 447.5
(5.0)
15 24.75 280 787.21 Tetra-O-galloylglu- C;,Hyy O,, 788.18 787.21 (100); 635.32  [5, 25, 40, 41, 43]
cose II (5),617.2 (6), 465.1
(3.5),447.5 (3.0)
16 25.78 280 787.31 Tetra-O-galloylglu- C;, Hyg O,, 788.28 787.21 (100); 635.1 [5, 25, 40, 41, 43]
cose III (17), 617.7 (15),
465.2 (4),447.1
2.0)
18 29.85 280 939.15 *Penta-0O-galloylglu-  C,H;,0,6 940.13 939.23 (100), 769.17  [5, 25, 40, 41, 43]
cose (12), 725.42 (2),

617.23 (5), 601.19
(2), 599.82 (2)

19 31.85 278 1091.1 Hexa-O-galloylglu- Cyg Hyg O3, 1092.07 1091.03 (100); 939.16 [5, 25, 40, 41, 43]
cose | (32), 787.07 (3),
769.17 (6), 617.15
3
20 32.35 278 1091.3 Hexa-0O-galloylglu- Cyg Hig O3, 1092.20 1091.06 (100); 939.15 [5, 25, 40, 41, 43]
cose I1 (33), 787.15 (3),
769.12 (9), 617.08
(C)]

Gallic acid derivatives

3 10.25 270 - Gallic acid derivative — - 461.06 (100), 219.03 -
(83.23), 169.14
(27.3), 125.19
(10.15)

9 15.25 242,280,320 345.16 Gallic acid derivative C,, H;30,, 346.23 345.16 (100); 183.04
(49.01), 168.24
(16.79), 135.7 (7),
124.21 (10)

11 16.87 270 49321 Galloyl di-hexoside ~ C,o Hyo O,5 494.86 49321 (71.47); [40, 43]
313.68 (10.2),
222.97 (20), 169.02
(40.26)
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Table 2 (continued)

Peak no Rt

UV Amax

[M-H]” m/z Tentative identifica-

tion

Formula

Molecular mass HPLC-ESI (-)-MS"

experiment
m/z (% base peak)

References

Benzoic acid derivative

4 12.27

261

Phaseic acid derivatives

6 13.52

8 14.87

10 16.05

Flavonoids
12 20.25

14 22.78

17 27.09

Standards
Std -

Std -

Std -

267

267

267

241, 284, 350

240, 282, 350

254, 320, 350

263

241,274

245, 266, 366

299.18

443.19

443.25

443.12

479.2

463.1

137.85

939.15

301.23

* p-Hydroxybenzoic
acid hexoside

Dihydrophaseic acid

hexoside I

Dihydrophaseic acid

hexoside II

Dihydrophaseic acid
hexoside I1I

*Quercetin derivative

Myricetin hexoside

*Quercetin derivate

Hydroxybenzoic acid

Penta-O-galloylglu-
cose

Quercetin

C13 H16 08

C21 H31 010

C21 H31 O10

C21 H31 010

C21 HZO 013

C21 H20 012

C; Hs Oy

C41 H32 026

C15H1007

300.20

444.22

444.35

444.50

480.33

138.91

940.19

302.21

299.18 (100); 179.35
(10.1), *137.09
(15.52), *129.25
(2.1, 120.18 (3.2),
2113.18 (2.5)

443.19 (100); 425.34
(2),237.77 (2),
219.07 (19.3), 160.9
(D

442.79 (100); 424.88
(5),237.97 (7),
219.42 (27.3)

443.19 (100); 425.02
(2),237.01 (3),
219.24 (10.2), 161.7
(4.4)

2300.4 (24.52);
2179.15 (10.2),
1151.13 (13.2)

479.08 (100); 317.14
(14.5)

301.3 (5.38); *300.99
(100), 271.2 (4.5),
255.36 (6.5),
2179.23 (5.4),
2151.05 (3.2)

MS?[137.851;136.61
(10.2), 128.99 (2.1),
1209 (3.1), 112.9
(1.9), 90.78 (100)

939.15; 787.31 (10),
769.16 (100),
725.14 (5), 617.25
(5), 601.29 (3),
599.20 (5), 465.21
(3)

MS?[939.15]: 787.31
(10), 769.16
(100),617.25 (5)

MS?[393.15-769.16]:
725.25 (18), 617.18
(100), 601.21 (24),
599.15 (34)

MS*[939.15-739.16-
617.18]: 465

MS?[301.23]: 179.12
(80), 151 (100)

[40, 43]

[43]

[43]

[43]

[44]

[45]

[44]

*Metabolites confirmed with MS experiments performed with authentic commercial standards. Benzoic acid and quercetin derivatives were

identified using their nucleus molecule

Rt Retention time; Roman numerals: metabolites isomers

“m/z ions confirmed with the nucleus molecules standards. The rest of metabolites were identified by comparison of their fragmentation patterns

with those previously identified in the literature. The references used for identification are cited in the corresponding column
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Table 3 Changes in the levels of metabolites identified by UPLC-DAD-MS in the pulp of control and HW-treated 'Keitt' mango fruit after cold

storage and ripening

Peak no Metabolite Treatment Storage conditions
0 days at 5 °C 20 days at 5 °C 20 days at
5°C+7daysa
21 °C
Gallotannins (mg GAE/kg FW)
O-galloylglucose
1 O-galloylglucose I Control 116.91 +1.914 58.19+8.935° 108.56 + 17.014°
HWT 88.38 +5.20<° 109.86 + 1.6452 140.42 +0.599
2 0-galloylglucose II Control 2.57+0.13% 3.93+0.9382 9.51+1.28%
HWT 2.81+0.478 3.51+0.1852 8.84+£0.70A%
5 0-galloylglucose III Control 19.64 +3.68B2 13.33+0.84 28.51 +£2.784
HWT 18.45+0.00% 22.44+0.2182 30.24+0.384
Total content Control 139.12 +5.5842 75.32+9.348° 146.58 +15.034°
HWT 109.64 +4.97<° 135.81+1.5382 179.46 +0.874%
Di-O-galloylglucose
7 O-methyl-di-O-galloylglucose Control 1.93+0.08° 3.72+0.0342 2.58+0.378°
HWT 2.89+0.0342 3.26+0.2240 3.424£0.4348
Tetra-O-galloylglucose
13 Tetra-O-galloylglucose I Control 0.40+£0.0482 0.97 +0.0842 0.49+0.128%
HWT 0.50+0.06% 0.66 +0.045° 1.06+0.104
15 Tetra-O-galloylglucose 1T Control 0.47+0.20%2 0.82+0.0142 0.74+0.33AB>
HWT 0.53+0.0352 0.45+0.06%° 1.10+£0.06%
Total content Control 0.87+0.238 1.79 +0.0942 1.23+0.418°
HWT 1.03 +0.0952 1.11+0.085° 2.16+£0.174%
Penta-O-galloylglucose
18 *Penta-0-galloylglucose Control 2.65+0.358° 6.13+£0.614% 5.58 +0.494°
HWT 5.09+0.3582 4.03+£0.54° 6.68 +0.2244
Hexa-O-galloylglucose
19 Hexa-0O-galloylglucose 1 Control 0.85+0.135% 1.67£0.114 1.76 £0.16"°
HWT 1.71+£0.2952 1.33+£0.14% 2.14+0.3244
20 Hexa-0O-galloylglucose 11 Control 0.88 +0.195% 2.28+0.08%2 1.49+0.444°
HWT 2.19+0.3382 1.40+£0.17%® 2.93+0.334
Total content Control 1.73+0.328° 3.95+0.094% 3.25+0.394°
HWT 3.90+0.625 2.73+0.31<° 5.07+£0.664%
Gallic acid derivative (mg GAE/kg FW)
3 Gallic acid derivative Control 10.41+0.378° 16.54 +2.24" 11.50+1.815°
HWT 14.68 +0.855 15.71 +0.855 22.48 +4.26"
9 Gallic acid derivative Control 0.72+0.0442 0.82+£0.1142 0.89+0.284¢
HWT 0.55+0.0352 0.86+0.1342 0.63+0.075
11 Galloyl di-hexoside Control 0.91+0.0182 1.21+0.265° 2.14+0.53A4
HWT 0.97+0.1652 1.69+0.1842 1.10+0.045°
Benzoic acid derivatives (mg HAE/kg FW)
4 *p-Hydroxybenzoic acid hexoside Control 3.25+0.424 2.59+0.26° 2.94+0.114ABa
HWT 2.30+0.108° 3.41+0.45% 3.34+0.254
Phaseic acid derivatives (mg AAE/kg FW)
6 Dihydrophaseic acid hexoside I Control 1.78 +0.03A2 1.63+0.2582 1.50+0.13Bb
HWT 1.25+0.01¢ 1.60+0.1782 1.87 £0.054¢
8 Dihydrophaseic acid hexoside II Control 0.11+0.0242 0.09 +0.004% ND
HWT 0.06+0.0142 0.08 +0.0042 ND
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Table 3 (continued)

Peak no Metabolite Treatment Storage conditions
0 days at 5 °C 20 days at 5 °C 20 days at
5°C+7days a
21°C
10 Dihydrophaseic acid hexoside III Control 0.21+0.018° 0.45+0.0342 0.24+0.028°
HWT 0.34+0.0452 0.33+£0.008° 0.39+0.004¢
Total content Control 2.1+0.017 2.17+0.2742 1.74+0.15Bb
HWT 1.65+0.065° 2.01+0.1742 2.26+£0.05 A
Flavonoids (mg QE/kg FW, mg ME/kg FW)
12 *Quercetin derivative Control 0.26+0.0342 0.34+0.0342 0.31+0.06%°
HWT 0.28+0.1482 0.42+0.0282 0.65+0.08"*
17 *Quercetin derivative Control 0.01£0.00%? 0.07 +0.0052 0.520.0348
HWT 0.01+0.00 0.05 +0.005? 0.19+0.004°
Total content Control 0.27+0.0352 0.41+0.0452 0.83+£0.0948
HWT 0.29+0.1482 0.47 +0.0252 0.84+0.0842
14 Myricetin hexoside Control 0.13+0.0182 0.13+0.0052 0.190.0342
HWT 0.07+0.07% 0.13£0.0082 0.21+£0.024¢

Values are the mean + SD of three replicates. Different letters in the same row (A, B, C) or column (a, b) indicate significant differences (Fisher,

P <0.05) between storage conditions and treatments, respectively

HWT hot water treatment; GAE gallic acid equivalents; HAE hydroxybenzoic acid equivalents; AAE abscisic acid equivalents; ME myricetin

equivalents; QF quercetin equivalents; ND not detected

Table 4 Total phenolic content and antioxidant activity of the pulp
from control and HW-treated 'Keitt' mango fruit stored under chilling
conditions and ripened

Treatment Storage conditions
0 days at 5 °C 20 days at 5 °C 20 days at
5°C+7 days a
21°C
Total phenolic (mg GAE/100 g FW)
Control 30.6+1.04 20.1+3.588 23.3+4.045°
HWT 26.6+2.4% 2334178 33.4£2.3%
ABTS (umol TE/100 g FW)
Control 112.1£12%  66.6+10.0* 85.9+11.8%°
HWT 88.6+£11.25°  77.6+4.45 106.6+ 8.8
DPPH (umol TE/100 g FW)
Control 123.8+3.44 84.7 +5.888 80.2+13.28°
HWT 100.7 4.1 88.9+4.58 107.1+£5.9%
FRAP (umol TE/100 g FW)
Control 66.7+£0.34 39.8+1.6% 38.8+10.35°
HWT 54.8+7.4%  482+41.1M 55.1+4.74

Values are the mean+ SD of three replicates. GAE, gallic acid equiv-
alents; QE, quercetin equivalents; TE, Trolox equivalents. Different
letters in the same row (A, B, C) or column (a, b) indicate significant
differences (Fisher, P<0.05) between storage conditions and treat-
ments, respectively

Principal component analysis

Data obtained from the evaluation of CI index, physiological
(EL and MDA content) and quality parameters (firmness and
color), quantification of metabolites by UPLC-DAD-MS, TP
content, and antioxidant capacity (ABTS, DPPH and FRAP)
were used to perform the principal component analysis (PCA)
(Fig. 2). Two components explained 65.8% of the total vari-
ation (PC1=41.3% and PC2=24.5%) and the analysis sepa-
rated the samples into six clusters according to the postharvest
treatments and storage conditions (Fig. 2). The variables stud-
ied were grouped in three clusters as follows: cluster 1 in the
lower right quadrant was formed by CI index and physiologi-
cal parameters (EL and MDA) and was located close to con-
trol samples with severe CI symptoms (chilled and ripened)
(Fig. 2). Cluster 2 in the upper right quadrant was formed by
most of the metabolites identified by UPLC-DAD-MS (e.g.,
O-galloylglucose, tetra-O-galloylglucose, penta-O-galloylglu-
cose, hexa-0O-galloylglucose, etc.) and the pulp color param-
eters (a* and b¥); this group was located close to the ripe HWT
samples that had lower CI index values than those of control
samples (20 days at 5 °C+7 days at 21 °C) (Fig. 2). Finally,
the third cluster was formed by the total TP content and the
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2.0

a —= Control
= HWT

1.5+

1.0 % % T

0.54

Relative Expression

0.0

25

2.01

1.5

1.0+

Relative Expression

0.54

0.0
20

1.51

1.0 i + .

Relative Expression

0.51

0.0

PAL CHS UGT

Fig. 1 Relative expression of genes encoding proteins differen-
tially accumulated between control and HW-treated fruit before cold
storage (0 d at 5 °C) (a), after cold storage (20 d at 5 °C) (b) and
after ripening (20 d at 5 °C+7 d at 21 °C) (C). The ACT gene was
used as reference gene and the expression values are relative to that
of the control fruit. Means are significantly different when the bars
do not horizontally overlap. PAL, phenylalanine ammonium lyase;
CHS, chalcone synthase; UGT, UDP-glucose:galloyl-1-O-p-D-
glucosyltransferase

antioxidant activity (ABTS, DPPH, and FRAP). The variables
were located in the upper left quadrant close to the non-chilled
control sample (0 days at 5 °C) (Fig. 2).
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Discussion

Quarantine HWT alleviates chilling injury in mango
fruit

The lower CII values and less incidence of CI symptoms
observed in HWT fruit (Table 1; Online Resource 1A)
indicated that the heat treatment protected the fruit from
the chilling stress. These results correspond with previous
studies where the HWT was successfully used to induce CI
tolerance in ‘Keitt’ mango [4, 6]. In addition, the lower val-
ues of the physiological parameters EL. and MDA content
in HWT fruit (Table 1) suggests a better integrity of the
membranes that allow to maintain the cellular homeostasis
[27], energy production [5, 11] and pigment synthesis [4],
which favors normal ripening and development of the yel-
lowish color in the pulp (Table 1, Online Resource 1B). We
previously reported that the HWT-induced CI tolerance in
mango fruit is associated with increased accumulation of
the enzymes PAL, CHS, and chalcone isomerase (CHI) [6],
and metabolites derived from gallic acid and flavonoids in
the peel [5]. These mechanisms were further investigated in
the present study comparing the metabolite profiles from the
pulp of control and HW-treated fruit stored under chilling
conditions and ripened.

Chilling injury tolerance induced by quarantine
HWT is associated with the accumulation of gallic
acid derivatives in mango pulp

The compound O-galloylglucose is the immediate precur-
sor of gallotannins [28] and was the most abundant in the
pulp of’Keitt” mango (Table 3), representing about 60% of
the total phenolic content (Table 4). The lower accumula-
tion of O-galloylglucose observed in HWT fruit before cold
storage (0 days at 5 °C) can be associated with a decrease
in the synthesis of this compound due to the heat stress [29]
(Table 3). This effect could also be attributed to the synthe-
sis of more complex molecules like gallotannins, which are
synthesized by galloyltransferases whose activity is optimal
at 44-45 °C [30], a temperature close to that of the HWT. In
this sense, the reduction in the content of O-galloylglucose
in HWT fruit corresponded with higher levels of O-methyl-
di-O-galloylglucose, penta-O-galloylglucose, hexa-O-gal-
loylglucose and one gallic acid derivative (compound 3)
(Table 3). These results agree with those of Vega-Alvarez
et al. [5] who observed that quarantine HWT increased the
levels of these complex gallotannins in the peel of ‘Keitt’
mango fruit. Kim et al. [31] reported that the immersion of
mango cv. Tommy Atkins (497.5 g) in hot water (46.1 °C,
70 min) also increased the levels of gallotannins in the pulp.
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Fig.2 A biplot based on principal component analysis of CI index,
physiological and quality parameters, metabolites identified by
UPLC-MS, TP content and the antioxidant capacity of the pulp from
control (C) and hot water treated (HWT) mango cv. ‘Keitt’ stored for
0Odat5°C(0d),20dat5°C(20d), and 20 d at 5 °C plus 7 d at
21 °C (20 d+7 d). Samples are represented by colored-shapes and
the variables by black points. Chilling injury index (CII), malondial-

Gallic acid is synthesized from the shikimate pathway
intermediate 3-dehydroshikimate whereas p-hydroxybenzoic
acid and myricetin are derived from phenylalanine, an amino
acid produced from chorismate, the final product of the shi-
kimate pathway [32]. Thus, the reduction in the levels of
p-hydroxybenzoic hexoside acid and myricetin hexoside by
the HWT before cold storage (0 days at 5 °C) (Table 3) could
be associated with a greater flux of metabolites towards
the synthesis of gallic acid, which is the base molecule of
gallotannins.

Chilling stress caused an adjustment in the secondary
metabolism of the pulp in both control and HWT fruit (20
days at 5 °C). In control fruit there was an increase in the
accumulation of gallotannins and a decrease in the levels
of O-galloylglucose (the most abundant metabolite) and
p-hydroxybenzoic acid hexoside by 45% and 20%, respec-
tively (Table 3). These results corresponded with those of
Rosalie et al. [33] who reported that the storage of mango
fruit ‘Cogshall’ at 7 °C decreased the content of galloyl-
O-glycoside in the pulp. Cold storage may have affected
the function of the enzyme that synthesizes O-galloylglu-
cose whose activity was previously shown to decrease up
to seven times after lowering the temperature from 10 to
0 °C [29]. The HWT mitigated the negative impact of the

Treatment
» C_0d
C_20d
C_20d+7d
HWT_0d
@ HWT_20d
~ HWT_20d+7d

dehyde content (MDA), electrolyte leakage (EL), firmness, pulp color
parameters (a* and b*), galloylglucose (GG), O-methyl-di-O-galloyl
glucose (DGG), tetra, penta, hexa-O-gallotannins (GG), gallic acid
derivatives (GAD_9 and GAD_3), galloyl di-hexoside (GDH), dihy-
drophaseic acid hexoside (DPAH), quercetin derivative (QD), myri-
cetin hexoside (MH), hydroxybenzoic acid hexoside (HBAH), total
phenolics (TP), and antioxidant capacity (ABTS, DPPH and FRAP)

chilling stress more likely due to the action of heat shock
proteins (HSP), which were shown to be induced by this
treatment in the peel of ‘Keitt’ mango [6]. HSP can stabi-
lize key enzymes of the secondary metabolism and main-
tain higher levels of metabolites as observed in the pulp
of HWT fruit after cold storage (20 days at 5 °C) and after
ripening (20 days at 5 °C +7 days at 21 °C) (Table 3). In
addition, the higher content of O-galloylglucose in HWT
fruit corresponded with the up-regulation of UGT (Fig. 1),
which encodes the enzyme glucosyltransferase that synthe-
sizes this metabolite (Fig. 1B and C). These results suggest
that glucosyltransferase plays a key role in the acquisition
of chilling tolerance in HWT fruit by increasing the levels
of O-galloylglucose to counteract the cold stress. In this
sense, Vega-Alvarez et al. [5] reported that the CI toler-
ance induced by the quarantine HWT in ‘Keitt” mango
was associated with increased accumulation of gallic acid
derivatives in the peel, specifically gallotannins.
Dihydrophaseic acid is the main product from the
catabolism of abscisic acid (ABA), a hormone that plays
an important role in fruit development and the protection
against abiotic and biotic stresses [34]. The exogenous
application of ABA alleviates chilling injury in climac-
teric fruit, effect associated mainly with an enhancement
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of the ROS scavenging system [35]. The higher levels of
dihydrophaseic acid hexose observed in HWT fruit after
ripening (Table 3) were also reported in HW-treated toma-
toes after cold storage and ripening [36]. The lower levels
of this compound in control fruit may be associated with
a reduced catabolism of ABA to counteract the chilling
stress.

The total content of quercetin derivatives and myricetin
hexoside increased significantly after the ripening period
in both treatments, but their values were similar between
control and HWT fruit (Table 3). These results correspond
with the similar expression levels of PAL and CHS observed
in the same samples (Fig. 1). The metabolite profiles sug-
gest that the alleviation of chilling injury in HWT fruit is
mediated by the enhancement of the ROS scavenging system
through an increased accumulation of gallic acid derivatives
during chilling stress and ripening as previously shown in
mango peel [5].

HWT improves the antioxidant capacity in mango
pulp

HWT fruit showed higher AC values than control fruit after
cold storage and ripening (Table 4). The AC appears to be
associated mainly with the TP content as suggested by the
positive correlation found between these parameters (ABTS,
r=0.82, P<0.001; DPPH, r=0.70, P<0.01; FRAP,
r=0.76, P <0.001). In particular, HWT fruit showed greater
accumulation of O-galloylglucose and gallotannins (Table 3)
associated with higher expression of the UGT gene (Fig. 1).
In this sense, previous studies have reported high AC values
for gallic acid derivatives [37-39]. Thus, the chilling toler-
ance in HWT fruit appears to be associated with a better
capacity to control the oxidative stress as previously sug-
gested for’Shelly’ mangoes [9].

Variables associated with chilling injury tolerance
and susceptibility

PCA analysis allowed the association of the CI index, physi-
ological and pulp color parameters, the metabolites identi-
fied by UPLC-DAD-MS, the TP content, and AC data with
the chilling injury tolerance and susceptibility (Fig. 2). Ripe
HWT samples were located in the upper right quadrant, very
close to gallic acid derivatives (O-galloylglucose, tetra-
O-galloylglucose, penta-O-galloylglucose, hexa-O-galloyl-
glucose and compound 3), dihydrophaseic acid hexoside and
pulp color parameters (a* and b*) (Fig. 2). In addition, these
samples were located closer to TP content and AC (ABTS,
DPPH and FRAP) parameters than chilled and ripened con-
trol fruit with severe CI symptoms (Fig. 2). These results
support the idea that chilling tolerance in HW-treated fruit is
associated with the control of oxidative stress by increasing

@ Springer

the levels of antioxidant metabolites like gallic acid deriva-
tives as previously reported in the peel of’ Keitt’ mango [5].
On the other hand, chilled ripe control samples located in
the lower right quadrant were clustered with CI index and
physiological parameters (EL and MDA content), indicat-
ing that chilling stress and ripening had a strong negative
impact on the membrane integrity, leading to more severe CI
symptoms. Thus, chilling injury development is related to a
decrease in membrane functionality as suggested previously
in mango [4, 6, 7].

Conclusion

The chilling injury tolerance induced by HWT in ‘Keitt’
mango fruit is associated with an increase in the synthesis
of gallotanins in the pulp, highlighting O-galloylglucose
that accounts for 60% of the total phenolic content, which
is associated with a higher antioxidant capacity that may
protect against the oxidative stress induced by cold storage
and ripening. This information extends the understanding
of the mechanisms involved in CI tolerance in mango fruit
and provides targets that could be used to develop strat-
egies for the prevention of this disorder (e.g., selection
and development of CI tolerant cultivars). The applica-
tion of these strategies will increase the economic value
and decrease postharvest losses. Further studies measur-
ing the activity of enzymes involved in the synthesis of
gallotanins will confirm the role of these compounds in
cold tolerance.
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