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Flavonoids impart color and mouthfeel to grapes and wine and are very sensitive to
environmental conditions. Growth chamber experiments were performed to investigate
the effect of temperature regimes and the differences between day/night temperatures on
anthocyanins and flavonols in Merlot grapes. Among the regimes tested, the ones with
diurnal 20°C determined the highest levels of anthocyanins and flavonols. Higher diurnal
temperatures decreased those levels but increased the proportion of methoxylated and
acylated species. When regimes with the same day temperature but different night
temperatures were compared, differences between day/night temperatures did not
affect anthocyanins, unless a difference of 25°C between day and night temperatures
was imposed. When regimes with the same night temperature but different day
temperatures were compared, the regime with higher day temperature had a lower
anthocyanin level. No relationships were observed between the effects of temperature
regimes on anthocyanin level and the expression of key anthocyanin genes. However,
the effects on anthocyanin acylation level were consistent with the effects on the
acyltransferase expression, and the effects on flavonol level were consistent with the
effects on the expression of key flavonol genes. This study indicates that, in Merlot grapes,
anthocyanins and flavonols are mostly sensitive to day temperatures.
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INTRODUCTION

Flavonoids constitute the major portion of phenolic compounds
in grapes and include anthocyanins and flavonols, as well as
flavan-3-ols and proanthocyanidins (also known as tannins)
(Teixeira et al., 2013). In red grape varieties, anthocyanins are
produced in the berry skin during ripening, act as attractants for
seed dispersal, and determine the color of the wines (Shirley,
1996). Flavonols are largely accumulated during blooming and
ripening, and function as UV protectors (Carbonell-Bejerano
et al., 2014). In red wines, they can co-pigment with
anthocyanins to affect color stability, while in white wines, they
directly affect the yellowish color (Castillo-Muñoz et al., 2007).
Moreover, anthocyanins and flavonols act as antioxidants and
have health benefits when consumed, such as cardiovascular
disease prevention, obesity control, and diabetes alleviation (He
and Giusti, 2010).

Anthocyanins are classified into different subgroups based on
their chemical structures: as 3′4′- and 3′4′5′-substituted,
according to the number of hydroxyl groups on the B-ring,
and as methoxylated or non-methoxylated, according to the
presence or absence of methoxyl groups. Likewise, flavonols
are classified into 3′-substituted, 3′4′-substituted, and 3′4′5′-
substituted, or methoxylated and non-methoxylated according to
the same criteria as described above. In grapes, anthocyanins and
flavonols are normally accumulated as stable glycosylated forms
(Castillo-Muñoz et al., 2007). Furthermore, the 6′-hydrogen on
the sugar moiety can be substituted by aliphatic or aromatic acids
to generate acylated anthocyanins and flavonols (Mazza and
Miniati, 1993). An increased number of hydroxyl groups on the
B-ring shifts the anthocyanin color from red to blue, while
methoxylation and acylation shift the color to red and blue,
respectively (Lachman and Hamouz, 2005; Liu et al., 2018).
Generally, glycosylation, methoxylation, and acylation increase
the thermal stability of flavonoids (Jackman and Smith, 1996).

The accumulation of anthocyanins and flavonols during berry
development is greatly affected by environmental factors (Mori
et al., 2007; Matus et al., 2009; Azuma et al., 2012), which
suggests that their levels and profiles change among seasons
and wine regions, and may also be affected by the predicted
climatic changes (Jones et al., 2012).

Among the environmental factors, temperature has arguably
the most profound effect on anthocyanin accumulation in grapes
(Jones et al., 2012). Early studies showed that high day and night
temperature regime (37/32°C) completely inhibited coloration in
Emperor grapes (Kliewer, 1977) and that high day temperature
(35°C) strongly reduces anthocyanin concentration, while the
effect of night temperature changes in relation to the day
temperature considered (Kliewer and Torres, 1972).
Temperature effects on anthocyanin accumulation also depend
on the developmental stages when the berries experience a
particular temperature. Yamane et al. (2006) suggested that the
most sensitive stage for grape berry to temperature treatment was
1 to 3 weeks after the onset of ripening, defined by viticulturists
as veraison (shift of berry color from green to yellow/red). A
recent study by Gaiotti et al. (2018) indicated that grapes exposed
to cool night temperatures (10–11°C, compared with 15–20°C in
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control) from 12 days before veraison to the end of veraison
enhanced anthocyanin accumulation but only in one out of the
two seasons. Anthocyanin composition was also altered by
temperature regimes, with the methoxylated and acylated
proportion being increased by high temperature treatments
(Mori et al., 2005; Tarara et al., 2008; De Rosas et al., 2017).

In contrast to anthocyanins, flavonol accumulation was
originally reported to be unaffected by temperatures (Spayd
et al., 2002; Azuma et al., 2012). However, recent studies
showed that high temperatures (30–40°C) during berry ripening
exerted negative effects on flavonol accumulation (Degu et al.,
2016; Pastore et al., 2017b). Exposure to high temperatures
affected the various flavonols differently: for instance, an
increase of 6 or 9°C from ambient temperature caused the
complete absence of kaempferol 3-O-glucoside, an 85%
reduction of quercetin 3-O-glucoside, and a 65% reduction of
myricetin 3-O-glucoside (Pillet, 2011).

It remains unclear whether temperature affects the synthesis
of flavonoids directly or whether high temperatures promote
degradative events (Mori et al., 2007). Though several studies
reported that the expression of phenylpropanoid and flavonoid
genes [including phenylalanine ammonia lyase (VviPAL),
chalcone synthase (VviCHS), chalcone isomerase (VviCHI),
UDP-glucose: flavonoid 3-O-glucosyltransferase (VviUFGT), and
the transcription factors (TFs) VviMybA1 and VviMybA2], were
down-regulated by high temperatures (30–35°C, compared with
15–20°C) (Yamane et al., 2006; Azuma et al., 2012; Movahed
et al., 2016), other studies reported that the expression of
flavonoid genes (VviUFGT and VviMybA) was not affected
(Mori et al., 2007) or up-regulated by high temperatures
(Rienth et al., 2014a), yet decreased levels of anthocyanins were
observed. Mori et al. (2007) reported a reduced anthocyanin
concentration in berries exposed to a high temperature condition
(35°C, compared with 25°C) despite similar VviUFGT expression
and higher UFGT enzyme activity. This indicates that the lower
anthocyanin level under high temperature conditions might
result from a higher degradation rate rather than a lower
biosynthesis rate.

Cohen et al. (2008) and Gaiotti et al. (2018), as well as
anecdotal knowledge from the industry, suggest that the
difference between day/night temperatures affects the flavonoid
concentration in grapes, with greater differences promoting
flavonoid concentration. However, those experiments did not
provide definitive evidence, and a large knowledge gap remains
on the role of night temperature and the difference between day/
night temperatures in anthocyanin and flavonol accumulation.
This topic is even more important nowadays since the increase of
night temperatures due to climate change in the past half century
was faster than that of day temperatures, which suggests a further
decrease in the difference between day/night temperatures in
future years (Stocker et al., 2014).

In this study, growth chamber experiments that compared a
wide range of temperature regimes were performed to assess the
effect of temperatures on anthocyanins and flavonols in Merlot
grapes, with a focus on the impact of the difference between day/
night temperatures. Five temperature regimes imposed from
veraison to harvest, which ranged from 20 to 35°C during the
July 2020 | Volume 11 | Article 1095
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day, from 5 to 30°C at night, and from 5 to 25°C as a day/night
difference, were compared in each experiment. The goal of our
research was to identify the optimum temperature for
anthocyanin and flavonol accumulation in Merlot grapes, as
well as to determine if the temperature difference between day/
night affected this accumulation. We hypothesized that a larger
difference between day/night temperatures and a lower night
temperature might be beneficial for anthocyanin and flavonol
accumulation in grapes. Gene expression analysis was also
carried out in order to assess the extent of temperature effects
on transcriptional regulation of anthocyanin and flavonol
synthesis during day and night.
MATERIALS AND METHODS

Experimental Design and Plant Material
Three experiments were conducted in three consecutive years
from 2017 to 2019. All three experiments considered own-rooted
grapevines of the same variety and clone (Vitis vinifera L. cv.
Merlot, cl. 347), and utilized five growth chambers.

Experiment 1
In 2017, Merlot fruiting cuttings were obtained according to
Mullins and Rajasekaran (1981) with some modifications. Three-
node mature canes were collected during the dormant season
from a commercial vineyard located in the Okanagan Valley,
British Columbia, Canada (49°25′ N, 119°56′ W), in February
2017. Cuttings were placed within a heat-controlled container
(25°C at the base), at 4°C in darkness; at the bottom of the
container, rooting was induced using the ROOTS® Liquid
Stimulator (Wilson, Canada) with Greenhouse Potting Mix
(Grower’s Nursery Supply Inc, Salem, USA), perlite, and sand
(v/v, 3:1:0.5). Afterwards, pre-rooted cuttings were transferred
into 7.5 L pots containing Greenhouse Potting Mix and moved to
the greenhouse. Vines were grown at 22.5 ± 0.9/19.8 ± 0.5 (day/
night temperature, °C) and 54.5 ± 1.6% relative humidity (RH).
Environmental solar radiation was supplemented with
Greenpower LED (Phillips, Canada) top lighting in order to
guarantee 200 µmol m−2 s−1 of Photosynthetically Active
Radiation (PAR) at the table surface for 16 h per day. Plants
were irrigated on alternate days and supplemented with a
nutrition solution (Relab Den Haan, Hoorn, Netherlands)
twice per week in order to avoid any water deficit or nutrient
shortage. One shoot per plant was retained and topped after
inflorescence development; one cluster per plant was selected at
fruit set, while the other clusters were removed. One lateral shoot
was left to support the cluster (Mullins and Rajasekaran, 1981).

At 60 days after anthesis (DAA), vines with approximately
50% of the berries showing partial or full red pigmentation
(veraison) were selected. Shoot tips were topped to 20 primary
leaves and grapevines were transferred into Conviron BDR 16
(Conviron, Winnipeg, Canada) growth chambers. Each chamber
contained 12 plants that were divided into four biological
replicates. The temperature regimes applied were: i) 20/10
(day/night temperature, °C); ii) 20/15; iii) 25/15; iv) 35/25; v)
Frontiers in Plant Science | www.frontiersin.org 3
35/30. For the sake of simplicity, they were categorized as low
(20/10 and 20/15), intermediate (25/15), and high (35/25 and 35/
30) temperature regimes (Table S1), according to the diurnal
temperature. These regimes were chosen to generate two day/
night temperature differences: DT = 5°C (20/15 and 35/30) and
DT = 10°C (20/10, 25/15, and 35/25). Two intermediate 1-h
stages were set during the day/night and the night/day
transitions in order to mimic gradual temperature decrease/
increase. The day/night cycle was 14 h/8 h (plus the two 1-h
transition stages). Mean PAR at the pot level was set at 400, 100,
and 0 µmol m−2 s−1 in all chambers during the day, transition,
and night stages, respectively. Plants were irrigated the same way
as in greenhouse and new secondary shoots were removed
through the duration of the experiment. Light intensity around
the clusters was measured with a PAR sensor (Kipp and Zonen,
Delft, Holland); RH was measured with a humidity probe
(Campbell Scientific, Edmonton, Canada); berry surface
temperature was measured with an infrared thermal gun
(NAPA, Canada).

Berry sampling was carried out at five time-points throughout
ripening. Eight berries per biological replicate were randomly
collected at 62, 76, 89, 104, and 118 DAA (harvest date) at 4 PM
for metabolites and gene expression analyses. Additionally, at 76
and 89 DAA (mid-ripening stages), berry samples were also
collected at 4 AM, in order to investigate whether diurnal and
nocturnal conditions affected flavonoid gene expression. Berries
were removed from clusters by carefully cutting the pedicel,
immediately flash-frozen in liquid nitrogen, and stored at −80°C
until analysis. By the end of the experiment < 18% of the berries
had been removed from the clusters.

Experiment 2
In 2018, one-year Merlot rooted cuttings obtained from the
previous season were pruned to five to six dormant buds on a
single cane and grown in 11.25 L pots filled with Greenhouse
Potting Mix. Two shoots with two to three clusters each were
maintained per vine after fruit-set; the other shoots were
removed. The vines were grown in the greenhouse under the
same conditions as in Experiment 1 until veraison (69 DAA),
when the primary shoots were topped to 20 leaves, and 20 vines
at a similar developmental stage were moved into growth
chambers (four biological replicates per chamber, one plant per
replicate). The five treatments considered were: i) 20/10 (day/
night temperature, °C); ii) 20/15; iii) 25/15; iv) 25/20; v) 30/20.
They were categorized according to the diurnal temperature as
low (20/10 and 20/15), intermediate (25/15 and 25/20), and high
(30/20) temperature regimes (Table S1). These regimes were
chosen to generate two day/night temperature differences: DT =
5°C (20/15 and 25/20) and DT = 10°C (20/10, 25/15, and 30/20).
Day/night cycles, light intensities, and irrigation strategies were
the same as described for Experiment 1. Secondary shoots were
kept during the experiment. Light, temperature, and RH were
measured as described in Experiment 1; berry surface
temperature was not recorded in Experiment 2.

Samples of 20 berries were randomly collected from each
biological replicate at 79, 93, 113, and 135 DAA at 4 PM, and at
93 and 113 DAA at 4 AM. Berry samples were collected and
July 2020 | Volume 11 | Article 1095
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stored as described in Experiment 1. An additional sample was
collected from four randomly selected grapevines out of the 20
used for the experiment at 69 DAA, before the grapevines were
moved into growth chambers. By the end of the experiment
<20% of the berries had been removed from the clusters.

Experiment 3
In 2019, one-year Merlot rooted cuttings obtained from the
previous season (2018) were grown in the greenhouse as
described in Experiment 2 and 20 vines at a similar
developmental stage were moved into growth chambers (four
biological replicates per chamber, one plant per replicate) at
veraison (67 DAA). The five temperature regimes tested were: i)
20/5 (day/night temperature, °C); ii) 20/15; iii) 30/5; iv) 30/15; v)
30/25. They were categorized according to the diurnal
temperature as low (20/5 and 20/15) and high (30/5, 30/15,
and 35/25) temperature regimes (Table S1). These regimes were
chosen to generate three day/night temperature differences: DT =
5°C (20/15 and 30/25), DT = 15°C (20/5 and 30/15), and DT =
25°C (30/5). Growth chamber conditions and irrigation
strategies were the same as in Experiment 1 and 2. Secondary
shoots were kept during the experiment. Light, temperature, and
RH were measured as described in Experiment 1. Samples of 20
berries were collected—as described in Experiment 2—at harvest
(113 DAA at 4 PM).

Berry Sample Preparation
The frozen berry samples were weighed, peeled, and deseeded
using a scalpel and tweezers. Berry tissues were kept frozen using
liquid nitrogen. Skin, flesh, and seed weights were recorded. The
skin and the flesh were ground into fine powder under liquid
nitrogen using a mortar and pestle and an electronic mill (A11
S001, IKA Inc., Wilmington, USA), respectively. The skin
powder was used for anthocyanin and flavonol quantification
(in Experiments 1, 2, and 3) and gene expression analysis (in
Experiment 1). The flesh powder was used for the determination
of total soluble solids (TSS) and titratable acidity (TA).

Berry Total Soluble Solids and
Titratable Acidity
An aliquot of 2 g flesh powder was thawed at room temperature
for 20 min, and the juice was collected by centrifugation at
10,000g for 10 min. Berry TSS were measured with a digital
refractometer (Reichert A2R200, Reichert GmbH, Seefeld,
Germany) and reported as °Brix; TA was measured by titration
with 0.1 N NaOH using a 50-ml alkali burette until pH 8.2 and
expressed as tartaric acid equivalents (g/L).

Anthocyanin and Flavonol Analysis
Anthocyanins and flavonols were extracted with aqueous acidified
methanol (v/v, methanol:water:formic acid, 49.5:49.5:1) and
analyzed by high-performance liquid chromatography ad mass
spectrometry (HPLC-MS), according to Downey and Rochfort
(2008) with slight modifications. Approximately 0.15 g of skin
powder was extracted in 1.5 ml of the extraction solution for
20 min using a sonicator (FS20H, Fisher Scientific, Ottawa,
Canada) followed by 10-min centrifugation at 13,000 g at room
Frontiers in Plant Science | www.frontiersin.org 4
temperature. The supernatant was filtered (0.22 µm × 13 mm,
PVDF Millex Filter, Sigma-Aldrich, Oakville, Canada) and
transferred into an amber vial (Agilent Technologies,
Mississauga, Canada) using a syringe (Luer-Lok Tip Syringe,
Sigma-Aldrich, Oakville, Canada). The pellet was then extracted
for a second time with the same procedures described above. The
two fractions of the supernatant were combined. Five µL of the
extract was injected into an Agilent 1100 Series LC coupled to an
MSD Trap XCT Plus System (Agilent Technologies, Mississauga,
Canada) and a Diode Array Detector (DAD, Agilent Technologies,
Mississauga, Canada). Chromatographic separation was carried
out by an Agilent ZORBAX SB-C18 Column (1.8 µm, 4.6 ×
50 mm) (Agilent Technologies, Mississauga, Canada) with the
temperature maintained at 67.0°C. The mobile phases were
aqueous formic acid (v/v, 98:2; Solvent A) and acetonitrile/
formic acid (v/v, 98:2; Solvent B). The LC separation used a
binary solvent gradient, with a flow rate of 1.20 ml/min. The
gradient conditions were 0.20 min, 5.0% solvent B; 6.00 min,
20.0% solvent B; 9.00 min, 80.0% solvent B; 10.00 min; 90.0%
solvent B; 10.10 min, 90.0% solvent B; 11.00 min, 5.0% solvent B;
and stopped at 11.50 min. Mass spectra were generated via
electrospray ionization (ESI) in both positive and negative
modes. Compound identification was conducted by i)
comparing their retention times with those of standards (3-O-
glucosides of cyanidin, peonidin, delphinidin, petunidin, and
malvidin, 3-O-glucosides of kaempferol, quercetin, myricetin,
isorhamnetin, and syringetin, all from Extrasynthese, Genay,
France), ii) matching the mass spectra of identified peaks with
anthocyanin and flavonol compounds retrieved from published
papers, and iii) comparing their elution order (Mazza et al., 1999;
Castillo-Muñoz et al., 2007; Downey and Rochfort, 2008).
Uncertain peaks were then verified by MS/MS analysis.
Anthocyanin and flavonol quantifications were based on UV-vis
spectra at wavelengths of 520 and 353 nm and expressed as
malvidin 3-O-glucoside and quercetin 3-O-glucoside equivalents,
respectively, as commonly reported (among others, Castillo-
Muñoz et al., 2007; Downey and Rochfort, 2008). Calibration
curves were constructed using five gradient concentrations of
malvidin 3-O-glucoside (1–250 µg/ml) (Extrasynthese, Genay,
France) and quercetin 3-O-glucoside (0.5–10 µg/ml)
(Extrasynthese, Genay, France) solutions.

RNA Extraction and Gene
Expression Analysis
Samples collected in Experiment 1 at 76 and 89 DAA during the
day and at night were used for transcript analysis. Total RNA was
extracted from 0.2 g of skin powder using Spectrum™ Plant
Total RNA Kit (Sigma-Aldrich, Oakville, Canada) according to
the manufacturers’ instructions. The quality and integrity of the
extracted RNA was assessed by gel electrophoresis, and the
amount was assessed by a spectrophotometer (NanoDrop-
1000, Thermo Fisher Scientific, Waltham, USA). One µg of
extracted RNA was retrotranscribed using the Invitrogen™

SuperScript™ IV Vilo™ Master Mix (Thermo Fisher Scientific,
Waltham, USA) following manufacturers’ instructions.

Transcript abundance was assessed by qRT-PCR on a 7500
Real-Time PCR Systems (Applied Biosystems™, ThermoFisher
July 2020 | Volume 11 | Article 1095
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Scientific, Waltham, USA) according to Wang et al. (2019).
Specific primers for the tested genes were reported in Table
S2. VviUbiquitin was chosen as the reference gene as reported in
Bogs et al. (2006).

Statistical Analysis
Statistical analyses were performed using SPSS v23.0 (IBM, New
York, USA). A one-way ANOVA test was used to evaluate the
effect of temperature regimes on all the parameters assessed
within each specific sampling point. Separation of means was
performed using an LSD test. A two-way ANOVA test was used
to evaluate the effect of the temperature regimes and the
sampling time, as well as their interactions on the gene
expression level. Linear regression analysis was conducted
between TSS and total anthocyanin concentration (expressed
as µg/g skin FW) to test the relationship between sugar and
anthocyanin accumulation during berry ripening, and an
ANCOVA test was conducted to assess the significant
differences between the coefficients of the linear regression
curves from the above test.
RESULTS

Temperature Effect on Berry Development,
Sugar, and Acid Accumulation
Berry weight at harvest was generally not affected by the
temperature regimes, except for the 25/15 regime in
Experiment 1, which had a larger berry than the 35/25 and 35/
30 regimes (Table S3). Skin weight was generally higher in the
low than the high temperature regimes. In Experiment 1, it was
higher in the 20/10 and 20/15 berries than in berries from any
other regimes; in Experiment 2, it was higher in the 20/10 than
the 30/20 berries; while in Experiment 3, it was higher in the 20/
15 than the 30/5 berries. No difference in the skin-to-berry
weight ratio was found in Experiment 1, while a higher ratio
was found in the 20/10 and 20/15 berries than in the 25/15, 25/
20, and 30/20 berries in Experiment 2, and in the 20/5 and 20/15
berries than in the 30/15 berries in Experiment 3. Seed weight at
harvest was not affected by the temperature regimes.

The effect of the difference between day/night temperatures
(DT = 5 or 10°C in Experiments 1 and 2, DT = 5, 15, or 25°C in
Experiment 3) was only observed in the skin-to-berry weight
ratio in Experiments 2 and 3. Berries exposed to regimes with the
same night temperature had a higher skin-to-berry weight ratio
when exposed to a smaller difference between day/night
temperatures (e.g., 20/15, DT = 5°C, vs. 25/15, DT = 10°C in
Experiment 2; 20/15, DT = 5°C, vs. 30/15, DT = 15°C in
Experiment 3).

At harvest, berries exposed to the high temperature regimes
generally had lower TSS than the ones exposed to the
intermediate and low temperature regimes. TSS difference
among the temperature regimes were not significant in
Experiment 1, while higher TSS were observed in the 20/15
than the 25/20 berries in Experiment 2 and in the 20/5 and 20/15
berries than in the 30/15 berries in Experiment 3 (Table 1).
Frontiers in Plant Science | www.frontiersin.org 5
Similar results were observed when the evolution of TSS was
considered. In Experiment 1, the 20/15 berries had higher TSS
than the 35/30 berries at 104 DAA (Figure S1A), while in
Experiment 2, the 20/10 and 20/15 berries had higher TSS
than the 25/20 berries at 113 DAA (Figure S1B).

At harvest, TA was significantly and consistently affected by
the temperature regimes in all experiments. TA level
progressively decreased with the increase in temperatures
(Table 1). This was also clear when the evolution of TA was
assessed (Figures S1C, D). Soon after treatment applications (16
days in Experiment 1, i.e., 76 DAA; 24 days in Experiment 2, i.e.,
93 DAA), the low temperature regimes (i.e., 20/10 and 20/15)
displayed higher TA levels than other regimes; this higher level in
the low temperature regimes was maintained until harvest.

The difference between day/night temperatures had no effect
on TSS. When regimes with the same day but different night
temperatures were compared, the difference between day/night
temperatures affected TA levels only in the low temperature
regimes, with a larger difference between day/night temperatures
increased the TA level (e.g., 20/10, DT = 10°C vs. 20/15, DT = 5°C
in Experiment 2; 20/5, DT = 15°C vs. 20/15, DT = 5°C in
Experiment 3) (Table 1; Figures S1C, D). Opposite results
were observed when regimes with the same night, but different
day temperatures were compared. TA levels were higher in
berries exposed to regimes with a smaller difference between
day/night temperatures (e.g., 20/15, DT = 5°C, vs. 25/15, DT =
10°C in Experiments 1 and 2; 20/15, DT = 5°C, vs. 30/15, DT =
15°C in Experiment 3). Similar results were observed during
berry ripening (Figures S1C, D).

Temperature Effects on
Anthocyanin Levels
Anthocyanin levels at harvest were significantly affected by the
temperature regimes; the three experiments consistently
indicated that the low-temperature regimes and the high-
TABLE 1 | Temperature effects on berry total soluble solids (TSS) and titratable
acidity (TA) at harvest in Experiments 1, 2, and 3.

Experiment Temperature
regimes (day/night
temperature, °C)

TSS (°Brix)‡ TA (g/L)

Experiment 1
(118 DAA)*

20/10 19.3 ± 0.6 6.34 ± 0.16 a
20/15 20.6 ± 1.0 6.14 ± 0.15 a
25/15 19.9 ± 1.2 5.47 ± 0.12 b
35/25 19.4 ± 0.8 4.80 ± 0.02 c
35/30 17.3 ± 0.8 4.75 ± 0.27 c

Experiment 2
(135 DAA)

20/10 20.7 ± 0.9 ab 7.02 ± 0.11 a
20/15 20.8 ± 0.8 a 5.98 ± 0.16 b
25/15 20.5 ± 0.2 ab 4.70 ± 0.24 c
25/20 18.2 ± 1.1 b 5.05 ± 0.50 c
30/20 19.1 ± 0.5 ab 4.63 ± 0.35 c

Experiment 3
(113 DAA)

20/5 21.5 ± 0.8 a 9.14 ± 0.40 a
20/15 22.4 ± 1.0 a 7.84 ± 0.57 b
30/5 20.1 ± 0.3 ab 4.97 ± 0.19 c
30/15 18.9 ± 0.3 b 4.30 ± 0.26 c
30/25 20.9 ± 0.9 ab 4.24 ± 0.22 c
J
uly 2020 | Volume 11
*DAA refers to days after anthesis; ‡Values reported are the mean ± standard error (SE, n = 4).
Different letters indicate significantly different means according to an LSD test (p ≤ 0.05).
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temperature regimes had the highest and the lowest levels,
respectively (Table 2). Anthocyanins were similarly affected by
the temperature regimes during berry ripening, except that the
high temperature regimes enhanced anthocyanin levels at early
stages of ripening (62 DAA in Experiment 1 and 79 DAA in
Experiment 2) (Figures 1A, B, Figures S2A, B, Figures S3A, B).

When regimes with the same day but different night
temperatures were compared, the difference between day/night
temperatures had no effect on the anthocyanin level, except in
Experiment 3, where the anthocyanin level was higher in the 30/5
than the 30/15 and 30/25 berries (Table 2). When regimes with
the same night but different day temperatures were compared, a
smaller difference between day/night temperatures (e.g., 20/15,
DT = 5°C, vs. 25/15, DT = 10°C, in Experiments 1 and 2; 20/15,
DT = 5°C, vs. 30/15, DT = 15°C in Experiment 3) was found to
increase the anthocyanin level (Table 2). Differences between
these regimes were remarkable; for example, in Experiment 1,
anthocyanin concentration in the 20/15 berries was 39.3% higher
than in the 25/15 berries at harvest. Similar results were observed
during ripening in Experiments 1 and 2 (Figures 1A, B, Figures
S2A, B, Figures S3A, B), with a few exceptions (76 and 89 DAA
in Experiment 1).

Temperature Effects on
Anthocyanin Profiles
Fifteen anthocyanins were profiled in Merlot berry skin, namely
glucosides, acetyl glucosides, and p-coumaroyl glucosides of
cyanidin, peonidin, delphinidin, petunidin, and malvidin
(Table 2 and S4).

The temperature regimes greatly affected the relative
concentration of various anthocyanin subfamilies in each
experiment; at harvest, the proportion of methoxylated
(peonidin, petunidin, and malvidin) and acylated (acetyl- and
p-coumaroyl-) anthocyanins was consistently enhanced by the
high temperature regimes, while the proportion of 3′4′5′-
subst i tuted (delphinidin, petunidin, and malvidin)
anthocyanins increased by the high temperature regimes in
Experiments 1 and 2 while not in Experiment 3 (Table 2). The
relative concentration of acetyl and p-coumaroyl glucosides
increased progressively with the increase in day temperature
(Table 2). The only exception was the acetyl fraction in
Experiment 2, which did not vary among the intermediate-
and low-temperature regimes. The effect of the temperature
regimes on the anthocyanin profile during ripening was similar
to that reported at harvest in Experiment 1 (Figures S4 and S5),
while it varied in Experiment 2 (Figure S5).

As was observed for total anthocyanin levels, when day
temperature was held constant, the difference between day/
night temperatures showed no effect on the proportions of
methoxylated, acylated, and 3′4′5′-substituted anthocyanins at
harvest (Table 2), with three exceptions observed. The
proportion of acylated (both acetyl- and p-coumaroyl-)
anthocyanins was higher in the 35/25 than the 35/30 berries in
Experiment 1; the proportion of methoxylated anthocyanins was
higher in the 25/15 than in the 25/20 berries in Experiment 2;
and the proportion of 3′4′5′-substituted anthocyanins was
higher in the 30/5 and 30/25 berries than in the 30/15 berries
Frontiers in Plant Science | www.frontiersin.org 6
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in Experiment 3. When regimes with the same night but different
day temperatures were compared, the relative concentrations of
methoxylated, acylated, and 3′4′5′-substituted anthocyanins
were higher in temperature regimes with a larger difference
between day/night temperatures (e.g., 25/15, DT = 10°C, vs. 20/
15, DT = 5°C, in Experiments 1 and 2; 30/15, DT = 15°C, vs. 20/
15, DT = 5°C in Experiment 3) with two exceptions. No
significant differences were observed in the proportion of
methoxylated anthocyanins between the 20/15 and 25/15
berries in Experiment 1; the proportion of 3′4′5′-substituted
anthocyanins were higher in the 20/5 and 20/15 berries than in
the 30/5 and 30/15 berries, respectively, in Experiment 3.

Temperature Effects on Flavonol Levels
The low temperature regimes consistently promoted flavonol
level at harvest in the three experiments; the intermediate
temperature regimes caused an intermediate flavonol level in
Experiment 1 but comparable levels with those of the high
temperature regime in Experiment 2 (Table 3). Similar results
were observed during berry ripening in Experiments 1 and 2
(Figures 1C, D; Figures S2C, D; Figures S3C, D).

When regimes with the same day but different night
temperatures were compared, a higher flavonol level was
observed in the low temperature regime with a smaller
difference between day/night temperatures (i.e., 20/15, DT =
Frontiers in Plant Science | www.frontiersin.org 7
5°C, vs. 20/10, DT = 10°C) in Experiment 1 but not in
Experiments 2 and 3 (Table 3). This was observed throughout
the season in Experiment 1 (Figure 1C, Figure S2C, Figure
S3C). On the other hand, when regimes with the same night but
different day temperatures were compared, a smaller difference
between day/night temperatures (e.g., 20/15, DT = 5°C, vs. 25/15,
DT = 10°C, in Experiments 1 and 2; 20/15, DT = 5°C, vs. 30/15,
DT = 15°C in Experiment 3) was found to increase the flavonol
level, except that no differences were found between the 25/20
and 30/20 berries in Experiment 2 in general.

Temperature Effects on Flavonol Profiles
Eleven flavonols were profiled in Merlot berry skin (Tables 3 and
S4) in the three experiments. At harvest, the quercetin was the
most abundant flavonol (constituting of 55.29%, 50.31%, 52.53%
of total flavonols in Experiments 1, 2, and 3, respectively), and
was present as glucoside, glucuronide, galactoside, and
(rhamnosyl)glucoside (Table 3).

The temperature regimes affected the relative concentration
of flavonol subfamilies among experiments, with the proportion
of methoxylated (isorhamnetin and syringetin) and 3′4′5′-
substituted (myricetin and syringetin) flavonols promoted by
the high temperature regimes at harvest (Table 3). At the same
stage, a lower proportion of 3′4′-substituted flavonols was
observed in the high temperature regimes, but no differences
A B

DC

FIGURE 1 | Temperature effects on anthocyanin (A, B) and flavonol (C, D) concentration (µg/g skin FW) in Merlot grapes in Experiments 1 (A, C) and 2 (B, D).
Values reported are the mean ± standard error (SE, n = 4). Different letters indicate significant different means according to an LSD test (p ≤ 0.05). Legends in (A)
indicate the temperature regimes in (A, C); legends in (B) indicate the temperature regimes in (B, D). DAA refers to days after anthesis.
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were observed for the 4′-substituted flavonol proportion among
the temperature regimes, with an exception that a lower
proportion was observed in two of the high temperature
regimes (i.e., 30/15 and 30/25) in Experiment 3. The effect of
the temperature regimes on the flavonol profile during ripening
was similar as the one reported at harvest in Experiment 1
(Figures S6 and S7), while it varied in Experiment 2 (Figure S7).

The difference between day/night temperatures exerted no
effect on the relative abundance of methoxylated and 4′-, 3′4′-, or
3′4′5′-substituted flavonols when regimes with the same day but
different night temperatures were compared (Table 3). When
regimes with the same night but different day temperatures were
compared, a larger difference between day/night temperatures
(e.g., 25/15, DT = 10°C, vs. 20/15, DT = 5°C, in Experiments 1 and
2; 30/15, DT = 15°C, vs. 20/15, DT = 5°C in Experiment 3) was
found to enhance the relative concentration of methoxylated and
3′4′5′-substituted flavonols. However, no differences between the
25/20 and 30/20 berries were observed in Experiment 2.

Temperature Effects on the Expression of
Flavonoid Genes
A set of fourteen genes involved in anthocyanin and flavonol
biosynthesis, modification, and transport was selected for
assessing the impact of the temperature regimes on the
expression of the flavonoid pathway genes during day and
night at 76 and 89 DAA in Experiment 1 (Figure 2).

Of the fourteen genes, eight did not change their expressions
between day/night; on the contrary, flavonoid 3′5′-hydroxylase
(VviF3′5′Hf), flavonol synthase (VviFLS5), VviUFGT ,
anthoMATE3 (VviAM3), and VviMybA (Figures 2D, G, I, M,
N) generally showed higher expression at night than during the
day, at least at one of the developmental stages tested.

The expression of three genes was not affected by the
temperature regimes: VviCHI1, Glutathione S-transferase
(VviGST4), and VviAM3 (Figures 2A, L, M). The remaining
genes were affected by the temperature regimes, the sampling
time (day vs. night), and the developmental stage (76 vs. 89 DAA)
differentially across genes. Flavonoid 3′-hydroxylase (VviF3′Ha)
(Figure 2B) showed a higher expression level in the low
temperature regimes, but only at 76 DAA. The impact of the
temperature regimes on the expression patterns of the two VviF3′
5′H genes tested (VviF3′5′Hi andVviF3′5′Hf) was similar (Figures
2C, D). Differences among the temperature regimes were observed
at 76 DAA; the highest expression was observed in the 20/10
berries during the day and in the 25/15 and 35/25 berries at night.

The expression of VviFLS4 was consistently down-regulated
by the high temperature regimes during day and night, at both
developmental stages (Figure 2F), while the expression of the
other VviFLS tested, VviFLS5, was down-regulated by the same
regimes at 76 DAA; however, was up-regulated by the high
temperature regimes at 89 DAA (Figure 2G). The expression of
leucoanthocyanidin dioxygenase (VviLDOX) (Figure 2H) was
not affected by the temperature regimes at 76 DAA but was
down-regulated by the high temperature regimes (i.e., 35/25 and
35/30) at 89 DAA.

The expression of VviUFGT was affected by the temperature
regimes at 76 DAA, with higher levels in the 20/15 and 35/25
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FIGURE 2 | Expression analyses of flavonoid genes in Experiment 1. Expression level of general flavonoid pathway genes (A–D); ratio of VviF3'5'H to VviF3'H
expression (E); expression level of flavonol biosynthesis genes (F, G); expression level of anthocyanin biosynthesis, modification, and transport genes (H–M); and
expression level of flavonoid pathway transcription factors (N, O) during the day and night at 76 and 89 DAA. Values were reported as relative expression levels to
the expression of the reference gene VviUbiquitin. TR and ST indicate temperature regimes and sampling time (day or night), respectively. Values reported are the
mean ± standard error (SE, n = 4). Two-way ANOVA was used to assess the effect of temperature regimes, sampling time, and the interaction effect between
temperature regimes and sampling time. *, **, and ns stand for p ≤ 0.05, p ≤ 0.01, and not significant, respectively. Different letters indicate significantly different
means at each time point according to an LSD test (p ≤ 0.05). DAA refers to days after anthesis.
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berries during the day, and in the 25/15, 35/25, 35/30 berries at
night. Despite the trend toward higher expression levels in the
20/15 and 20/10 berries than in the 35/25 and 35/30 berries at 89
DAA at night, the differences were not significant.

The highest and the lowest expression level of anthocyanin O-
methyl transferase (VviAOMT) (Figure 2J) was found in the 35/
25 and 20/15 berries, respectively, during the day at 76 DAA.
Neither the temperature regimes nor the sampling time affected
the expression at 89 DAA. The expression of anthocyanidin 3-O-
glucoside 6′′-O-acyltransferase (Vvi3AT) (Figure 2K) was
consistently promoted by the high temperature regimes (i.e.,
35/25 and 35/30), particularly at 89 DAA.

Despite an interaction effect between the temperature regimes
and the sampling time on the expression level being observed at
76 DAA, the expression of VviMybA—a key anthocyanin TF—
was generally found to be higher in the low-temperature regimes
(i.e., 20/10 and 20/15) during the day, and in the intermediate-
and high-temperature regimes (i.e., 25/15, 35/25, and 35/30) at
night (Figure 2N). At 89 DAA, the expression of VviMybA was
~2-fold higher in berries exposed to the low temperature regimes
(i.e., 20/10 and 20/15) than in berries exposed to other regimes.
The TF that regulates flavonol biosynthesis, VviMybF1, was
modulated similarly as its target VviFLS4 (Figure 2O).

The difference between day/night temperatures did not affect
the expression of most genes when regimes with the same day
temperature were compared, except for VviF3′Ha, VviF3′5′Hi,
VviF3′5′Hf, VviUFGT, and VviAOMT, which were affected at 76
DAA. Generally (except for VviUFGT), a larger difference
between day/night temperatures (e.g., 20/10, DT = 10°C, vs. 20/
15, DT = 5°C) increased the expression level. When regimes with
the same night temperature were compared, it was found that a
smaller difference between day/night temperatures (e.g., 20/15,
DT = 5°C, vs. 25/15, DT = 10°C) increased the expression of
VviFLS4, VviLDOX, and VviMybF1 at one of the stages at least,
while a larger difference between day/night temperatures (e.g.,
25/15, DT = 10°C, vs. 20/15, DT = 5°C) increased Vvi3AT
expression at both stages. The expression of VviFLS5 was
increased in the 20/15 (DT = 5°C) berries at 76 DAA, but
decreased in the same regime at 89 DAA, compared to the 25/
15 berries (DT = 10°C).
DISCUSSION

The negative effect of elevated temperatures on anthocyanin
accumulation has been well documented in grapes (Kliewer and
Torres, 1972; Mori et al., 2007; Tarara et al., 2008; De Rosas et al.,
2017). Our study employs a large range of temperature regimes,
and the results indicate that the optimum temperature for
anthocyanin accumulation in Merlot berries is around 20°C
during the day. Mori et al. (2007) reported that high day
temperature (35°C) reduced the total anthocyanin content in
Cabernet Sauvignon berries to less than half of that in control
(25°C). It is also observed in our study that a 5°C increase in day
temperature from 20 to 25°C severely reduces the anthocyanin
level (37%, in Experiment 1 and 2). Recently, De Rosas et al.
Frontiers in Plant Science | www.frontiersin.org 10
(2017) reported that a small increase in temperature (+2.5–3°C
from an average of 24°C in controls) resulted in a ~40%
and 28% to 41% loss of anthocyanins in Bonarda and Malbec
berries, respectively.

Temperature was often reported to have no effect on flavonol
accumulation. However, in our study, it has been observed that
flavonol accumulation is strongly inhibited by the high
temperature regimes. In addition, there is a reduction in
flavonol accumulation in the intermediate temperature regimes
as well, compared to the low temperature regimes (e.g., 25/15 in
Experiment 1, 25/15 and 25/20 in Experiment 2). Inconsistencies
among studies might be attributed to the milder temperature
treatments applied (Spayd et al., 2002), different grape varieties
studied (Mori et al., 2005), different scales of the study
conducted, e.g., field studies (Cohen et al., 2008)—where
various environmental factors can interact to temperature—or
in vitro systems (Azuma et al., 2012)—where cultured tissues
might affect cell metabolic responses. In this study, despite the
consistent effects of temperature regimes on the total flavonol
levels observed across the three experiments, these levels were on
average lower in Experiments 2 (−56%) and 3 (−43%) than in
Experiment 1. Flavonol biosynthesis in grapes is sensitive to
light (Teixeira et al., 2013). Despite light intensity been set at the
same level in the growth chambers, incident light measured
at the cluster level was lower in Experiments 2 and 3 than
in Experiment 1 (Table S6), likely determining the lower
flavonol levels.

The reduction in berry weight observed with high
temperature regimes in Experiment 1 was potentially caused
by the higher vapour pressure deficit in the growth chambers
with high temperatures (that were also characterized by lower
humidity) as in Sweetman et al. (2014). Previous studies showed
that higher vapour pressure deficits increase berry transpiration
reducing berry water content and size (Zhang and Keller, 2015).
In this study, temperature regimes also induced changes in the
skin-to-berry weight ratio. Both concentrations and content per
berry of anthocyanins and flavonols are similarly affected by the
temperature regimes. Thus, differences in berry size and skin-to-
berry weight ratio observed among the temperature regimes—
which have been reported to affect anthocyanin concentration
(Wong et al., 2016)—have a minor role in determining the
differences in anthocyanin and flavonol concentration in the
current study.

Our study reveals strong effects of high temperatures on
anthocyanin and flavonol profiles. Higher relative abundance of
methoxylated anthocyanins and flavonols, as well as acylated
anthocyanins, are part of the Merlot response to high temperatures.
Similarly, relative concentrations of methoxylated and acylated
anthocyanins were increased in Malbec and Bonarda grapes grown
under high temperatures (2.5–3°Chigher than control temperatures)
(DeRosasetal.,2017)andinPinotnoirgrapesgrownunderhighnight
temperature (30°C, vs. 15°C in control) (Mori et al., 2005).

Methoxylation and acylation have been known to enhance the
chemical and thermal stability of anthocyanins (Liu et al., 2018).
Therefore, the modification of anthocyanin and flavonol profiles
under high temperatures might be promoted by the biosynthesis
of more stable forms (e.g., methoxylated anthocyanins and
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flavonols) with a higher resistance to thermal degradation
(Sadilova et al., 2006). However, the altered profiles under the
high temperature regimes might also be due to an unpaired
degradation that affected more severely the non-methoxylated
and non-acylated species.

In this study, caffeoyl glucosides were not detected in Merlot
grapes, a consistent finding with several other studies (Tarara
et al., 2008; Dimitrovska et al., 2011; Cook et al., 2015; Hilbert
et al., 2015; Sivilotti et al., 2016). However, caffeoyl glucosides
have been found in Merlot grapes (Mazza et al., 1999; Liang et al.,
2014; Shi et al., 2016; Shi et al., 2018). This suggests that growing
conditions including environmental factors and viticultural
strategies, or the clone chosen may determine the presence
and/or the levels of caffeoyl glucosides in Merlot grapes.
However, it is worth noting that caffeoyl glucosides are
generally a small fraction (0.03–0.77% across 64 red grape
varieties) of total anthocyanins (Mattivi et al., 2006), and when
present it is unlikely that they would affect the general response
of anthocyanins to temperature regimes.

The cultivation systems (e.g., potted vines grown in the
growth chamber vs. vines grown in open fields) may affect the
physiological response of grapes to temperature regimes;
therefore, caution is required when interpreting the results of
this study. However, in this study, anthocyanin levels and
profiles as well as temperature-related changes were similar to
the ones reported in open field studies (Tarara et al., 2008).

The expression of VviUFGT, which determines anthocyanin
accumulation during ripening, is not affected by the temperature
regimes in our study. Consistent with this finding, Mori et al.
(2007) reported that the transcript abundance of VviUFGT was
not affected by high temperature (35°C), while the activity of
UFGT enzyme was increased, although the accumulation of
anthocyanins decreased. These results suggest that the lower
anthocyanin level in berries under the high temperature regimes
might result from a different mechanism (post-transcriptional
regulation or metabolite degradation). Moreover, Lecourieux
et al. (2019) revealed that the transcriptome and proteome
correlate poorly in heat-stressed berries and highlighted the
importance of analysing the proteome for understanding the
metabolite responses in heat-stress berries. Unlike with
anthocyanins, the down-regulation of key flavonol genes such
as VviFLS4 (also named as VviFLS1 in Lecourieux et al., 2017 and
Sun et al., 2017) and VviMybF1 in berries under the high
temperature regimes matched the decreased level of flavonols,
which suggests a transcriptional control of flavonols in response
to the temperature regimes. Lecourieux et al. (2017) reported a
strong inhibition of VviFLS4 expression under heat stress during
berry ripening, which led to reduced flavonol accumulation.
VviMybF1 is known to be the specific TF of VviFLS4
(Czemmel et al., 2009; Czemmel et al., 2017), and a
synchronous down-regulation of VviFLS4 and VviMybF1 has
been observed in the high temperature regimes in the
present study.

Anthocyanin accumulation in plants depends on the turnover
between biosynthesis and degradation (Niu et al., 2017; Liu et al.,
2018), and the latter was shown to be enhanced under high
temperature conditions (Mori et al., 2007; Movahed et al., 2016;
Frontiers in Plant Science | www.frontiersin.org 11
Niu et al., 2017). Mori et al. (2007) reported the degradation of
anthocyanins in grape berries incubated at 35°C by isotope
tracing. Niu et al. (2017) investigated the biosynthesis and
degradation of anthocyanins in plums, showing that even
though the activity of the anthocyanin biosynthetic enzymes
was increased by high temperature, 79% of anthocyanins were
degraded by a class III peroxidase after 9 days of exposure at
35°C. In grapes, a recent study suggested a direct role of
peroxidases on anthocyanin catabolism (Movahed et al., 2016).
Protocatechuic acid, phloroglucinol acid, and 4-hydroxybenzonic
acid have been reported as major degradation products of
anthocyanins in black carrot, strawberry, and elderberry
extracts subjected to high temperature (Sadilova et al., 2006;
Sadilova et al., 2007). In our study, protocatechuic acid and
4-hydroxybenzoic acid, as well as other anthocyanin
degradation products such as gallic acid and syringic acid
(Yang et al., 2018), were detected in Merlot grapes by LC/MS-
MS analysis (Figure S8, Table S5). However, since the
abovementioned phenolic acids are commonly detected in
unripe grapes (Eyduran et al., 2015), whether these compounds
are accumulated in the berry from anthocyanin catabolism or via
other pathways requires further investigation.

Despite the weak relationship between the changes induced
by the temperature regimes on anthocyanin accumulation and
gene expression (data not shown), the up-regulation of Vvi3AT
matches the increased proportion of acylated anthocyanins
observed in berries exposed to the high temperature regimes,
suggesting a regulatory mechanism at the transcriptional level.
However, the expression pattern of VviAOMT does not explain
much about the increased methoxylated anthocyanin proportion
in the high temperature regimes. This could be explained by a
higher stability of the methoxylated forms at high temperatures
(Jackman and Smith, 1996; Liu et al., 2018). However, as different
methoxylation levels among temperature regimes were
established soon after treatment application (Figure S5C), the
time points chosen for gene expression analysis might have
missed the stage when VviAOMT was modulated by
temperatures, as well as we cannot exclude that other enzymes
could have contributed to the final proportion of methoxylated
anthocyanins under the different temperature regimes (Fournier-
Level et al., 2011; Giordano et al., 2016). The relative
concentration of 3′4′5′-substituted anthocyanins and flavonols
is higher in the intermediate- and high-temperature regimes with
comparison to the low temperature regimes in Experiments 1
and 2, as previously reported (Tarara et al., 2008; Pillet, 2011;
Azuma et al., 2012; Pastore et al., 2017a), which matches the
increased ratio of the VviF3′5′Hs (cumulative expression levels of
VviF3′5′Hi and VviF3′5′Hf) to VviF3′Ha. However, a lower
proportion of 3′4′5′-substituted anthocyanins is observed in
berries exposed to the high temperature regimes in Experiment
3 at harvest (113 DAA). In previous studies, either an increase or
decrease of the 3′4′5′-substituted proportion have been reported
in response to high temperatures (Mori et al., 2007; Tarara et al.,
2008; Pastore et al., 2017b). These discrepancies may be related
to the developmental stages when treatments were applied.
When the temperature treatments were applied one week
before veraison, high temperature (30°C compared to 20°C)
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induced a lower proportion of 3′4′5′-substituted anthocyanins in
Pinot noir grapes via the up-regulation of VviF3′H expression
(Mori et al., 2007). Similar results were reported in Sangiovese
grapes exposed to high temperatures from one week
before veraison (Pastore et al., 2017b). On the other hand,
when temperature treatments were applied at veraison, high
temperatures induced a higher proportion of 3′4′5′-substituted
anthocyanins (Tarara et al., 2008). In the current study,
temperature treatments were applied at the same time
(veraison) in all experiments; however, small differences in the
timing of treatment applications may have occurred and resulted
in the inconsistent results observed for the 3′4′5′-substituted
proportion in the response to the treatments among experiments.
It is noteworthy that, in Experiment 2, despite that the proportion of
3′4′5′-substituted anthocyanin is higher in the high temperature
regimes at harvest (135 DAA), it was not at 113 DAA (Figure S5B).
This indicates that the effects of the temperature regimes on the
anthocyanin profile can change depending on the developmental
stage of the grapes.

Previous studies suggested that a larger difference between
day/night temperatures, due to lower night temperatures,
favoured anthocyanin accumulation (Mori et al., 2005; Gaiotti
et al., 2018). In our study, it has been observed that comparing
the regimes with the same day but different night temperatures,
the difference between day/night temperatures has no effect on
either anthocyanin and flavonol accumulation or their profiles,
except for flavonol levels that are higher in the 20/15 than in the
20/10 berries in Experiment 1. Remarkably, the difference
between day/night temperatures affects anthocyanin levels,
only when a day/night temperature difference of 25°C (30/5, in
Experiment 3) is applied, compared with day/night temperature
differences of 5°C (30/25) or 15°C (20/15). When the grapevines
are subjected to regimes with the same night but different day
temperatures, an effect on anthocyanin and flavonol
accumulation is observed. The lack of effects of day/night
temperature differences when the same day temperature is
considered (except for 20/10 vs. 20/15 for flavonols in
Experiment 1 and 30/5 vs. 30/15 and 30/25 for anthocyanins
in Experiment 3), as well as the fact that within the regimes that
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have the same night temperature, anthocyanins, and flavonols
change according to day temperatures, suggest that day
temperature has a stronger effect than night temperature on
anthocyanin and flavonol biosynthesis or/and degradation. A
stronger effect of day than night temperature on anthocyanin
accumulation was recently postulated by Gouot et al. (2018).

Previous studies have shown a circadian control on the
expression of the flavonoid pathway genes and related TFs in
Arabidopsis seeds (Harmer et al., 2000). In our study, out of 14
genes tested, six (VviF3′5′Hf, VviFLS5, VviUFGT, VviAM3,
VviMybA, and VviAOMT) are affected by the sampling time
(day vs. night) regardless of the temperature regimes and most of
the genes that change in their expression between day/night have
higher expression levels at night. Rienth et al. (2014b) showed
that the expression pattern of the flavonoid pathway genes was
distinct between day/night at veraison, but only a few showed
consistent patterns at other developmental stages. Our study
focuses on the expression analysis of two developmental
stages (76 and 89 DAA), and clear trends are observed
only for the six genes reported above; further studies that
consider more developmental stages during fruit ripening are
required to better understand a potential circadian regulation
of the expression of flavonoid genes and its impact on
flavonoid biosynthesis.

TSS and TA level are useful indicators of grape ripeness and
quality. Overall, TSS levels at harvest were lower under high
temperature regimes as in Kliewer (1977) and Mori et al. (2005),
although the differences were not statistically significant in
Experiment 1. Sugars regulate the anthocyanin accumulation
in grape berry, and increased sugar level at veraison was reported
to trigger the anthocyanin biosynthesis (Dai et al., 2014). Linear
regression analysis reveals that there is a decoupling between
sugar and anthocyanin levels under the high temperature
regimes (Figure 3). There was a much more distinct
decoupling of TSS and anthocyanin accumulation in regimes
with the same night but different day temperatures, whereas this
decoupling was absent or minor between regimes with the same
day but different night temperatures (Figure 3, Tables S7 and
S8). Sadras and Moran (2012; 2013) reported that the decoupling
A B

FIGURE 3 | Linear regression analysis between sugar and anthocyanin accumulation during berry ripening in Merlot grapes exposed to different temperature
regimes in Experiments 1 (A) and 2 (B).
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of anthocyanin and sugar accumulation under elevated
temperatures (1–3°C increase) during early stages of berry
development was due to a delayed onset of anthocyanin
accumulation during berry ripening. However, the decoupling
of TSS and anthocyanin accumulation observed in the current
study might be either the result of a lower rate of anthocyanin
accumulation and/or a higher rate of anthocyanin degradation in
the high temperature regimes (Figure 3). Arrizabalaga et al.
(2018) suggested that the lower anthocyanin levels in grapes
grown under high day/night temperature conditions (28/18°C
compared with 24/14°C) were due to a relatively lower rate
rather than a delayed rate of anthocyanin accumulation.

In this study, the TA decrease during berry ripening was
stronger under high temperature regimes. The TA decrease
during ripening is normally attributed to the degradation of
malic acid which is increased by elevated temperatures (Ruffner
et al., 1976; Bergqvist et al., 2001; Rienth et al., 2016). Sweetman
et al. (2014) showed an increased sensitivity of malate
metabolism to heating treatments during the day than at night.
Consistently, in this study, regimes with the same high day
temperature and different night temperatures resulted in similar
TA levels (Table 1; Figure S1).

In conclusion, the application of the temperature regimes from
veraison to harvest strongly affected anthocyanin and flavonol
accumulation and shifted their profiles. Lower temperatures
promoted anthocyanin and flavonol accumulation. Despite our
initial hypothesis, no or limited effects of the difference between
day/night temperatures were observed on anthocyanins and
flavonols when regimes with the same day but different night
temperatures were compared. On the contrary, when regimes with
the same night but different day temperatures were compared, it
was observed that a larger difference between day/night
temperatures decreased the anthocyanin levels but increased the
relative concentration of methoxylated and acylated anthocyanins
as well as methoxylated and 3′4′5′-substituted flavonols.
Consequently, we conclude that day temperature exerts stronger
effects than night temperature on anthocyanin and flavonol
accumulation in Merlot grapes. Despite the gene expression
analysis was conducted only in one of the three experiments,
this study reveals inconsistent responses to the temperature
regimes among anthocyanin genes, which indicates that the
major effect observed on anthocyanin levels and profiles might
result from anthocyanin degradation at high temperatures and
from a different rate of degradation among anthocyanin species.
Conversely, the effect of the temperature regimes on flavonol levels
was consistent with that observed on the levels of transcripts of key
flavonol genes, thus suggesting a major regulatory mechanism at
the transcriptional level. Gene expression was assessed only at two
developmental stages that corresponded to the maximum rates of
anthocyanin accumulation (Figure 1) and highest gene expression
of anthocyanin related genes (Castellarin et al., 2007; Castellarin
and Di Gaspero, 2007); however, the expression levels at other
ripening stages might also have affected the anthocyanin levels and
profiles at harvest. Molecules previously reported as final products
of anthocyanin degradation were detected but they could not be
quantified. For these reasons, further studies will be aimed on
integrating a comprehensive characterization of gene expression
Frontiers in Plant Science | www.frontiersin.org 13
profiles, enzyme activities, and the evolution of degradation
products during grape ripening.
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FIGURE S1 | Temperature effects on total soluble solids (TSS, A and B) and
titratable acidity (TA, C and D). Values reported are the mean ± standard error (SE,
n = 4). Different letters indicate significantly different means according to an LSD test
(p ≤ 0.05). Legend in (A) indicates the temperature regimes in (A, C); legend in (B)
indicates the temperature regimes in (B, D). DAA refers to days after anthesis.

FIGURE S2 | Temperature effects on anthocyanin (A, B) and flavonol (C, D)
concentration (µg/g berry FW) in Merlot grapes in Experiments 1 (A, C) and 2 (B, D).
Values reported are the mean ± standard error (SE, n = 4). Different letters indicate
significant different means according to an LSD test (p ≤ 0.05). Legend in (A)
indicates the temperature regimes in (A, C); legend in (B) indicates the temperature
regimes in B and D. DAA refers to days after anthesis.

FIGURE S3 | Temperature effects on anthocyanin (A, B) and flavonol (C, D)
content (µg/berry) in Merlot grapes in Experiments 1 (A, C) and 2 (B, D). Values
reported are the mean ± standard error (SE, n = 4). Different letters indicate
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significant different means according to an LSD test (p ≤ 0.05). Legend in (A)
indicates the temperature regimes in (A, C); legend in (B) indicates the temperature
regimes in (B, D). DAA refers to days after anthesis.

FIGURE S4 | Temperature effects on the evolution of the relative concentration of
acylated anthocyanins during berry ripening in Experiments 1 (A, C, E) and 2 (B, D,
F). Values represent the mean ± standard error (SE, n = 4). Different letters indicate
significantly different means according to an LSD test (p ≤ 0.05). Legend in (A)
indicates the temperature regimes in (A, C, E); legend in (B) indicates the
temperature regimes in (B, D, F). DAA refers to days after anthesis.

FIGURE S5 | Temperature effects on the evolution of the relative concentration of
3′4′5′-substituted (A, B) and methoxylated (C, D) anthocyanins during berry
ripening in Experiments 1 (A, C) and 2 (B, D). Values represent the mean ± standard
error (SE, n = 4). Different letters represent significantly different means according to
an LSD test (p ≤ 0.05). Legend in (A) indicates the temperature regimes in (A, C)
legend in (B) indicates the temperature regimes in (B, D). DAA refers to days after
anthesis.
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FIGURE S6 | Temperature effects on the evolution of the relative concentration of
differentially substituted flavanols during berry ripening in Experiment 1 (A, C, E) and
2 (B, D, F). Values represent the mean ± standard error (SE, n = 4). Different letters
represent significantly different means according to an LSD test (p ≤ 0.05). Legend
in (A) indicates the temperature regimes in (A, C, E); legend in (B) indicates the
temperature regimes in (B, D, F). DAA refers to days after anthesis.

FIGURE S7 | Temperature effects on the evolution of the relative concentration of
methoxylated flavonols during berry ripening in Experiment 1 (A) and 2 (B). Values
represent the mean ± standard error (SE, n = 4). Different letters represent
significantly different means according to an LSD test (p ≤ 0.05). DAA refers to days
after anthesis.

FIGURE S8 | Mass spectra of authentic standards of anthocyanin degradation
products (upper spectrum of each panel) and anthocyanin degradation products
detected in grape samples (lower spectrum of each panel) by LC-MS/MS analysis
(negative ESI) using an LC-QTOF. (A) gallic acid; (B) protocatechuic acid; (C) 4-
hydroxybenzoic acid; (D) syringic acid.
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Gutiérrez, I. (2007). Flavonol profiles of Vitis vinifera red grapes and their
single-cultivar wines. J. Agric. Food Chem. 55 (3), 992–1002. doi: 10.1021/
jf062800k

Cohen, S. D., Tarara, J. M., and Kennedy, J. A. (2008). Assessing the impact of
temperature on grape phenolic metabolism. Anal. Chim. Acta 621 (1), 57–67.
doi: 10.1016/j.aca.2007.11.029

Cook, M. G., Zhang, Y., Nelson, C. J., Gambetta, G., Kennedy, J. A., and Kurtural,
S. K. (2015). Anthocyanin composition of Merlot is ameliorated by light
microclimate and irrigation in central California. Am. J. Enol. Viticult. 66 (3),
266–278. doi: 10.5344/ajev.2015.15006

Czemmel, S., Stracke, R., Weisshaar, B., Cordon, N., Harris, N. N., and Bogs, J.
(2009). The grapevine R2R3-MYB transcription factor VvMYBF1 regulates
flavonol synthesis in developing grape berries. Plant Physiol. 151 (3), 1513–
1530. doi: 10.1104/pp.109.142059

Czemmel, S., Höll, J., Loyola, R., Arce-Johnson, P., Alcalde, J. A., Matus, J. T., et al.
(2017). Transcriptome-wide identification of novel UV-B-and light modulated
flavonol pathway genes controlled by VviMYBF1. Front. Plant Sci. 8:1084:1084.
doi: 10.3389/fpls.2017.01084
Dai, Z. W., Meddar, M., Renaud, C., Merlin, I., Hilbert, G., and Gomès, E. (2014).
Long-term in vitro culture of grape berries and its application to assess the
effects of sugar supply on anthocyanin accumulation. J. Exp. Bot. 65 (16), 4665–
4677. doi: 10.1093/jxb/ert489

De Rosas, I., Ponce, M. T., Malovini, E., Deis, L., Cavagnaro, B., and Cavagnaro, P.
(2017). Loss of anthocyanins and modification of the anthocyanin profiles in
grape berries of Malbec and Bonarda grown under high temperature
conditions. Plant Sci. 258, 137–145. doi: 10.1016/j.plantsci.2017.01.015

Degu, A., Ayenew, B., Cramer, G. R., and Fait, A. (2016). Polyphenolic responses
of grapevine berries to light, temperature, oxidative stress, abscisic acid and
jasmonic acid show specific developmental-dependent degrees of metabolic
resilience to perturbation. Food Chem. 212, 828–836. doi: 10.1016/
j.foodchem.2016.05.164

Dimitrovska, M., Bocevska, M., Dimitrovski, D., and Murkovic, M. (2011).
Anthocyanin composition of Vranec, Cabernet Sauvignon, Merlot and Pinot
Noir grapes as indicator of their varietal differentiation. Eur. Food Res. Technol.
232 (4), 591–600. doi: 10.1007/s00217-011-1425-9

Downey, M. O., and Rochfort, S. (2008). Simultaneous separation by reversed-phase
high-performance liquid chromatography and mass spectral identification of
anthocyanins and flavonols in Shiraz grape skin. J. Chromatogr. A 1201 (1), 43–
47. doi: 10.1111/j.1755-0238.2004.tb00008.x

Eyduran, S. P., Akin, M., Ercisli, S., Eyduran, E., andMaghradze, D. (2015). Sugars,
organic acids, and phenolic compounds of ancient grape cultivars (Vitis
vinifera L.) from Igdir province of Eastern Turkey. Biol. Res. 48 (1), 2.
doi: 10.1186/0717-6287-48-2

Fournier-Level, A., Hugueney, P., Verriès, C., This, P., and Ageorges, A. (2011).
Genetic mechanisms underlying the methylation level of anthocyanins in
grape (Vitis vinifera L.). BMC Plant Biol. 11 (1), 179. doi: 10.1186/1471-
2229-11-179

Gaiotti, F., Pastore, C., Filippetti, I., Lovat, L., Belfiore, N., and Tomasi, D. (2018).
Low night temperature at veraison enhances the accumulation of anthocyanins
in Corvina grapes (Vitis Vinifera L.). Sci. Rep. 8 (1), 1–13. doi: 10.1038/s41598-
018-26921-4

Giordano, D., Provenzano, S., Ferrandino, A., Vitali, M., Pagliarani, C., Roman, F.,
et al. (2016). Characterization of a multifunctional caffeoyl-CoA O-
methyltransferase activated in grape berries upon drought stress. Plant
Physiol. Biochem. 101, 23–32. doi: 10.1016/j.plaphy.2016.01.015

Gouot, J. C., Smith, J. P., Holzapfel, B. P., Walker, A. R., and Barril, C. (2018).
Grape berry flavonoids: A review of their biochemical responses to high and
extreme high temperatures. J. Exp. Bot. 70 (2), 397–423. doi: 10.1093/jxb/
ery392

Harmer, S. L., Kay, S. A., Hogenesch, J. B., Straume, M., and Bay, S. A.
(2000). Orchestrated transcription of key pathways in Arabidopsis by the
circadian clock. Science 290 (5499), 2110–2113. doi: 10.1126/science.290.
5499.2110

He, J., and Giusti, M. M. (2010). Anthocyanins: Natural colorants with health-
promoting properties. Annu. Rev. Food Sci. Technol. 1, 163–187. doi: 10.1146/
annurev.food.080708.100754
July 2020 | Volume 11 | Article 1095

https://doi.org/10.1016/j.plantsci.2017.11.009
https://doi.org/10.1007/s00425-012-1650-x
https://doi.org/10.1007/s00425-012-1650-x
https://doi.org/10.1104/pp.105.073262
https://doi.org/10.1186/1471-2229-14-183
https://doi.org/10.1186/1471-2229-7-46
https://doi.org/10.1111/j.1365-3040.2007.01716.x
https://doi.org/10.1021/jf062800k
https://doi.org/10.1021/jf062800k
https://doi.org/10.1016/j.aca.2007.11.029
https://doi.org/10.5344/ajev.2015.15006
https://doi.org/10.1104/pp.109.142059
https://doi.org/10.3389/fpls.2017.01084
https://doi.org/10.1093/jxb/ert489
https://doi.org/10.1016/j.plantsci.2017.01.015
https://doi.org/10.1016/j.foodchem.2016.05.164
https://doi.org/10.1016/j.foodchem.2016.05.164
https://doi.org/10.1007/s00217-011-1425-9
https://doi.org/10.1111/j.1755-0238.2004.tb00008.x
https://doi.org/10.1186/0717-6287-48-2
https://doi.org/10.1186/1471-2229-11-179
https://doi.org/10.1186/1471-2229-11-179
https://doi.org/10.1038/s41598-018-26921-4
https://doi.org/10.1038/s41598-018-26921-4
https://doi.org/10.1016/j.plaphy.2016.01.015
https://doi.org/10.1093/jxb/ery392
https://doi.org/10.1093/jxb/ery392
https://doi.org/10.1126/science.290.5499.2110
https://doi.org/10.1126/science.290.5499.2110
https://doi.org/10.1146/annurev.food.080708.100754
https://doi.org/10.1146/annurev.food.080708.100754
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


Yan et al. Temperature Effects on Flavonoid Accumulation
Hilbert, G., Soyer, J. P., Molot, C., Giraudon, J., Milin, M., and Gaudillere, J. P.
(2015). Effects of nitrogen supply on must quality and anthocyanin
accumulation in berries of cv. Merlot. Vitis 42 (2), 69.

Jackman, R. L., and Smith, J. L. (1996). “Anthocyanins and betalains,” in Natural
Food Colorants (Boston, MA: Springer), 244–309. doi: 10.1007/978-1-4615-
2155-6_8

Jones, G. V., Reid, R., and Vilks, A. (2012). “Climate, grapes, and wine: Structure
and suitability in a variable and changing climate,” in The Geography of Wine
(Dordrecht: Springer), 109–133. doi: 10.1007/978-94-007-0464-0_7

Kliewer, W. M., and Torres, R. E. (1972). Effect of controlled day and night
temperatures on grape coloration. Am. J. Enol. Viticult. 23 (2), 71 LP–71 77.

Kliewer, W. M. (1977). Influence of temperature, solar radiation and nitrogen on
coloration and composition of Emperor grapes. Am. J. Enol. Viticult. 28 (2),
96–103.

Lachman, J., and Hamouz, K. (2005). Red and purple coloured potatoes as a
significant antioxidant source in human nutrition - A review. Plant Soil
Environ. 51 (11), 477–482.

Lecourieux, F., Kappel, C., Pieri, P., Charon, J., Pillet, J., and Lecourieux, D. (2017).
Dissecting the biochemical and transcriptomic effects of a locally applied heat
treatment on developing Cabernet sauvignon grape berries. Front. Plant Sci. 8,
53. doi: 10.3389/fpls.2017.00053

Lecourieux, D., Kappel, C., Claverol, S., Pieri, P., Feil, R., and Lecourieux, F. (2019).
Proteomic and metabolomic profiling underlines the stage-and time-
dependent effects of high temperature on grape berry metabolism. J. Integr.
Plant Biol. 1–27. doi: 10.1111/jipb.12894

Liang, N. N., Zhu, B. Q., Han, S., Wang, J. H., Pan, Q. H., Reeves, M. J., et al.
(2014). Regional characteristics of anthocyanin and flavonol compounds from
grapes of four Vitis vinifera varieties in five wine regions of China. Food Res.
Int. 64, 264–274. doi: 10.1016/j.foodres.2014.06.048

Liu, Y., Tikunov, Y., Schouten, R. E., Marcelis, L. F., Visser, R. G., and Bovy, A.
(2018). Anthocyanin biosynthesis and degradation mechanisms in Solanaceous
vegetables: A review. Front. Chem. 6:52:52. doi: 10.3389/fchem.2018.00052

Mattivi, F., Guzzon, R., Vrhovsek, U., Stefanini, M., and Velasco, R. (2006).
Metabolite profiling of grape: Flavonols and anthocyanins. J. Agric. Food Chem.
54 (20), 7692–7702. doi: 10.1021/jf061538c

Matus, J. T., Loyola, R., Vega, A., Peña-Neira, A., Bordeu, E., and Alcalde, J. A.
(2009). Post-veraison sunlight exposure induces MYB-mediated
transcriptional regulation of anthocyanin and flavonol synthesis in berry
skins of Vitis vinifera. J. Exp. Bot. 60 (3), 853–867. doi: 10.1093/jxb/ern336

Mazza, G., and Miniati, E. (1993). “Anthocyanins in Vitis vinifera,” in
Anthocyanins in Fruits, Vegetables, and Grains (Boca Raton, FL, USA: CRC
Press Inc.), 150–153.

Mazza, G., Fukumoto, L., Delaquis, P., Girard, B., and Ewert, B. (1999).
Anthocyanins, phenolics, and color of Cabernet franc, Merlot, and Pinot
noir wines from British Columbia. J. Agric. Food Chem. 47 (10), 4009–4017.
doi: 10.1021/jf990449f

Mori, K., Saito, H., Goto-Yamamoto, N., Kitayama, M., Kobayashi, S., and
Hashizume, K. (2005). Effects of abscisic acid treatment and night
temperatures on anthocyanin composition in Pinot noir grapes. Vitis-Geil
Weilerhof 44 (4), 161–165.

Mori, K., Goto-Yamamoto, N., Kitayama, M., and Hashizume, K. (2007). Loss of
anthocyanins in red-wine grape under high temperature. J. Exp. Bot. 58 (8),
1935–1945. doi: 10.1093/jxb/erm055

Movahed, N., Pastore, C., Cellini, A., Allegro, G., Valentini, G., Zenoni, S., et al.
(2016). The grapevine VviPrx31 peroxidase as a candidate gene involved in
anthocyanin degradation in ripening berries under high temperature. J. Plant
Res. 129 (3), 513–526. doi: 10.1007/s10265-016-0786-3

Mullins, M. G., and Rajasekaran, K. (1981). Fruiting cuttings: Revised method for
producing test plants of grapevine cultivars. Am. J. Enol. Viticult. 32 (1), 35 LP–
35 40.

Niu, J., Zhang, G., Zhang, W., Goltsev, V., Sun, S., Wang, J., et al. (2017).
Anthocyanin concentration depends on the counterbalance between its
synthesis and degradation in plum fruit at high temperature. Sci. Rep. 7 (1),
1–16. doi: 10.1038/s41598-017-07896-0

Pastore, C., Allegro, G., Valentini, G., Muzzi, E., and Filippetti, I. (2017a).
Anthocyanin and flavonol composition response to veraison leaf removal on
Cabernet Sauvignon, Nero d’Avola, Raboso Piave and Sangiovese Vitis vinifera
L. cultivars. Sci. Hortic. 218, 147–155. doi: 10.1016/j.scienta.2017.01.048
Frontiers in Plant Science | www.frontiersin.org 15
Pastore, C., Dal Santo, S., Zenoni, S., Movahed, N., Allegro, G., and Tornielli, G. B.
(2017b). Whole plant temperature manipulation affects flavonoid metabolism
and the transcriptome of grapevine berries. Front. Plant Sci. 8, 929.
doi: 10.1186/1471-2229-13-30

Pillet, J. (2011). Impact du microclimat sur le métabolisme de la baie de raisin
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