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The independent and interactive effects of solar ultraviolet-B radiation (UV-B), moderate water deficit
and sprayed abscisic acid (ABA) on leaves gas exchange and biochemical aspects of field-grown grape-
vines of the cv. Malbec were investigated in a high altitude vineyard (1450 m a.s.l.). Two UV-B treatments
(ambient solar UV-B or reduced UV-B), two watering treatments (well watered or moderate water
deficit) and two ABA treatments (no ABA and sprayed ABA) were given alone and combined in a factorial

ﬁ‘;&words; design. Gas exchange and photosynthesis were reduced by water deficit and highly impaired in the UV-B
Drought and water deficit combined treatment. UV-absorbing compounds were stimulated independently by UV-
Secondary metabolism B. The monoterpenes «-pinene, 3-carene and terpinolene, and the sesquiterpene nerolidol were
Ultraviolet-B augmented by UV-B, water deficit or sprayed ABA. Levels of the triterpene squalene and the diterpene
Vitis vinifera phytol were significantly higher in the treatment that combined UV-B, water deficit and ABA applica-

tions. Environment signals (solar UV-B and moderate water deficit) and sprayed ABA elicited mecha-
nisms of acclimation by augmenting the content of terpenes with antioxidant and antifungal properties,

thus enhancing the plant defensive mechanisms towards signals both biotic and abiotic.

© 2015 Elsevier Masson SAS. All rights reserved.

1. Introduction

Viticulture is an activity of great importance in Argentina
(http://www.inv.gov.ar), and the most reputed vineyards for red
winemaking are located in Mendoza at high altitude (ca. 1500 m
a.s.l.). This environment has relatively high solar ultraviolet-B (UV-
B) radiation levels, with fluence rates that in summertime reach up
to 0.40 W m~2 at noon (Berli et al., 2010). Detrimental effects of UV-
B on plants have been reported (Jansen, 2002; Kakani et al., 2003),
including impairments of growth and gas exchange in grapevines

Abbreviations: ABA, abscisic acid; +ABA, plus ABA treatment; —ABA, minus ABA
treatment; DAF, days after flowering; +D, moderate water deficit treatment; —D,
well watered treatment; gs, stomatal conductance; MDA, malondialdehyde; PAR,
photosynthetic active radiation; Py, net photosynthesis; UVAC, UV-A; ultraviolet-A
radiation, UV-absorbing compounds; UV-B, ultraviolet-B radiation; +UV-B, solar
UV-B treatment; —UV-B, minus UV-B treatment; ¥, stem water potential.
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grown at high altitude (Berli et al., 2013). Grapevine perception of
relatively high UV-B levels induces acclimation responses (Berli
et al,, 2010, 2013; Gil et al., 2012; Pontin et al., 2010). High solar
UV-B also increases grape berry skin phenolics which improves the
quality for red winemaking, although growth and fruit yield are
reduced (Berli et al., 2011). Phenolics and terpenes are compounds
with antioxidant properties that play a protective role against UV-B,
and accumulation of these secondary metabolites have been
observed in grapevine leaves in response to UV-B (Berli et al., 2010,
2013; Gil et al.,, 2012; Kolb et al., 2001).

It has been shown that effects of water deficit on grapevine
depend on the plants phenological stage, the severity of the stress
and the cultivar studied (Chaves et al., 2010; Ojeda et al., 2002). The
maintenance of a stem water potential of about —1 MPa (a mod-
erate water deficit) after veraison, the phenological stage in which
berries begin to color and enlarge, have been proposed as a strategy
to improve berry quality for red winemaking (Leeuwen et al,,
2009). It is assumed that water deficit between veraison and
maturity decreases berry sizes and, at the same time, both the skin
to pulp ratio and the biosynthesis of phenolics increase (Ojeda
et al., 2002). While the effects of water deficit in grapevines have
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been widely studied (Chaves et al, 2010 and literature cited
therein), there are only limited reports in relation to water deficit
and UV-B interactions (Doupis et al., 2011; Martinez-Liischer et al.,
2015).

The phytohormone abscisic acid (ABA) regulates many physio-
logical and biochemical acclimation processes, and some of them
are common for different stress conditions (Creelman, 1989; Seki
et al., 2002). Berry skin ABA levels increased markedly during
veraison reaching the maximum after two weeks (Berli et al., 2011;
Wheeler et al., 2009). Additionally, ABA biosynthesis in grapevine is
induced by water deficit in leaves (lacono et al., 1998) and berries
(Deluc et al., 2009), but also by high UV-B in leaves (Berli et al.,
2010; Gil et al., 2012). While there are several reports about the
effect of ABA applications in the accumulation of phenolics in grape
berries (Balint and Reynolds, 2013; Berli et al., 2011; Koyama et al.,
2009), there are few reports regarding the effect of exogenous ABA
on leaf physiology (Zhang and Dami, 2012). In previous work (Berli
et al.,, 2010) we found that weekly ABA applications in grapevine
leaves from bud-break to harvest improved tolerance to solar UV-B
through increment of antioxidant enzymes activities, membrane-
sterols that participate in structural defense, and the accumula-
tion of phenolics and UV-absorbing compounds (UVAC).

In Mendoza, Vitis vinifera cv. Malbec has found favorable
ecological features for its development. Based on these anteced-
ents, in this study we hypothesized that: 1) ABA applications at
veraison and after 15 days induce biochemical changes in grapevine
leaves that increase defense mechanisms against UV-B and water
deficit; 2) biochemical and physiological changes in grapevines
leaves elicited by UV-B are promoted differentially by moderate
water deficit. Therefore, the present work compared independent
and interactive effects of high-altitude solar UV-B, moderate water
deficit and ABA applications on leaves gas exchange and
biochemical aspects in field-grown grapevines (V. vinifera cv.
Malbec).

2. Materials and methods
2.1. Plant material and experimental design

The experiment was carried out during 2013 growing season,
in a commercial high altitude vineyard (1450 m a.s.l., 69°15'37" W
and 33°23'51” S), Gualtallary, Mendoza, Argentina, as it is
described in Berli et al. (2013). A minus UV-B treatment (—UV-B)
was set by using a polyester cover that absorbed 78% of UV-B, 18%
of ultraviolet-A radiation (UV-A) and 12% of photosynthetic active
radiation (PAR) from the sunlight. A solar UV-B treatment (+UV-B)
was established by covering the canopy with low-density poly-
ethylene that transmitted 90% of UV-B, 87% of UV-A and 87% of
PAR. Plastics were set up 2.5 m above ground level, covering the
entire canopy, protected with anti-hail nets and replaced after
breakdown or transmittance reduction. The transmittance spec-
tral characteristics were reported previously (Berli et al., 2008,
2011). The UV-B treatments were given from 15 days before
flowering, stage 23 (Coombe, 1995), mid-November, until harvest
at 142 days after flowering (DAF), in early April. The +UV-B and
—UV-B treated grapevines were maintained with no soil water
restriction until veraison, 84 DAF, stage 35 (Coombe, 1995), mid-
February, by using a drip irrigation system and with a black
polyethylene film placed on the ground of the whole experiment
to avoid rainfall inputs. Based on previous experiments with
grapevine in pots, soil water content was indirectly monitored
every two weeks by measurement of stem water potential (¥s) at
midday as described by Begg and Turner (1970). From veraison
onwards, half the plants were given the well watered treatment
(—D) in each UV-B regime by keeping them at field capacity (i.e.

W, approximately —0.7 MPa), while in the other half, irrigation
was restricted until harvest (+D; moderate water deficit). To in-
crease the natural levels of ABA produced in berry skin at veraison,
the aerial part of plants (including leaves and berries) was sprayed
at veraison and repeated once 15 day after, with 1 mM ABA so-
lutions (+ABA; plus ABA treatments, +-cis, trans-abscisic acid, 90%
purity, Kelinon Agrochemical Co., Beijing, China) or water (—ABA;
minus ABA treatment), until runoff and in the late afternoon to
minimize ABA photodegradation. Solutions contained 0.1% v/v of
Triton X-100 and a minimum amount of ethanol (to initially
dissolve the ABA). In summary, a total of 8 treatments were per-
formed: (i) +UV-B/+D/+ABA; (ii) +UV-B/—D/+ABA); (iii) +UV-B/
+D/—ABA,; (iv) +UV-B/—D/—ABA; (v) —UV-B/+D/+ABA; (vi) —UV-
B/—D/+ABA; (vii) —UV-B/+D/—ABA; and (viii) —UV-B/—D/—ABA.
A randomized complete block design with a 2 x 2 x 2 factorial
arrangement of treatment and 5 blocks was used. The experi-
mental unit consisted of two selected plants (based in homoge-
neity) from six consecutive plants in the row. Two shoots per
experimental unit were selected, marked and used for the non-
—destructive measurements, while the rest of the shoots were
used for leaves sampling.

2.2. Photosynthesis, stomatal conductance and chlorophyll content
at harvest

Photosynthesis (P,) and stomatal conductance (gs) were
measured with a portable infrared gas analyzer (CIRAS-2, PP Sys-
tem, Amesbury, MA, USA), between 10:30 am and 12:00 pm, in fully
expanded (10—12th from the apex) and sun-exposed leaves. Chlo-
rophyll relative amount was measured with a portable chlorophyll
meter (SPAD-502, Konica Minolta Sensing, Osaka, Japan), consid-
ering all the leaves from selected shoots.

2.3. Sampling of leaves and biochemical parameters assessed

At harvest, three leaves (12—15th from the apex) per experi-
mental unit were collected in nylon bags, immediately frozen with
liquid nitrogen, transported to the laboratory and kept at —80 °C.
UVAC and malondialdehyde (MDA) were determined as described
in Berli et al. (2010). Terpenes (Fig. 1) and linolenic acid were
evaluated using a gas chromatography—electron impact mass

O i)

a-Pinene ( 3-Carene (2 Terpinolene (3

y MM
N\ N\ Y NN o

Nerolidol (4) Phytol (5)

7 7 7 7 7 7

Squalene (6)

Fig. 1. Chemical structures of a-pinene, 3-carene, terpinolene, nerolidol, phytol and
squalene identified by GC-EIMS in grapevine leaves.
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spectrometer (GC—MS; Clarus 500, PerkinElmer, Shelton, CT, USA)
according to Gil et al. (2012).

2.4. Statistical analysis

The effects of UV-B (Pyy.g), moderate water deficit (Pp), ABA
application (P4ga) and their interactions were determined with
multifactorial ANOVA and Fisher's LSD test (P < 0.05), software
InfoStat (version 2014; Grupo InfoStat, Cérdoba, Argentina).

3. Results and discussion
3.1. Gas exchange and photosynthesis

Table 1 shows that +D effectively reduced W and hampered g;
and P, while UV-B and ABA did not affect ¥5. The combination
of +UV-B and +D significantly reduce g5 and Py,. In Berli et al.
(2013) P, and gs measured at veraison were reduced by expo-
sure to UV-B, affecting growth, but these results suggest that
combining +UV-B with moderate water deficit can increase the
impairment of gas exchange and photosynthesis. Martinez-
Liischer et al. (2015) observed in grapevines similar results in g,
water deficit conditions had larger effects than UV-B, although the
combination of UV-B with water deficit did not significantly affect
P,. This difference with our results may be due to different
experimental system employed. ABA applications in plants under
UV-B make gs unresponsive to +D. Additionally, +ABA in well
watered treatments did not impair Py,. The latter suggests that ABA
has additional indirect effects on photosynthesis via stimulation
of carbohydrate transport as it has been shown in wheat (Travaglia
et al., 2007) and even in grape (Moreno et al., 2011). Chlorophyll
and MDA (an oxidative damage indicator) accumulation in leaves
were not affected by treatments (data not shown) indicating that
P, in +UV-B/+D combined treatment was reduced because of
lower stomatal opening and/or lower efficiency in the photosyn-
thetic process and not due to chlorophyll decrease or cellular
damage.

Table 1

Net photosynthesis (Py,), stomatal conductance (gs) and stem water potential (¥) of
grapevines exposed to combined UV-B, water deficit and ABA treatments assessed at
harvest. +UV-B: solar UV-B; —UV-B: minus UV-B; +ABA: plus ABA; —ABA: minus
ABA; +D: moderate water deficit; —D: well watered. Values are means (n = 5) and
different letters indicate statistically significant differences between treatments at
the P < 0.05 level according to Fisher's LSD test.

Treatments P, gs L
pmol m—2s~! mmol m 2 s~! MPa
+UV-B
+D/+ABA 9.85 abc 235.6 bc -1.0b
—D/+ABA 10.92 ab 234.1 bc -0.7 a
+D/-ABA 7.96 ¢ 163.8 ¢ -1.0b
—D/-ABA 12.16 a 346.8 a -0.7 a
—-UV-B
+D/+ABA 9.01 bc 1799 ¢ -10b
—D/+ABA 11.90 a 3129 ab -0.7 a
+D/-ABA 1131 ab 186.6 ¢ -1.0b
—D/-ABA 12.02 a 304.5 ab -0.7 a
ANOVA
Puv-s) 0.1817 0.8179 0.8153
Piaga) 0.4563 0.5958 0.9832
Pp) 0.0048 0.0002 <0.0001
Pluvp  Asa) 0.2537 0.7730 0.9719
Pwv.s « ) 0.5807 0.4803 0.8216
Piasa « D) 0.7168 0.0853 0.9898

Puv-B « ABA x D) 0.0695 0.0482 0.5543

3.2. UV-absorbing compounds

The UVAC accumulation in leaves at harvest was significantly
increased by +UV-B (Table 2). The UVAC were not responsive to +D
and +ABA combined in the absence of +UV-B. UVAC protect leaf
tissue of high UV-B levels by absorbing in this wavelength region
(Burchard et al., 2000) and by scavenging free radicals so acting as
effective antioxidants (Blokhina et al., 2003). Increases in UVAC
have been reported in grapevine leaves as acclimation responses at
high altitude UV-B levels (Berli et al., 2013). In grapevine leaves
UVAC are mainly phenols, such as flavonols (quercetin and
kaempferol) and hydroxycinnamic acids (caffeic acid, p-coumaric
acid and ferulic acid; Berli et al., 2010). Doupis et al. (2011) and
Martinez-Liischer et al. (2015) working with cv. Soultanina and cv.
Tempranillo, respectively, found that after long-term exposure to
UV-B the accumulation of UVAC in grape leaves was not altered by
water deficit. It has been shown that exogenous ABA increases in-
ternal concentration of ABA (Li et al., 2011), even in grapevine
leaves (Berli et al., 2010), where ABA application stimulates pro-
duction of phenolics. Therefore, we expected increase in UVAC
content by ABA application. However, as it can see in Table 2, +UV-
B signal is indispensable for triggering UVAC.

3.3. Terpenes

The monoterpenes a-pinene (1), 3-carene (2) and terpinolene
(3), the sesquiterpene nerolidol (4), the diterpene phytol (5) and
the triterpene squalene (6) were identified by GC—MS in leaves at
harvest (for full mass spectra see Figs. 1—3 of Appendix A.
Supplementary data). UV-B x ABA x D interact significantly for all
terpenes (Table 2). In plants under the —UV-B/—D/—ABA combined
treatment, o-pinene and 3-carene were not detected; and terpi-
nolene and nerolidol were found in very small amounts. The
treatment that only received UV-B (+UV-B/—D/—ABA) showed the
highest levels of monoterpenes. Our results from field experiments
are consistent with those obtained by Gil et al. (2012) from in vitro
grapevine leaves in which high UV-B increased a-pinene, 3-carene,
terpinolene and nerolidol contents, all of them with strong anti-
oxidant properties. Additionally, Escoriaza et al. (2012) reported
synthesis of nerolidol in response to fungal infection disease that
affects grapevines. In agreement with our results and those of Gil
et al. (2012), Pandey et al. (2014) suggested that increment of
monoterpenes in plants of Artemisia annua under UV-B radiation,
could be an acclimation mechanism adapted to minimize the UV-B-
induced damage. Increase in several monoterpenes and sesquiter-
penes were observed in eucalyptus leaves in responses to water
deficit (Leicach et al., 2010), but to date there were no reports on
grapevine leaves. The +ABA and +D treatments augmented the
monoterpenes and nerolidol production. This may indicate that
ABA signal mediates the terpene production, since +UV-B, +D
and +ABA may increase endogenous ABA levels.

Phytol and squalene levels were higher under +UV-B/+D/+ABA
combined treatment (UV-B x ABA x D significant interaction). Gil
et al. (2012) found that phytol and squalene were augmented in
in vitro grown grapevines under high UV-B, but little is known
about their metabolic fate under stress conditions. Phytol could be
acting as antioxidant because it has a moderate antioxidant activity
(Ruberto and Baratta, 2000), or it may be a precursor of tocopherol,
a potent antioxidant compound (Ischebeck et al., 2006). The pos-
sibility of phytol increase as the consequence of degradation of
chloroplastic tissues may be ruled out since our data show that
chlorophylls contents were unchanged (data not shown). Several
studies have shown that plants under environmental signals, like
high salinity, high UV-B levels and drought allocate squalene to
produce triterpenes with high antioxidant capacity and to increase
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Biochemical parameters assessed at harvest in grapevine leaves exposed to combined UV-B, water deficit and ABA treatments. UVAC: UV-absorbing compounds, +UV-B: solar
UV-B; —UV-B: minus UV-B; +ABA: plus ABA; —ABA: minus ABA; +D: moderate water deficit; —D: well watered. Values are means (n = 5) and different letters indicate
statistically significant differences (P < 0.05).

Treatments UVAC Monoterpenes Sesquiterpene Diterpene Triterpene Linolenic acid
a-Pinene 3-Carene Terpinolene Nerolidol Phytol Squalene
Aspsg 'fr.wt  ngmg 'frwt ngmg !'fr.wts ngmg 'frwt ngmg'frwt ngmg 'frwt ngmg!fr.wt ngmg ' fr.wt
+UV-B
+D/+ABA 68.59 a 0.444 cd 3.02c¢c 1073 ¢ 1034 c 1326.1 a 4583 a 72.5 bc
—D/+ABA 64.54 ab 1.072 b 6.14 ab 1654 b 2213b 381.6 cd 107.1b 66.5 ¢
+D/—ABA 61.81 ab 1.092 b 4.88 bc 133.6 bc 2146 b 154.2d 21.7b 31.4d
—D/-ABA 70.10 a 1.706 a 6.96 a 2278 a 206.1 b 975.6 ab 116.7 b 100.8 ab
—-UV-B
+D/+ABA 4591d 0.998 b 5.80 ab 140.3 bc 2141b 3214 cd 64.3 b 60.1 ¢
—D/+ABA 56.52 bc 0.888 bc 5.27 ab 141.0 bc 285.0a 121.3d 364 Db 31.9d
+D/—-ABA 55.17 bed 1.146 b 5.67 ab 1746 b 1949 b 547.4 bed 153.7b 97.3 ab
—D/-ABA 50.36 cd 0.000 d 0.00 d 03d 45d 758.1 bc 712 b 1103 a
ANOVA
Pv.p) <0.0001 0.0027 0.0177 0.0012 0.1940 0.0486 0.0258 0.3132
Piasa) 0.8360 0.2955 0.0922 0.5999 0.0001 0.3927 0.0766 0.0004
P 0.2840 0.7956 0.4119 0.5440 0.4861 0.9780 0.0244 0.0677
Pruv.s « aBa) 0.6450 0.0001 0.0003 0.0013 <0.0001 0.0095 0.0006 0.0002
Pwv-B < D) 0.8698 <0.0001 <0.0001 <0.0001 0.0001 0.9735 0.3936 0.0051
Paga « p) 0.7368 0.0160 0.0022 0.0091 <0.0001 0.0001 0.0094 0.0003
Pruv. « ABA x D) 0.0055 0.0226 0.0370 0.0004 0.0093 0.0081 0.0009 0.2244
synthesis of membrane sterols that protect the cytosol (Douglas, Acknowledgments

1985; Gil et al., 2012; Nasrollahi et al., 2014).

3.4. Linolenic acid

Table 2 shows that linolenic acid in grapevine leaves was highest
in —UV-B/—D/—ABA combined treatment and lowest in +UV-B/+D/
—ABA combined treatment. Linolenic acid is a major poly-
unsaturated fatty acid of membrane lipids, and the degree of fatty
acid unsaturation is an important factor for membrane fluidity
related to adaptation to adverse environmental conditions
(Upchurch, 2008). In concordance with our results, it has been re-
ported that water deficit and UV-B reduce the degree of fatty acids
unsaturation (Bettaieb et al., 2009; Hamrouni et al., 2001).

4. Conclusions

Solar high altitude UV-B increased the accumulation of UV-
absorbing compounds, while moderate water deficit mainly
affected gas exchange and photosynthesis (the impact of moderate
water deficit was greater when was combined with exposure to
solar UV-B). The monoterpenes ¢-pinene, 3-carene and terpinolene
and the sesquiterpene nerolidol were augmented by UV-B, mod-
erate water deficit or sprayed ABA. The triterpene squalene and the
diterpene phytol were significantly higher in the treatment with
combinations of water deficit, solar UV-B and ABA applications
(possibly as an acclimation mechanism that modifies membrane
fluidity under environmental signals). Two application of ABA on
leaves and berries, at veraison and 15 days after, were enough to
activate compounds with antioxidant and antifungal properties,
which may increase the plant defensive mechanism against envi-
ronmental signals, both biotic and abiotic.

Author's contribution

R. Alonso and FJ. Berli conducted the experiment and carried
out the physiological, biochemical and statistical analysis. R. Bottini
and P. Piccoli collaborated in experiment design and in decided
strategies. R. Alonso wrote the body of the paper and all authors
reviewed, edited and approved the final version of the manuscript.

This work was supported by Consejo Nacional de Inves-
tigaciones Cientificas y Técnicas (PIP GI 2010-2012 to P. P.), Secre-
taria de Ciencia y Técnica de la Naciéon (PID 2007 0149 to R.B.),
Secretaria de Ciencia y Técnica de la Universidad Nacional de Cuyo
and Catena Institute of Wine (Bodegas Catena Zapata). The authors
thank the technical assistance of L. Bolcato in GC—MS
determinations.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
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