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Summary: Plants exposed to drought stress, as usually occurs in Patagonian shrublands, have developed
different strategies to avoid or tolerate the lack of water during their development. Production of
phenolic compounds (or polyphenols) is one of the strategies used by some native species of adverse
environments to avoid the oxidative damage caused by drought. In the present study the relationship
between phenolic compounds content, water availability and oxidative damage were evaluated in two
native shrubs: Larrea divaricata (evergreen) and Lycium chilense (deciduous) of Patagonian shrublands by
their means and/or by multivariate analysis. Samples of both species were collected during the 4 seasons
for the term of 1 year. Soil water content, relative water content, total phenols, flavonoids, flavonols,
tartaric acid esters, flavan-3-ols, proanthocyanidins, antioxidant capacity and lipid peroxidation were
measured. According to statistical univariate analysis, L. divaricata showed high production of poly-
phenols along the year, with a phenolic compound synthesis enhanced during autumn (season of
greatest drought), while L. chilense has lower production of these compounds without variation between
seasons. The variation in total phenols along the seasons is proportional to the antioxidant capacity and
inversely proportional to lipid peroxidation. Multivariate analysis showed that, regardless their mech-
anism to face drought (avoidance or tolerance), both shrubs are well adapted to semi-arid regions and
the phenolic compounds production is a strategy used by these species living in extreme environments.
The identification of polyphenol compounds showed that L. divaricata produces different types of fla-
vonoids, particularly bond with sugars, while L. chilense produces high amount of non-flavonoids
compounds.
Synthesis: These results suggest that flavonoid production and accumulation could be a useful indicator
of drought tolerance in native species.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

Water deficit is the dominant environmental factor that shapes
the pattern of vegetation in semi-arid ecosystems. Because of this,
vegetation is heterogeneously distributed forming isodiametric
patches with shrubs acting as colonizers or initiators and grasses
surrounding the patches, alternating with areas of bare soil (Noy-
Varela), iarslan@pau.edu.tr
o), cenzano@cenpat-conicet.
una).

served.
Meir, 1973). The coexisting species of these ecosystems have
different strategies to survive to the different environmental fac-
tors. Under field conditions, the response to one factor, such as
water stress, is complex and difficult to study in isolation because
an overlapping with others environmental factors (intensity of
winds, solar radiation, temperature fluctuation, etc.) occur; how-
ever, this kind of research can provide an approach about the
behavior and the adaptation of the species in study.

Native plants of semi-arid ecosystems have developed different
mechanisms to face drought, which involve different strategies and
adaptive changes depending on the genotype (Chaves et al., 2003).
Plants were classified in two main ecophysiological groups
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according to the strategy used: drought avoidant plants and
drought tolerant plants (Levitt, 1980). Drought avoidant species are
characterized by high relative growth rate, deciduous phenology,
high-faster metabolism, high potential for resource capture, and
low investment in secondary metabolites. Thus, in water-limited
environments, avoidant plants with high stomatal conductance
and good photosynthetic capacity demonstrate opportunistic and
rapid growth during short periods of water availability
(Hetherington andWoodward, 2003). Drought tolerant plants have
the ability to maintain their normal physiological parameters even
during long periods of drought by employing different strategies
like osmotic adjustment, changes in cellular/tissue elasticity
(elastic properties of cell walls), different antioxidant mechanisms
and high production of secondary metabolites (Reddy et al., 2004;
Westoby et al., 2002). Regardless the strategies used to face
drought, plants exposed to long periods of abiotic stress enhance
the secondary metabolites production as part of the non-enzymatic
mechanisms. These compounds generally have a strong antioxidant
capacity to protect cellular structures from the oxidative damage
caused by the increase of reactive oxygen species (ROS) production
in cells (Sies, 1993; Naczk and Shahidi, 2004; Reginato et al., 2014).

In recent years, the research about non-enzymatic components
with antioxidant capacity has focused on phenolic compounds
(Surweswaran et al., 2007; Krishnaiah et al., 2011). Phenolic com-
pounds, also known as polyphenols, include a large variety of
molecules and could be classified in 3 different groups: 1) Non-
flavonoids, molecules that have at least one phenolic ring with
different reactive groups (hydroxyl, nitrosyl, SH, etc), including
simple phenolic acids, phenyl alcohols, stilbenes, chalcones and
lignans; 2) flavonoids, molecules with a phenyl chromane structure
of C15 formed by 2 aromatic rings bind with a carbon chain
(C6eC3eC6), sub-classified into anthocyanidins, flavonols, fla-
vones, isoflavones, flavanones, flavan-n-ols (n refers to the carbon
number of the phenyl chromane structure where the hydroxyl
group is bonded. Ex: flavan-3-ols, flavan-4-ols, flavan-3,4-ols), etc,
depending on the amount, position and type of reactive group
(Crozier et al., 2009; Motilva et al., 2013); and 3) tannins, sub-
divided in a) condensed tannins: flavonoids polymers type A
(C7eC2 and an ether bind) and type B (C4eC8 or C4eC6) and b)
hydrolyzable tannins: phenolic acids polymers bind to a 5 or 6
carbons ring (Khanbabaee and Van Tee, 2001). Phenolic compounds
have antioxidant functions in response to severe abiotic stress,
complementing the roles played by the enzymatic antioxidant
system, with great potential to reduce ROS and to avoid cell damage
(Hatier and Gould, 2008; Agati and Tattini, 2010). Fast growing
plants generally have a low investment in defense and protection.
Therefore, this species tend to have low phenolic compounds
concentrations. Conversely, slow growing species have high
phenolic compounds concentrations. This could be attributed to a
long-term probability that these long-lived plant species evolved to
confront both biotic and abiotic (primarily water shortage) stress
factors (Karabourniotis et al., 2014).

Patagonian shrub lands are located in the North-East of Pata-
gonian Monte, Argentina, specifically between 42 and 44� 200S and
64e68� W, with a surface of 4200 km2 approximately (Soriano,
1950). This region is characterized by a semi-arid climate with
large daily and seasonal temperature variations and with annual
rainfalls below 200 mm, generally concentrated in winter and/or
spring (Cabrera, 1976). The landforms and soils of Patagonian shrub
lands enable heterogeneity in vegetation distribution (from dense
scrub to steppes) with large variety of species, dominated by
grasses and shrubs alternating with bare soil (Bertiller et al., 2004).
The most common shrub species are Larrea divaricata, Chuquiraga
hystrix, Lycium chilense, Junellia alatocarpa, Condalia microphylla,
Prosopidastrum globosum, Schinusjohn stonii and Monttea aphylla
(Cabrera, 1976; Le�on et al., 1998); all of these species have a variety
of adaptive strategies related with water and nutrient conservation
(Bertiller et al., 2005, 2006). Two of the dominant shrubs in this
region are L. divaricata and L. chilense, both being considered as
colonizers or initiators of the patches. The contrasting functional
traits and phenologic behavior of both species were previously
described (Bertiller et al., 2004; Soriano et al., 1995). L. divaricata is
an evergreen shrub, with a perennial behavior and low leaf shed-
ding during the whole year (Soriano and Sala, 1983; Campanella
and Bertiller, 2008). L. chilense is a deciduous shrub with pheno-
logical activity occurring during winterespring and sometimes
until early summer when water availability in soil is greater
(Soriano et al., 1995; Campanella and Bertiller, 2008).

The aim of this work was to perform a field study along the
different seasons in two native species of Patagonian shrub lands
with contrasting mechanisms of drought resistance, L. divaricata
and L. chilense, to evaluate the oxidative damage in tissues, the
levels of different groups and types of polyphenols and their anti-
oxidant capacity. In theory, plants from semi-arid regions are
classified according to their ecological niches, but in practice it
becomes very difficult to catalog a plant species in one of the main
ecophysiological groups because of the overlapping of different
environmental factors and plant responses. It has been proposed
that, independently of the ecophysiological strategies used, coex-
isting species in semi-arid regions have a gradient of mesophytism
to xerophytism that allows them to coexist and survive in the same
habitat (Cenzano et al., 2013).

Species from semi-arid ecosystems like Patagonian shrub lands,
with different behavior and phenological activity to face drought,
are supposed to have powerful antioxidant enzymatic and non-
enzymatic mechanisms. Considering the severe stress that these
species have to face during long periods, we hypothesize that
polyphenols may be an important component of their antioxidant
system. However, the role of polyphenols as a mechanism of
drought response and their suitability as indicators of drought
tolerance in native species of the Patagonian shrub lands has not
been explored yet.

2. Materials and methods

2.1. Study site and plant material

This study was carried out in the wildlife refuge “La Esperanza”
of Natural Patagonia Foundation, located in the northeast of Chubut
province (67 km2 surface, 42�70 43.9200S and 64�570 40.9900 W).
Leaves and roots of L. divaricata and L. chilense, (five plants per
specie), were randomly collected in autumn (May), winter
(August), spring (November) and summer (February). Plant mate-
rial was frozen immediately after collection and kept at �80 �C
until biochemical analyses were performed. Samples were lyophi-
lized previously to the extraction procedure.

2.2. Weather data

To determine seasonal changes in water availability, rainfall and
temperature averages were recorded using an automatic data
recorder (21� Micrologger, Campbell Scientific) located in the
study site. Data were compared between the four seasons to
establish the dry and wet seasons.

2.3. Soil water content (SWC)

Soil water content was measured by the gravimetric method
(Peters, 1965). During each season sampling, five soil samples were
taken at three different depths (10, 20 and 30 cm) from the
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surrounding soil below the species under study, and placed
immediately in plastic bags to prevent moisture loss. Wet weight
(WW) was measured, and then samples were dried at 105 �C for
48 h to determine the dry weight (DW). The soil moisture content
was calculated according the equation:

Soil moisture content (%) ¼ (WW � DW)/DW � 100

2.4. Relative water content (RWC)

Relative water content was measured following the method
reported by Xu and Zhou (2007). Leaves and roots samples of each
species (for the four seasons) were placed into hermetic vials to
avoid dehydration. RWC was calculated based on tissue fresh
weight (FW), weight at full turgor (TW) after soaking the samples
in distilled water for 48 h, and DWafter drying the samples in oven
at 80 �C for 24 h. RWC was calculated according the equation:

RWC ¼ (FW � DW)/(TW � DW) � 100

2.5. Oxidative damage in tissues

The level of lipid peroxidation was determined in terms of
malondialdehyde (MDA) content according to Heath and Packer
(1968) modified for this samples. Freeze-dried samples (0.15 g)
were ground in liquid nitrogen and mixed with 1.5 ml 20% TCA
(trichloroacetic acid). The homogenate was centrifuged at 10,000g
for 10 min at 4 �C. The supernatant was used for MDA determina-
tion. A mixture of 0.5 ml of extract þ 0.5 ml of 0.5% TBA (thio-
barbituric acid) in TCA 20% was produced, heated at 95 �C for
25 min, cooled and centrifuged for 10 min. The sample was
measured at 532 nm and corrected by non-specific absorption at
600 nm. The concentration of MDA was calculated using an
extinction coefficient of 155 mM�1 cm�1 and taking into account
the water content of the samples before their lyophilization.

2.6. Phenolic compounds extraction

0.5 g of freeze-dried samples was ground in liquid nitrogen. The
material was extracted three times with 10 ml of extraction solvent
(methanol/water (80:20, v/v)) on a magnetic stirrer during 30 min.
After each extraction, the liquid was separated from solids by
centrifugation (14,000g, 15 min) at 4 �C. The final volume was
quantified and the final extract was reduced to 8e16 ml by rotary
evaporator. The extract was then filtered with 0.45 mm filters,
divided into aliquots of 4 ml and stored at �80 �C for chemical
analyses. The spectrophotometric assays were performed by using
a Thermo Spectronic Helios UVevisible spectrophotometer (Cam-
bridge, UK). Concentrations of different phenolic compounds and
antioxidant activity were calculated from calibration curves and
expressed as mg equivalent to the corresponding standard. All tests
were carried out five times.

2.6.1. Total phenols
Total phenols were determined with Folin-Ciocalteu method

adapted to our samples according with Borbal�an et al. (2003). 25 ml
of sample, 1.25 ml of distilled water, 125 ml of Folin-Ciocalteu re-
agent, 0.5 ml of a solution of sodium carbonate at 20%, and 0.6 ml of
distilled water, were introduced into a test tube. The solution was
homogenized and after incubation at room temperature for 30min,
the absorbance of the reaction mixture was measured at 750 nm.
The total phenols amount was calculated as mg of gallic acid
equivalents.

2.6.2. Total flavonoids
Total flavonoids were measured according to Kim et al. (2003).

100 ml of extracted sample and 60 ml of 5% NaNO2 weremixed. After
5 min 40 ml of 10% AlCl3 were added, and after other 5 min 400 ml of
1 M NaOH were added to the mixture. The reaction mixture was
diluted with 200 ml of distilled water, mixed, and the absorbance
determined at 510 nm. The total flavonoids were calculated as mg
of catechin equivalents.

2.6.3. Proanthocyanidins
Proanthocyanidins were measured according to Waterman and

Mole (1994). Butanol reagent was prepared by mixing 128 mg
FeSO47H2O with 5 ml of HCl and completed to 100 ml with n-
butanol. 50 ml of extracted sample were mixed with 700 ml butanol
reagent and heated at 95 �C in a water bath for 45 min. The sample
was cooled and 250 ml of n-butanol were added. The absorbance
was measured at 550 nm. Total proanthocyanidins were calculated
as mg of cyanidin equivalents.

2.6.4. Tartaric acid esters and flavonols
Tartaric acid esters and flavonol contents were determined us-

ing the method described by Romani et al. (1996). An aliquot of
25 ml of extract was diluted with 225 ml of 10% ethanol and 250 ml of
0.1% HCl in 95% ethanol, and 1 ml of 2% HCl was then added. The
solution was mixed, and the absorbances were determined at
320 nm for tartaric acid esters and 360 nm for flavonols. Tartaric
acid esters and flavonols amounts were calculated as mg of caffeic
acid and quercetin, respectively.

2.6.5. Flavan-3-ols
Total flavan-3-ols were determined with p-(dimethylamino)

cinnamaldehyde (DMACA) reagent, as described by Nigel and
Glories (1991). An amount of 10 ml of the sample extract was
diluted with 90 ml of methanol. Next, 250 ml of HCl (0.24 N in
MeOH), 250 ml of DMACA solution (0.2% in MeOH), and 250 ml of
methanol were added. The absorbance was determined at 640 nm,
and the total amount of flavan-3-ols was calculated as mg of
catechin equivalents.

2.6.6. Antioxidant activity of phenolic extracts for
spectrophotometric analysis

ABTS* (2,20-azinobis-3-ethylbenzothiazoline-6-sulfonic acid)
scavenging ability of polyphenolic extracts was determined ac-
cording to the method described by Re et al. (1999). The ABTSþ

radical was generated by reacting an ABTS aqueous solution
(7 mM L�1) with K2S2O8 (2.45 mM L�1, final concentration) in the
dark for 16 h and diluting with ethanol to obtain
Abs ¼ 0.700 ± 0.020 at 734 nm. 100 ml of extracted sample was
mixed with 1 ml of ABTSþ solution. After 4 min of reaction the
absorbance was measured at 734 nm. 6-Hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox) 2.5 mM solution
was used to obtain the calibration curve. The antioxidant capacity
was expressed as mmol of Trolox equivalents.

2.7. Extraction and isolation of polyphenols

Leaves of L. divaricata and L. chilense (100 g) corresponding to
two treatments (dry season: autumn and wet season: spring) were
crushed and powdered. The polyphenols were extracted by stirring
the suspension in 70% methanol (1 L) at 40 �C for 24 h. The
methanol solution was filtered with filter paper (Whatman Nº 1) to
remove the remaining plant material and kept in freezer. Afterward



Fig. 1. a) Average values of minimum temperature, maximum temperature and rain-
falls of each season. Autumn (Aut), winter (Win), spring (Spr) and summer (Sum).
Different bold letters indicate significant differences between seasons in rainfalls dates
according to Kruskal Wallis test (P < 0.05). Different uppercase letters indicate sig-
nificant differences between seasons in dates with maximum temperature, and
different lowercase letters indicate significant differences between seasons in dates
with minimum temperature, according to Bonferroni test (P < 0.05) b) Soil water
content at 3 different depths (10 cm, 20 cm and 30 cm) in the four seasons: Autumn
(Aut), winter (Win), spring (Spr) and summer (Sum). Different letters indicate signif-
icant differences between seasons and depth according to Bonferroni test (P < 0.05).
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the solutionwas evaporated at 100mbar, 40 �C and the concentrate
obtained was kept at 4 �C for 24 h. To remove the low molecular
compounds the solution was dialyzed (Cellu-SEp H1) against
distilled water for 10 h and filter again through a Nalgene TM
Disposable Filterware (0.45 mm) to obtained a pre-purified poly-
phenols mixture.

Analytical HPLC was performed using a Waters system,
controlled by Waters millennium software, consisting of a 717 plus
auto sampler, Waters 600 E pump in combination with a Waters
600 Controller with in-line degasser and Waters 996 photo
diodearray detector. Waters Atlantis C18, 250 � 4.6 mm, 5 mm and
Phenomenex C18 Luna-100, 250 � 10 mm, 5 mm were the HPLC-
columns used for separation of pure compounds. An LC-module 1
Waters HPLC machine (Mildford, MS) was used. The binary solvent
system used for elution gradient consisted of 0.01% trifluoroacetic
acid in water (solvent B) and Methanol (solvent A) at a constant
flow-rate of 1.5 mL min�1. A linear gradient profile was applied,
starting with 20% A to 70% A over 60 min. The separated poly-
phenols mixture, were collected and analyzed by HPLC-ESIeTOF-
MS, in negative ion mode [M�H]�. Each phenolic compound was
detected with m/z values.

2.7.1. Antioxidant activity of phenolic extracts for HLPC-MS analysis
The antioxidant activity of the phenolic extracts was measured

in terms of hydrogen donating or radical scavenging ability, using
the stable radical, 2,2-diphenylpicrylhydrazyl (DPPH) (Brand-
Williams et al., 1995). Methanolic stock dilutions (50 ml) of each
extract were prepared (1, 1:2 and 1:4 v/v). 2 ml of each stock
dilution were placed in a cuvette and 0.05 ml of 100 mM meth-
anolic DPPH solution were added. The decrease in absorbance at
517 nm was determined after 30 min. A DPPH methanolic solution
(100 mM) was used as blank, and Butylated hydroxytoluene (BHT)
solution (100 mM) was used as positive control. All determinations
were performed in triplicate. The inhibition percentage of the DPPH
radical by the samples was calculated according to the following
equation:

% DPPH inhibition ¼ [(AbsB � AbsE)/AbsB] * 100

where AbsB is the absorbance of the blank at t ¼ 0 min and AbsE is
the absorbance of the stock dilution of the extracts at t ¼ 30 min.

2.8. Statistical analysis

Infostat (2011 v.) software was used for statistical analysis.
Origin Pro. 8 software was used for plots. Models were: two-way
ANOVA (comparing between species and seasons) and one-way
ANOVA (comparing only between seasons). Bonferroni test was
used for comparisons and means were considered to be significant
when P < 0.05. To test the assumptions of ANOVA ShapiroeWilk test
for normality and Levene's test for homoscedasticity were used.
When the assumptions of ANOVA were not right, Kruskal Wallis
non-parametric test was applied. The measurements were taken in
5 plants per season, and at triplicate for each plant.

Linear regressions between different variables were applied.
Correlation (R) and determination (R2) coefficients were calculated.
The means were considered to be significant when P < 0.05.

Multivariate analysis was performed using all the data obtained
from the two species, the two organs (leaves and roots) and the four
seasons. Principal Component analysis was performed to visualize
the distribution of the values obtained. Linear Discriminant analysis
(LDA) was performed to reduce dimensionality, maximizing the
variance between the categories (season/species with all the data
together and season/tissue in each species) and minimizing the
variance within categories, to identify differences in the phenolic
compounds production between the species and their behavior.
3. Results

3.1. Weather data

Rainfall data during the sampling period did not exceed 8 mm
per season along the year (Fig. 1a). Spring was considered the
season with the highest water availability due to a significant in-
crease in precipitations compared with the other seasons, and with
the data obtained about the soil water content (Fig. 1b). Large
seasonal and annual temperature variations were observed. The
average temperatures of the different seasons were: 8.6 �C in
winter, 10.8 �C in autumn, 15.9 �C in spring and 20.8 �C in summer.
The seasonal variations were between 13 and 16 �C comparing
between all the seasons, and the annual variation was 12.2 �C
(Fig. 1a).
3.2. Soil water content (SWC)

The higher percentage of SWC was found in spring (specifically
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at 20 and 30 cm depth) (Fig. 1b) in correlation with the rainfall
values obtained (Fig. 1a). In winter, the highest SWC value was at
10 cm depth (Fig. 1b). However, in summer and autumn the highest
SWC values were observed at 20 and 30 cm depth.

3.3. Relative water content (RWC)

L. divaricata leaves had the highest RWC in summer, while roots
showed no significant differences between seasons, although the
RWC of roots was slightly higher in autumn and winter (Fig. 2a).
L. chilense lost their leaves in autumn and winter, so RWC was only
measured in spring and summer, showing the highest values in the
latter. There were no significant differences in RWC of L. chilense
roots during the four seasons (Fig. 2a). In both species, RWC of roots
tended to decrease from spring to summer, inversely to leaves
(Fig. 2a).

3.4. Oxidative damage in tissues

Damage in cellular membranes was estimated by MDA con-
centrations (Fig. 2b). In L. divaricata leaves there were no significant
differences between seasons in MDA concentrations with values
between 30 and 34 nmol g�1 DW, while in roots MDA
Fig. 2. a) Relative water content (RWC) in leaves and roots of L. divaricata (Ld) and
L. chilense (Lc) in autumn (Aut), winter (Win), spring (Spr) and summer (Sum). b) Lipid
peroxidation in leaves and roots of L. divaricata and L. chilense in autumn (Aut), winter
(Win), spring (Spr) and summer (Sum). Different letters indicate significant differences
between seasons and organs according to KruskalleWallis test (P < 0.05).
concentrations were high in autumn (43.68 nmol MDA. g�1 DW),
decreased abruptly in winter (15.32 nmol MDA. g�1 DW) and
started to increase again towards summer (Fig. 2b). L. chilense had
lower MDA concentrations than L. divaricata being higher in leaves
(25 and 32 nmol MDA. g�1 DW) than in roots (8 and 15 nmol
MDA. g�1 DW) with no significant differences within seasons in
each organ (Fig. 2b).

3.5. Quantification of phenolic compounds by spectrophotometric
assay

As mentioned above, L. chilense has a deciduous behavior and
phenolic compounds in leaves were measured only in spring and
summer; lower contents were found in comparison with
L. divaricata. In both species the presence of flavan-3-ols was not
detected with the technique employed (Figs. 3 and 4).

3.5.1. Total phenols
Total phenols concentrationwas higher in leaves than in roots in

both species. L. divaricata leaves showed high concentration of total
phenols, in a range of 48e78mg g�1 DW, while values in roots were
between 10 and 43 mg g�1 DW (Fig. 3). L. chilense leaves had a total
phenol concentration in a range of 15e30mg g�1 DWwhile in roots
it was between 3.5 and 7 mg g�1 DW. The statistical analysis in
leaves of both species did not show interaction between the two
variables analyzed (specie and season), then they were analyzed
separately. Total phenols concentration in L. divaricata leaves was
significantly higher than in L. chilense leaves only in autumn. The
statistical analysis in roots showed interaction between the two
variables analyzed. Roots of L. divaricata had the highest total
phenols concentration in autumn (Fig. 3).

3.5.2. Total flavonoids
Total flavonoids concentration was higher in leaves than in

roots, in both species. Flavonoids in L. divaricata were in a range of
11e24 mg g�1 DW in leaves and between 1 and 4 mg g�1 DW in
roots. Flavonoids in L. chilense did not exceed 4 mg g�1 DW. The
statistical analysis in leaves did not show interaction between the
Fig. 3. a) Total Phenols in leaves and roots of L. divaricata (Ld) and L. chilense (Lc) in
autumn (Aut), winter (Win), spring (Spr) and summer (Sum). Seasons and species were
compared by Two-way ANOVA. Different bold letters indicate interaction and signifi-
cant differences. Without interaction, different uppercase letters indicate significant
differences between species and different lowercase letters indicate significant dif-
ferences between seasons according to Bonferroni test (P < 0.05).



Fig. 4. a) Flavonoids, b) Proanthocyanidins, c) Flavonols and d) Tartaric acid esters content in leaves and roots of L. divaricata (Ld) and L. chilense (Lc) in autumn (Aut), winter (Win),
spring (Spr) and summer (Sum). Seasons and species were compared by Two-way ANOVA. Different bold letters indicate interaction and significant differences. Without interaction,
different uppercase letters indicate significant differences between species and different lowercase letters indicate significant differences between seasons according to Bonferroni
test (P < 0.05).
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two variables analyzed (specie and season). Flavonoids in leaves
were higher in L. divaricata than in L. chilense, and only in autumn
the flavonoids concentration was significantly higher than in the
other seasons. In roots, the statistical analysis showed interaction
between the two variables and the flavonoids concentration was
only significantly higher in autumn for L. divaricata (Fig. 4a).
3.5.3. Proanthocyanidins
The results obtained for proanthocyanidins showed that the

values did not exceed 2 mg g�1 DW in both species analyzed. The
highest proanthocyanidin concentrations were found in roots. The
statistical analysis did not showed significant differences between
the species and seasons. Proanthocyanidins values in L. divaricata
roots showed a similar tendency to that observed for total phenols
and flavonoids (Fig. 4b).
3.5.4. Flavonols and tartaric acid esters
Total flavonols did not exceed 4.5 mg g�1 DW in all samples. The

statistical analysis in leaves did not show interaction between the
variables, and the data obtained presented great variability be-
tween individuals. Flavonols concentration in leaves was increased
in spring for both species and in autumn only for L. divaricata, while
in roots there were not differences between seasons. No differences
were found in leaves and roots between both species (Fig. 4c).

Tartaric acid esters concentration showed values between 6.8
and 3.3mg g�1 DW in leaves and lower values in roots (between 2.9
and 0.7 mg g�1 DW). There was no interaction between the
variables and no significant differences between species. Only
leaves had significant differences between the seasons, showing an
increase in tartaric acid esters concentration for L. divaricata in
autumn (Fig. 4c).
3.5.5. Antioxidant capacity of phenolic extracts
L. divaricata has a greater antioxidant capacity than L. chilense as

shown in Fig. 6. The values obtained for L. divaricatawere in a range
between 400 and 1800 mmol g�1 DW, while in L. chilense the range
was between 90 and 270 mmol g�1 DW. The statistical analysis in
leaves did not showed interaction between the variables. The
antioxidant capacity of L. divaricata leaves was higher than
L. chilense leaves. When values were compared between seasons, in
L. divaricata the lower activity was found in spring, increased in
summer and winter, and was highest in autumn. The antioxidant
capacity in roots showed interaction between the variables, and a
significant difference was only found in autumn for L. divaricata
roots (Fig. 5).
3.6. Relationship between different variables

3.6.1. Simple lineal regression analysis
Simple linear regression was applied in order to establish

different correlations between variables. In L. divaricata leaves a
strong direct correlation between antioxidant capacity (ABTS) and
total phenols (TPh) was detected (R ¼ 0.85 and R2 ¼ 0.91).
Comparing antioxidant capacity vs. soil water content (SWC) a



Fig. 5. Antioxidant capacity of the phenolic extract in leaves and roots of L. divaricata
(Ld) and L. chilense (Lc) in autumn (Aut), winter (Win), spring (Spr) and summer (Sum).
Seasons and species were compared by Two-way ANOVA. Different bold letters indi-
cate interaction and significant differences. Without interaction, different uppercase
letters indicate significant differences between species and different lowercase letters
indicate significant differences between seasons according to Bonferroni test
(P < 0.05). Italic letters indicate comparison between leaves and non-italic letters
indicate comparison between roots.

Fig. 6. a) Principal component analysis (PCA) of the values obtained from the different
variables analyzed (Antioxidant capacity (ABTS), Lipid peroxidation (MDA), Total
Phenols (FT), Flavonoids (Fla), Flavonols (Flo), Proanthocyanidins (Pro), tartaric acid
(Tar), soil water content (SWC) and, relative water content (RWC)). b) Linear
Discriminant analysis (LDA) of all data. The combination of categories is season and
species. L. divaricata (Ld) and L. chilense (Lc) in autumn (Aut), winter (Win), spring (Spr)
and summer (Sum).
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significant inverse correlation was detected, assuming that when
SWC increases, antioxidant capacity decreases (R ¼ �0.45 and
R2 ¼ 0.2). There was no significant correlation comparing antioxi-
dant capacity vs. RWC (R ¼ 0.12 and R2 ¼ 0.014) and vs. MDA
concentration (R ¼ 0.11 and R2 ¼ 0.013), assuming that RWC and
lipid peroxidation did not affect antioxidant activity directly. The
influence of TPh, SWC and RWC over MDA concentration was also
analyzed. There were no significant relationships between MDA
and SWC (R ¼ 0.26 and R2 ¼ 0.068), MDA and RWC (R ¼ 0.01 and
R2 < 0.01) and MDA and TPh (R ¼ 0.07 and R2 ¼ 0.06).

In L. divaricata roots there were correlations between ABTS and
TPh (R ¼ 0.94 and R2 ¼ 0.88), ABTS and MDA content (R ¼ 0.65 and
R2¼ 0.42) andMDAvs. TPh (R¼ 0.53 and R2¼ 0.28), but therewere
no correlations between antioxidant capacity with SWC (R ¼�0.36
and R2 ¼ 0.13) and RWC (R¼ 0.33 and R2 ¼ 0.11) and betweenMDA
content with SWC (R¼�0.41 and R2¼ 0.17) and RWC (R¼ 0.33 and
R2 < 0.01).

In L. chilense leaves therewere no correlation between any of the
variables measured: ABTS vs. TPh (R ¼ 0.38 and R2 ¼ 0.14), anti-
oxidant capacity vs. SWC (R ¼ 0.29 and R2 ¼ 0.18), antioxidant
capacity vs. RWC (R¼ 0.29 and R2 ¼ 0.086), antioxidant capacity vs.
MDA (R ¼ 0.04 R2 < 0.01), MDA vs. SWC (R ¼ 0.48 and R2 ¼ 0.23),
MDA vs. RWC (R ¼ 0.11 and R2 ¼ 0.12) and MDA vs. TPh (R ¼ 0.53
and R2 ¼ 0.28).

There was no correlation between the variables analyzed in
L. chilense roots: antioxidant capacity vs. total phenols (R¼ 0.38 and
R2 ¼ 0.14), antioxidant capacity vs. MDA (R ¼ 0.33 and R2 ¼ 0.11),
antioxidant capacity vs. SWC (R ¼ 0.13 and R2 ¼ 0.018), antioxidant
capacity vs. RWC (R ¼ 0.29 and R2 ¼ 0.08), MDA vs. SWC (R¼�0.41
and R2 ¼ 0.17) and MDA vs. RWC (R ¼ 0.05 and R2 < 0.01).

3.6.2. Multivariate analysis
A PCA analysis was performed to identify which variablewas the

most affected by seasonal changes Fig. 6a. The first principal
component (PC1) explained 45.7% of the variation in the data set.
This variation is strongly influenced by the following variables:
antioxidant capacity (ABTS), total phenols (TPh) and flavonoids
(Fla). The second principal component (PC2) explained 17.5% of the
total variance and it is influenced by the variables related to water
availability. Soil water content (SWC) influenced positively while
relative water content (RWC) negatively. The third principal
component which contributes 12.8% of the total variance (data not
shown) is influenced by the variables: proanthocyanidins (Pro) and
flavonols (Flo). The individuals with high concentration of total
phenols and flavonoids and consequently, antioxidant capacity,
were located towards the positive end of the PC1 axis, and the in-
dividuals with high values of RWC were located towards the
negative end of the PC2 axis. The higher values of SWCwere located
towards the positive end of the PC2 axis. It was not possible to
appreciate clusters between seasons and/or organs analyzed.

The first Linear Discriminant Analysis (LDA) was carried out
considering the combination between seasons and species as a
category (Fig. 6b). The LDA shows that the different clusters of both
species overlap in each season (which was expected in view of the
CPA), with higher values in L divaricata than L. chilense, but both
species have similar behavior in each season. The canonical axis 1
(CA1) (66.96%) separates autumn (in the positive axis) from the
other seasons assuming differences in each variable analyzed for
this seasons (described above), while the canonical axis 2 (CA2)
(12.28%) separates both species, locating L. divaricata in the positive
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axis and L. chilense in the negative axis. The second and third LDA
were carried out considering the combination between seasons
and organ of each species as a category (Fig. 7). For L. divaricata the
CA1 (79.92%) separates between organs, locating roots in the pos-
itive axis and leaves in the negative axis, while CA2 (13.90%) sep-
arates autumn (negative axis) from the other seasons, with the
exception of winter: leaf that have similar values than that of
autumn: leaf (Fig. 7a). For L. chilense the CA1 (71.89%) separates
between the organs while CA2 (23.90%) separates autumn roots
from all the other groups (Fig. 7b).
3.6.3. Extraction and isolation of polyphenols by HPLC-MS
Leaf samples of two contrasting seasons were selected for each

species: autumn (dry season) and spring (wet season). Table 1
summarize the different molecules identify in these samples. In
L. divaricata were found, as different molecules from the extract of
the wet season, procyanidin dimer B1, kaempferol conjugated with
sugar (see Fig. S1 in Supporting Information) and dihydrobenzoic
acid under the dry season. Non-flavonoids were gallic acid and
oleuropein, while the flavonoids were nobiletin, quercetin,
kaempferol, epicatechin and catechin (the last two being part of the
procyanidin dimer B1 structure). In L. chilensewere found different
flavonoids (quercetin and luteolin) and non-flavonoids (scopoletin,
resveratrol and oleuropein), some of them conjugated with sugars,
under the dry season. During the wet season only oleuropein was
detected (see Fig. S2 in Supporting Information).
Fig. 7. Linear Discriminant analysis (LDA) of a) L. divaricata and b) L. chilense. The
combination of categories is season and tissue. Leaf and root in autumn (Aut), winter
(Win), spring (Spr) and summer (Sum). Canonic axis 1 (CA1) vs. canonic axis 2 (CA2).
3.6.4. Antioxidant capacity of phenolic extract for HPLC-MS and
relationship between antioxidant capacity and reactive groups of
polyphenols

The antioxidant capacity of the H2O/MeOH extract study by
HPLC-MS is showed in Fig. 8. In L. divaricata extract were not found
differences between the two seasons analyzed. Comparing the
different compounds (Table 1a) and their chemical structure
(supplementary data), the presence of dihydrobenzoic acid, pro-
cyanidin dymer B1 and kaempferol-3-o-glucosyl-rhamnosyl-
glucoside enhance the amount of reactive groups (OH�), which
posses high antioxidant capacity, however, these differences were
not detected by the DPPH assay.

L. chilense had a higher antioxidant capacity under the dry
seasons. Comparing the phenolic compounds (Table 1b) a higher
amount of flavonoids under drought conditions was found, with a
5-fold increase in the amount of hydroxyl groups (supplementary
data).

4. Discussion

The Patagonian shrub lands are semi-arid regions with daily and
seasonal temperature variations and with seasonal rainfalls not
exceeding 200 mm per year, generally concentrated in winter and/
or spring (Cabrera, 1976). The results obtained in this study indicate
that during the sampling period along the year, rainfalls were
concentrated in spring, and the highest average temperatures
occurred in spring and summer. This could affect the soil water
availability producing high rates of evapotranspiration. Spring was
the seasonwith the highest water availability as shown by the SWC
values. These results could be interpreted according to Grayson
et al. (1997) who determined different states in spatial soil mois-
ture patterns. The state taken as local control (predominant in
semi-arid region) establishes that in periods when evapotranspi-
ration continually exceeds precipitation, the soil moisture pattern is
influenced by temporary elevation of soil water content following
rainfalls. This establishment could also explain the results obtained
in SWC in winter, due to rainfall occurrence in the days before to
sample collection, indicating that water infiltration into greater
depth had not yet occurred.

Reddy et al. (2003) proposed that drought resistant species
typically show small decreases in RWC due to osmotic adjustment
as a tolerance mechanism that allows the maintenance of a positive
turgor potential during the stress period. Our results showed that
RWC in leaves and roots of L. divaricata had no significant differ-
ences between seasons, being in a range of 52 and 75%. These re-
sults support the idea proposed by Reddy et al. (2003) suggesting
that this species would be well adapted to extreme environments
and display a tolerancemechanismwhich helps tomaintain normal
physiological parameters even during long period of stress. On the
contrary, due to the avoidance mechanism described for L. chilense,
the RWC in leaves were higher in summer (when leaves were
mature) than in spring. Otherwise, the RWC in roots did not change
along seasons, supporting the idea that L. chilense leaf loss is the
main avoidance mechanism, while roots maintain their physio-
logical activity during thewhole year. RWC values were between 40
and 60% for leaves and 20e40% for roots, showing that L. chilense is
a species with a partial xerophytic behavior adapted to a semi-arid
environment that uses an avoidance mechanism to survive.

Several experiments have shown that plants exposed to drought
stress produce higher concentration of phenolic compounds such
as total phenols (de Abreu and Mazzafera, 2005; Jaafar et al., 2012),
flavonoids (de Abreu and Mazzafera, 2005; Hern�andez et al., 2006)
and proanthocyanidins (Arteaga et al., 2005; Jaafar et al., 2012).
Specifically, evergreen desert shrubs may accumulate large
amounts of secondary compounds, including polyphenols (Carrera



Table 1
Phenolic compounds found by HPLC-MS in leaves of a) L. divaricata and b) L. chilense during autumn (dry season) and spring (wet season). ESI Scan (negative mode) molecules
from H2O/MeOH extract.

Molecule m/z value (negative mode)

a)
L. divaricata leaves Autumn

(dry season)
Dihydrobenzoic acid
Gallyc Acid (Galloyl ester)
Gallyc acid-3-O-Gallate
Nobiletin (3-methoxysinensetin)
Oleuropein
Quercetin-O-3-O-(600-acetyl-galactoside-7-O-rhamnoside)
Procyanidin dimer B1
Kaempferol 3-O-glucosyl-rhamnosyl-glucoside

154
170
323
401
540
650
577
751

Spring
(wet season)

Gallyc Acid (Galloyl ester)
Gallyc acid-3-O-Gallate
Nobiletin (3-methoxysinensetin)
Oleuropein
Quercetin-O-3-O-(600-acetyl-galactoside-7-O-rhamnoside)

170
323
401
540
650

b)
L. chilense leaves Autumn

(dry season)
Phenol group
Scopoletin
Resveratrol
Oleuropein-aglycone
Quercetin-3-O-acetyl rhamnoside
Luteolin-7-O-diglucuronide

96
190
227
378
489
637

Spring
(wet season)

Phenol group
Oleuropein-aglycone

96
378

Fig. 8. Antioxidant capacity of the phenolic extract for HPLC-MS assay in L. divaricata
leaves and L. chilense leaves in Humidity (spring) and drought (autumn). Seasons were
compared by one-way ANOVA for each species. Different letters indicate significant
differences between seasons according to Bonferroni test (P < 0.05).
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and Bertiller, 2010; Campanella and Bertiller, 2011), which could be
used as a strategy to tolerate drought (Westoby et al., 2002; Reddy
et al., 2004) due to their powerful antioxidant activity able to
control excessive ROS formation in tissues (Hatier and Gould, 2008;
Agati and Tattini, 2010). Hyder et al. (2002) showed that Larrea
tridentata (a native species of the semi-arid regions in North
America closely related to L. divaricata) contains several lignans,
flavonoids, condensed tannins, triterpenes, saponins and waxes. In
this study we found that L. divaricata had a higher production of
total phenols and flavonoids compared with L. chilense; the pro-
duction of these compounds was higher in leaves than in roots, and
their concentration was enhanced in autumn. The antioxidant ca-
pacity of the phenolic extracts (spectrophotometric assay) was also
higher in L. divaricata than in L. chilense, and increased approxi-
mately 95% from spring to autumn. The relationship between var-
iables was analyzed by univariate way: SLR (Simple Linear
Regression) and multivariate way PCA and LDA (Principal Compo-
nent Analysis and Linear Discriminant Analysis). As we expected
the SLR shows that L. divaricata had significant relationship be-
tween total phenols and antioxidant capacity, supporting the idea
that this evergreen shrub produces secondary metabolites that
function as non-enzymatic antioxidants in a mechanism to tolerate
drought stress naturally imposed by the arid environment
(Quideau et al., 2011; Gill and Tuteja, 2010). Only L. divaricata roots
had a significant relationship between MDA content and antioxi-
dant capacity and between MDA content and total phenols. When
roots sense drought-induced risk of oxidative stress, secondary
metabolites production increases in order to reinforce the enzy-
matic antioxidant mechanism to avoid cellular damage. On the
other hand, SLR of the variables measured in L. chilense had no
significant relationship between them; the differences between
this two species could be explained by the classification proposed
by Karabourniotis et al. (2014) in slow growing species like the
evergreen L. divaricata, and fast growing plants like the deciduous
L. chilense.

Palacio et al. (2012) reported the presence of two compounds in
L. divaricata leaves, quercetin and kaempferol (flavonols). Our
analysis showed that flavonols accumulation in L. divaricata was
higher in leaves than in roots, and that their production increased
in autumn (dry season) and spring. Flavonols may not only play an
antioxidant role in drought stress, but are also important com-
pounds for leaf tissues protection from UV absorption, thermal
damage and defense against herbivores and/or pathogens (Aerts
and Chapin, 2000; Souto et al., 2000; Gonz�alez-Rodríguez, 2004).

The lower polyphenol concentration in L. chilense and the lack of
correlation with the antioxidant capacity in leaves, suggest that the
production of secondary metabolites in this species is not a very
important trait in drought avoidance (Westoby et al., 2002; Reddy
et al., 2004). However, total phenols and flavonoids in roots had
positive correlation with the antioxidant capacity, which suggests
their importance for cellular structure protection from the damage
caused by ROS during long periods of drought (Surweswaran et al.,
2007; Krishnaiah et al., 2011).

Proanthocyanidins concentration was higher in roots than in
leaves in both species; however, a positive correlation with the
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antioxidant capacity was only found in L. divaricata leaves. Simi-
larly, Hyder et al. (2002) and Holechek et al. (1990) found higher
levels of proanthocyanidins in roots than in leaves of L. tridentata.
Taken together, these results suggest the possibility that high levels
of proanthocyanidins in roots could play an allelopathic role against
other plants species (Bais et al., 2002, 2003), insects (Thelen et al.,
2005) and/or microorganism (Li et al., 2010) instead of an antiox-
idant role. Additionally, it has been proposed that these compounds
may play a role in strengthening the cell walls under stressing
conditions (Field et al., 2006).

The isolation of specific polyphenols showed different patterns
among both species and even among the two seasons contrasted.
L. divaricata presented several flavonols, mostly bonded with
sugars. The bond between sugar and phenolic compounds increase
their solubility in the sap vacuole (Peshev et al., 2013), may be part
of the redox system (Bolouri-Moghaddam et al., 2010) and/or could
be involved as intermediaries of different biosynthetic pathways
(Karabourniotis et al., 2014).

As mentioned above, Palacio et al. (2012) identified two flavo-
noids in L. divaricata, quercetin and kaempferol. According to our
analysis, the flavonoids identified were also quercetin, kaempferol
and a novel compound, nobiletin, in its free form. The structure of
this molecule suggests a potential antioxidant capacity due to the
presence of several reactive groups (Kaur and Kapoor, 2001). The
presence of condensed tannins in L. divaricata during the dry sea-
son, specifically procyanidin dimer B1, could be related to the
structural role proposed for these compounds by giving structural
support by increasing cell wall rigidity and helping to this species to
deal with the drought season (Saraví Cisneros et al., 2013). The
levels of flavonoids identified in L. chilense were lower than in
L. divaricata, supporting the idea that L. chilense has an avoidance
mechanism to tolerate drought, with a deciduous behavior instead
of investing high amount of energy in these complex antioxidant
molecules. Independently of the season analyzed, a greater pro-
duction and accumulation of flavonoids in the evergreen species
than in the deciduous species contributes to the concept that fla-
vonoids have an important antioxidant role in native perennial
plants to cope with these adverse environments, mainly for pro-
tection of the photosynthetic apparatus (Tattini et al., 2005;
Heruiyot et al., 2007).
5. Conclusion

Native species of Patagonian shrublands can use different
mechanism to resist long periods of drought stress in order to
survive and coexist in the same habitat. In this study we showed
that accumulation of secondarymetabolites, specifically flavonoids,
is an important feature within the mechanisms employed by
xerophytic species to avoid oxidative damage, and could be used as
an indicator of drought tolerance.
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