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Interactive effects of drought and ultraviolet (UV) radiation on CO, assimilation rate and
accumulation of epidermal flavonols were studied in two herbs (Hypericum maculatum
and Rumex obtusifolius) and two grasses (Agrostis capillaris and Holcus mollis) under field
conditions of Beskydy Mts. The main objective of this study was to evaluate a protective
role of epidermal flavonols against drought stress. Experimental shelters were used to
manipulate amount of incident precipitation and UV radiation intensity for 12 weeks
(May-July). The light-saturated CO, assimilation rate (A __ ) and the content of epidermal
flavonols were regularly measured at intervals of 2-3 weeks during the entire period.
Drought-induced reduction of A__was enhanced by high UV intensity in R. obtusifolius,
whereas in other species UV radiation reduced a negative effect of drought. Generally,
drought increased flavonol content in leaves as compared to non-stressed plants.
Similarly, high UV intensities increased the flavonol content in control plants, but not
in drought-stressed ones. Regression analysis between the flavonol content and A
revealed a positive correlation especially for A. capillaris and R. obtusifolius. In both
species, a separation of these relationships was observed as the result of water availability.
Thus lower A, were observed at the same flavonol content in drought-stressed plants
when compared to control, well-watered counterparts. We conclude that UV-induced
accumulation of epidermal flavonols can alleviate negative impacts of summer drought
on photosynthesis, particularly in species with slower ontogeny like H. maculatum and
A. capillaris.

Keywords: Agrostis capillaris, CO, assimilation, drought stress, flavonols, grassland, Holcus mollis,
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Introduction extreme weather events on vegetation and eco-

Increasing frequency of extreme drought events ~ SYSt€m functioning are likely to be much stron-
is projected globally by macro-scale water bal- 8T than the cffects of changes in mean values of
ance models (Tao et al. 2003) and will likely ~temperature and precipitation (Easterling et al.
lead to a significant decrease in ecosystem pro-  2000). In addition, among the abiotic stressors,
ductivity and ecosystem functions. Even under drought and increased intensities of ultraviolet
relatively well-watered conditions an uneven (UV) radiation, and also their mutual interac-
distribution of rainfall during the growing sea- tive effects have received much more attention,
son reduces ecosystem productivity on average  because of their potential to impair many plant
by 10-15% (Hlavinka et al. 2009). The effects of  species (Agrawal et al. 2009).
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Plants have developed a number of adapta-
tion and acclimation mechanisms to cope with
drought episodes. One of the most important
mechanisms of acclimation is an accumulation
of compounds that increase antioxidant ca-
pacity and play a role in detoxification of reac-
tive oxygen species frequently forming under
droughtstress. These compoundsinclude either
non-enzymatic (as flavonoids, carotenoids, to-
copherols) or enzymatic constituents (Basu etal.
2010). Accumulation of antioxidants is mostly
controlled by light conditions, particularly UV
radiation intensity (Klem et al. 2015). Especially
the group of flavonoids, which is preferentially
localized in epidermal cells of leaves, play an
important role in protection of photosynthetic
apparatus against an excessive UV radiation (e.g.
Meijkamp et al. 1999). Because such protective
mechanisms play an adaptive role in a drought
stress regulation (Gitz and Liu-Gitz 2003) as well
as an attenuation of UV radiation (Ibanez et al.
2008), interactive effects of UV and drought in
plants are assumed (Cechin et al. 2008). How-
ever, the interactive responses to drought and
UV radiation are still not well understood as the
reported interactions range from antagonistic to
synergistic (Mittler 2006). For example, a com-
bination of drought and high UV intensities
resulted in an alleviation of negative effect of
drought on photosynthesis and transpiration in
sunflower plants (Cechin etal. 2008). Alexieva et
al. (2001) concluded that both stresses act syner-
gistically to induce biosynthesis of antioxidant
compounds. In contrast, Ren et al. (2007) found
additive effects of drought and UV radiation in
poplar species. Although these interactions
were species specific, higher tolerance to both
drought and enhanced UV was found in species
originating from high altitudes. Some findings
attribute the primary role for flavonoid induc-
tion to UV (Balakumar et al. 1993), whereas
other results suggest an interaction with water
stress (Nogués et al. 1998). Besides the accumu-
lation of flavonoids, combined effect of drought
stress and UV radiation can also exhibit another
mechanisms of interactions as for example
through accumulation of osmoregulator pro-
line (Shetty et al. 2002), or production of dehy-
drin proteins (Schmidt et al. 2000), which may
both contribute to increased drought tolerance.

Since drought and UV radiation induce
similar protective mechanisms, we tested the
hypothesis that UV radiation moderates the

negative effects of drought on photosynthesis.
In particular, attention was paid to the protective
role of epidermal flavonols, a class of flavonoids
that have the 3-hydroxyflavone backbone. The
hypothesis was tested under natural conditions
of a mountain grassland ecosystem.

Materials and Methods

The manipulation experiment evaluating com-
bined effects of drought and UV radiation was
conducted in 2011 within the grassland eco-
system (association Molinio-Arrhenatheretea, class
Polygono-Trisetion) at the experimental site Bily
K¥iz, Moravian-Silesian Beskydy Mts. (49°30” N,
18°32" E, 890 m a.s.l.). The mean long-term an-
nual temperature and precipitation are 6.8 °C
and 1312 mm, respectively. The geological bed-
rock is formed by Spodo-dystric cambisol on
Flysch Godulian sandstone. The grassland is
regularly cut once per growing season.

Six experimental shelters (dimension 3 x 2 m)
were used for the manipulation of incident UV
radiation intensity and amount of precipita-
tions. Shelters were formed by plastic lamellas
enabling a penetration of natural precipitations
(control treatment) or their exclusion (drought
treatment). The lamellas (thickness of 3 mm)
were made from two types of acrylic material
(Quinn Plastics, Enniskillen, UK). The first type
(UVT Solar) transmitted more than 90% of inci-
dent UV-A and UV-B radiation (UV+ treatment),
whereas the second one (Quinn XT) filtered
UV-B radiation and a large part of UV-A (UV-
treatment). Thus 4 treatments were maintained:
[UV=; Control], [UV-; Drought], [UV+; Control],
and [UV+; Drought]. All treatments were ap-
plied for 12 weeks starting at May 5. Volumetric
soil water content, estimated regularly by a Thet-
aProbe ML2x (Delta-T Devices, Cambridge, UK)
atadepth of 15 cm, was reduced at the end of ex-
periment to approximately 36 % at drought plots
as compared to control ones (Table 1).

Changes in accumulation of UV-screening
compounds (flavonols) and CO, assimilation
rate were studied in two grasses (Agrostis capillaris
L. and Holcus mollis L.) and two herbs (Hypericum
maculatum Crantz and Rumex obtusifolius L.). In
situ measurements were done four times dur-
ing the drought period at intervals of 2-3 weeks
(May 24, June 13, July 7, and July 28). All mea-
surements were done on intact, sun exposed
leaves between 10:00 AM and 2:00 PM (Central
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Table 1: The means and standard deviations of volumetric soil moisture (%vol.) in drought stress and control plots

at four measurement dates in 2011 (n=3).

Date [UV-; Control], [UV+; Control], [UV-; Drought] [UV+; Drought]
May 24 53.7+1.3 54.6+0.9 25.8+2.5 23.4+8.7
June 13 50.8+1.2 52.4+1.3 24.0+1.8 20.9+8.5
July7 52.2+1.2 53.7+1.5 20.7+0.5 16.8+8.9
July 28 54.4+2.0 55.4+1.8 20.7+0.4 17.1+9.2

European Time) to minimize the effect of diur-
nal cycle. Light-saturated rates of CO, assimila-
tion (A )were determined under ambient CO,
concentration (385 + 5 pmol mol™') and constant
microclimatic conditions (leaf temperature: 25
+ 1°C, relative humidity: 55 + 3%) using a Li-
6400XT gas exchange system (Li-Cor, Lincoln,
NE, USA). Constant saturating irradiance (1200
pmol m=2 s-') was provided by LED light source
Li-6400-02B (Li-Cor, USA). Flavonol content
was determined in vivo by the method of epider-
mal screening of chlorophyll fluorescence using
a Dualex 4 Flav (Force-A, Orsay Cedex, F).

Before the analysis of variance (ANOVA), the
normality of data for individual parameters was
tested using Kolmogorov-Smirnov test. A three-
way fixed-effect ANOVA model was used for the
general analysis of drought stress, UV radiation
and date of measurement effects separately for
each species. To compare the means a Fisher’s
LSD post-hoc (p < 0.05) test was used. Pearson's
coefficient of determination (R?) was calculated
to evaluate the power of relationships between
flavonol content and A . All statistical tests
were done using a Statistica 12 software (Stat-
Soft, Tulsa, OK, USA).

Results and Discussion

CO, assimilation rate
Light-saturated CO, assimilation rate (A,

ma)
showed distinct dynamics during drought
period for different species (Fig. 1). Whereas
gradual decrease of A was found in R. obtu-
sifolius and H. mollis, a peak type dynamics was
found in H. maculatum and A. capillaris. This peak
was observed in A. capillaris earlier during the
drought period as compared with H. maculatum.
This dynamics was, however, similar for both
control and drought stress treatments. Different
dynamics in A___is thus probably not related to
drought or UV treatment but it is mostly given
by plant ontogeny. The later peak of A__in A.

max

capillaris and particularly in H. maculatum means
slower development as compared to another
two species. Similar pattern of photosynthetic
performance with leaf age was found e.g. by
Jurik et al. (1979) in Fragaria virginiana, where
maximum photosynthetic capacity coincided
with the completion of leaf blade expansion and
declined quickly thereafter.

Drought stress reduced A, __in most species,
but notin H.mollis. The effect of water deficit was
more pronounced in the second and third date
of measurement after drought stress initiation.
However, the differences between drought-
stressed and control plants decreased at the end
of experimental period. It is attributed to an ad-
vanced senescence (reviewed by Munné-Bosch
and Alegre 2004). Senescence reduced A also
in control plants and the effect of drought was
thus likely masked and led to a convergence
of photosynthetic performance in drought-
stressed and well-watered plants. Earlier senes-
cence induced by drought may resultin areallo-
cation of nutrients to younger leaves keeping
thus a photosynthetic performance for longer
time (Ono et al. 2001). This mechanism can also
contribute to decreasing differences between
drought stress and control plants.

In addition, the effect of drought stress on
A, is modulated by UV radiation. While in R.
obtusifolius was higher effect of drought on A___
observed under UV+ than UV- treatment, the
negative drought effect was substantially re-
duced under UV+ treatment in H. maculatum and
A. capillaris. These two species also show shifted
maximum of A__ to alater period as compared
to R. obtusifolius and H. mollis. Acclimation to UV
radiation during an early plant development
(aperiod of A rise) can probably induce pro-
tective mechanisms against drought, whereas
such UV effect is relatively minor in fully devel-
oped leaves (aperiod of A decline). Also Win-
kel et al. (2001) documented an important role
of ontogeny in response of Pennisetum glancum
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Fig. 1: The effect of drought and UV radiation on light-saturated CO, assimilation rate (A,

mux)

in four mountain grassland

species. Means (points) and standard deviations (error bars) are presented (n = 3). Different letters denote statistically
significant differences (p < 0.05) between treatments (within individual species) using Fisher’s LSD post-hoc test.
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(pear] millet) to drought. Under pre-anthesis,
stomatal regulation plays a major role in ac-
climation to drought, but this mechanism be-
comes negligible after anthesis. They also found
that leaf senescence after anthesis is not drought
dependent.

Noticeably, drought treatment led to an in-
crease of A__in H. mollis, particularly at the be-
ginning of the vegetation season. This positive
effect persisted under UV- conditions over the
whole period investigated. Tt means that slight
water deficit increased CO, assimilation capac-
ity in rhizomatous H. mollis. Similarly, Xu and
Zhou (2011) found higher resistance of pho-
tosynthetic capacity to drought in perennial
rhizome grass Leymus chinensis than in perennial
bunch Stipa grandis. Also Liancourt et al. (2005)
reported high species differences in response
to drought treatment in grassland ecosystem.
These differences were mainly linked to a com-
petitive ability of species. Species with a high
competitive ability respond usually much stron-
ger to water deficit and create thus a space for
species with a low competitive ability.

Accumulation of epidermal flavonols

Epidermal flavonols declined over the vegeta-
tion season in R. obtusifolius and H. mollis under
ambient precipitation (control; Fig. 2). This de-
cline was more pronounced under UV- than
UV+ treatment. Epidermal flavonols remained
unchanged or slightly increased during the
studied period under drought stress. Such dis-
tinct dynamics of epidermal flavonols led to
a substantial differences between control and
drought-stressed plants at the end of the period
studied, particularly under UV- treatment. Sim-
ilar effect of drought on accumulation of epider-
mal flavonols was found in H. maculatum and A.
capillaris; however, the dynamics of changes were
much lower and differences between control
and drought-stressed plants were less obvious.
Noticeably, A. capillaris had the lowest amount of
epidermal flavonols, whereas H. maculatum had
the highest one. Tattini et al. (2004) found that
drought increased the amount of polyphenols
per unit of assimilated CO,, but polyphenols
decreased in total, particularly under high ra-
diation intensities. Other studies have found
even an increase of total flavonoid amount in-
duced by drought and this accumulation was
substantially higher in drought-tolerant than
drought-sensitive genotypes (Ma et al. 2014). In

agreement with our hypothesis, Nakabayashi et
al. (2014) demonstrated that over-accumulation
of flavonoids in Arabidopsis thaliana mutants
improved drought tolerance and reduced oxi-
dative damage of plants. Accumulation of flavo-
noids thus appears as one of the most important
acclimation mechanisms under drought stress.

Relationships between epidermal flavonols
and CO, assimilation

To analyse the role of epidermal flavonols in
an alleviation of drought stress effect on A__,
the relationships between these traits were
evaluated separately for each species and wa-
ter regime (Fig. 3). No significant relationships
(p > 0.05) were found in H. maculatum. This spe-
cies had generally high values of epidermal
flavonols even under low UV intensities and
sufficient water availability. Such a high consti-
tutive accumulation of flavonols was likely the
main reason for no relationships to A in H.
maculatum.

Similar pattern of the relationships between
epidermal flavonols and A was found in H.
mollis and R. obtusifolius. Significant relation-
ships were found in control plants, but this was
not a case in drought-stressed ones. High vari-
ability in A, under drought stress indicates
an involvement of a wide spectrum of other
protective mechanisms. These are particularly
stomatal and mesophyll resistances reducing
water vapour transpiration from leaves or bio-
chemical acclimations such as alterations in
photophosphorylation, synthesis/translocation
of plant hormones or an accumulation of osmo-
protectans (reviewed by Chaves et al. 2003).

On the other hand, significant relation-
ships were found in both control and drought-
stressed A. capillaris plants. However, these
relationships were substantially distinct. At the
same amount of flavonols, A__ was lower under
drought stress as compared with control treat-
ment. These differences are probably given by
stomatal limitation of CO, assimilation, whereas
the relationship to epidermal flavonols is likely
based on biochemical limitation. These data
support the hypothesis that flavonoids contrib-
ute to an antioxidant capacity of plants against
an excessive irradiance (particularly UV) and
drought stress (Tattini et al. 2004). For example,
Nogués et al. (1998) found that UV radiation de-
layed and reduced the severity of drought stress
through reductions in plant water-loss rates,
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stomatal conductance, and leaf area. Alexieva
et al. (2001) reported in pea as well as wheat
plants that UV and drought stress may induce
adaptations reducing plant damages caused
by the other factor. Likewise, Gitz et al. (2005)
showed that some soybean cultivars respond to
enhanced UV intensities by increasing water use
efficiency associated with changes in stomatal
development and functioning.

Conclusions

Drought stress reduced CO, assimilation rate,
however, the magnitude of this reduction de-
pends on species and UV intensity. In agreement
with our hypothesis, UV+ treatment reduced
a negative cffect of drought on A___in H. macu-
latum and A. capillaris, but not in R. obtusifolius.
Noticeably, temporal stimulation of A by

max

drought was observed in rhizomatous H. mollis
at the beginning of drought stress period.
Drought stimulated an accumulation of
epidermal flavonols in all species studied ir-
respective of UV treatment. At the end of the
experiment, the highest flavonol contents were
observed in plants grown under high UV and
drought conditions demonstrating thus an ad-
ditive interaction between these factors. Inter-
active effects of drought and UV radiation were
most evident in R. obtusifolius and H. mollis.
Relationships between epidermal flavonol
content and CO, assimilation rate revealed
a partial protective role of flavonols, particularly
in A. capillaris and R. obtusifolius. Distinct relation-
ships for control and drought-stressed plants
documents, however, a minor effect of epider-
mal flavonols on protection of photosynthetic
apparatus as compared to stomatal regulation.
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