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In order to understand if differences in light conditions can affect responses of a clonal plant spe-
cies to increased soil salinity, the long-term effect of two substrate concentrations of NaCl on leaf
growth, clonal plasticity and oxidative enzyme (peroxidase and polyphenol oxidase) activity in
Hydrocotyle vulgaris L. plants grown at low, moderate and high light conditions was studied. H.
vulgaris appeared to be a shade-tolerant species, since both leaf blade and petiole growth was
inhibited at low light intensity. At low light intensity, H. vulgaris plants represented characteristics
of halophytes with significant stimulation of leaf blade and petiole growth by NaCl, especially at
low concentration. Secondary clonal growth was stimulated by increased salinity in low light and,
for 25 mM NaCl treatment, even in moderate light. There was more than a five-fold increase of
peroxidase activity by 100 mM NaCl treatment in high light conditions, in comparison to two-fold
and four-fold increase in low and moderate light, respectively. The existence of different endoge-
nous control mechanisms during H. vulgaris response to light and NaCl at the level of leaf growth,
clonal growth and oxidative metabolism could be proposed. The possible ecological meaning of
the presented results is discussed in detalil.
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INTRODUCTION

In coastal wetlands, fluctuating soil salinity is one of the
most important environmental factors affecting plant
growth and survival (Packham and Willis, 1997). Along
with salinity, competitive processes, i.e. competition for
light, is especially important for plant survival in extremely
heterogeneous habitats such as salt marshes (Ungar, 1998).
In this respect, one of the most intriguing questions is if
light quantity and/or quality can affect plant response to in-
creased soil salinity.

Physiological response of coastal wetland plants to salinity
at different light levels has been studied recently with a
number of species. However, contradictory data on the pos-
sible effect of light on salinity responses have been ob-
tained. For example, salinity and light interactively affected
growth of mangrove seedlings (Lépez-Hoffman et al.,
2007) in a manner that growth increase by light availability
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was more at low than high salinity. Interaction between
light and salinity affecting overall performance of a salt
marsh plant Aster laurentianus was strictly additive with no
significant interaction between the factors (Reynolds et al.,
2001). However, synergistic suppressive effects of salinity
and high light on photosynthesis of Mesembryanthemum
crystallinum (Broetto et al., 2007) and mangrove seedlings
(Rochelle, 2005) have been reported. In contrast, high salin-
ity had more severe consequences on growth at low light in
comparison to those in high light for salt marsh grass Spar-
tina alterniflora (Longstreth and Strain, 1977). However, no
studies so far have described light-salinity interactions in a
shade-tolerant species.

Plants with clonal growth forms are widespread in aquatic
environments, including coastal areas (Santamaria, 2002;
Sosnova et al., 2010). Clonal plants are acknowledged as
important models for understanding ecosystem functioning
(Cornelissen et al., 2014). Several studies so far have fo-
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cused on salinity effects on clonal plants (Rogers and West,
1993; Van Zandt et al., 2003; Richards et al., 2004). While
it is well known that clonal growth characteristics are
strongly affected by light intensity and quality (Dong, 1995;
Liu et al., 2007), there is no information available on the ef-
fect of salinity on growth of clonal plants at different light
levels.

Hydrocotyle represents a cosmopolitan genus of approxi-
mately 130 perennial clonal plant species mostly distributed
in moist habitats. In studies on various aspects of ecophysi-
ology in Hydrocotyle species, it was concluded that envi-
ronmental changes result in a high morphological plasticity
of plants (Peterson and Chesson, 2002; Knight and Miller,
2004; Dawe and Reekie, 2007). In particular, Hydrocotyle
vulgaris L. was described as a species being able to occupy
a wide ecological amplitude due to high adaptability and
phenotypic plasticity (Miao et al., 2011).

In the present study H. vulgaris was used as a model spe-
cies. In contrast to Dong (1995), who described H. vulgaris
as growing exclusively in open habitats, in the Baltic region
H. vulgaris has characteristics of a putative shade tolerant
species growing both under trees and in wet coastal grass-
land. In the coastal area of the Baltic Sea, H. vulgaris plants
are present in habitats with seawater inundation-dependent
relatively moderate fluctuations of soil salinity within a sea-
son, with soil electrical conductivity ranging from 0.71 to
12.80 dS:m™, and a wide range of light conditions (from
deep tree canopy shade to full sun; Ievinsh et al., unpub-
lished data). Therefore, it can be expected that both fluctuat-
ing salinity and light conditions affect growth and develop-
ment of H. vulgaris in natural conditions.

Increased salinity induces various biochemical responses of
possible adaptive character in plant tissues. Among them,
changes in oxidative metabolism are generally well known
(Shevyakova et al., 2006; Gapinska et al., 2008; Muchate et
al., 2016). The aim of the present experiments was to study
the long-term NaCl effect on morphological plasticity and
oxidative enzyme (peroxidase and polyphenol oxidase) ac-
tivity in H. vulgaris plants grown at different light condi-
tions. Peroxidase and polyphenoloxidase activity was used
as an indicator of NaCl-induced changes of oxidative me-
tabolism that possibly reflect biochemical plasticity of H.
vulgaris plants. It was hypothesised that (i) H. vulgaris has
the characteristics of a shade-tolerant species; (ii) effect of
NaCl treatment depends on light conditions; and (iii) inter-
action between light and NaCl differentially affect leaf
growth, clonal growth, and oxidative metabolism.

MATERIALS AND METHODS

Plant material and treatments. Stock plant material was
introduced in culture from one genet of naturally growing
Hydrocotyle vulgaris L. plants during summer and main-
tained in controlled conditions. For experiments, plants
were propagated in the laboratory during early spring and
represented a genetically identical clonal material. The ex-
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periment was started at the beginning of May. As starting
material, five small plants with three ramets each were
planted in a 30 x 40 cm plastic trays filled with commercial
neutralised peat with mineral nutrients (NPK 14-16-18).

Four light regimes were used in the experiments: first, low
light provided by one fluorescent lamp with a photon flux
density of 45 pmol~m72-sf1 at the plant level; second, simu-
lated canopy shade provided by three fluorescent lamps
through a green plastic filter, with a photon flux density of
45 pmol~m72-s71 at the plant level (indicated as 45 F); third,
moderate light with a photon flux density of 120
umol-m72-sfl at the plant level provided by the same three
fluorescent lamps; and fourth, natural daylight in a green-
house with a photon flux density of 600-800 pmol-mfzsfl
at the plant level. For low and moderate light treatments, a
photoperiod of 16/8 h of light/dark was used. Plants for the
first three light regimes were cultivated in the laboratory in
a growth cabinet with day/night temperature of 23/188 °C,
air humidity 70%. Plants for the natural daylight regime
were grown in a glass greenhouse with supplemented night
heating, average day/night temperature was 25/15 °C.
Plants were watered three times a week with deionised wa-
ter.

Plants were allowed to grow for two weeks after planting.
Then, the NaCl concentration in the substrate was increased
gradually during a week using watering solution with in-
creasing NaCl concentration (25 mM per day). After that,
plants were watered with 0, 25 or 100 mM NaCl twice a
week. For each treatment, five replicates (individual trays)
with five plants each were used.

Morphological measurements. Plants were harvested at
five weeks after the start of the NaCl treatment. Each genet
was carefully separated from the substrate, washed under
running water and clonal growth parameters were meas-
ured. Stolons formed on an initial mother plant during the
experiment were designated as primary stolons. Branching
of the primary stolons formed secondary stolons. Petiole
length, fresh mass and leaf blade diameter and fresh mass
were measured for fully-grown leaves on ramets formed on
a primary stolon. For each of five biological replicates per
treatment, 30 to 50 leaf measurements were performed.

For analysis of specific leaf area, 30 leaf blades were dried
at 70 °C until constant weight. Specific leaf area was calcu-
lated as the ratio between leaf area and leaf dry mass.

Nat analysis. Plant tissues were dried in an oven (60 °C),
weighed and ground into a fine powder using a ball mill.
The samples were dry-ashed in concentrated HNO5 vapour
and redissolved in HCI solution (HCI : deionized water 3 :
100, v/v) and analysed for Na concentration. Substrate sam-
ples for Na analysis were air-dried and sieved through a
metal sieve (2-mm mesh size). Samples were extracted with
1 mM HCl in a 1:5 soil to extractant volume ratio. Na* was
measured by a flame photometer PFP7 (Jenwey) with an
air-propane/butane flame. Five replicates per treatment were
analysed.
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Enzyme analysis. For measurement of enzyme activities,
leaf blades and leaf petioles were rinsed with deionised wa-
ter, frozen in liquid nitrogen and stored at —80 °C until
analysis. For extraction of enzymes, leaf tissues were
ground in liquid nitrogen and extracted with 25 mM HEPES
(pH 7.2) containing 1 mM EDTA and 3% insoluble poly-
vinylpolypyrrolidone for 15 min at 4 °C. The homogenate
was filtered through nylon cloth and centrifuged at 15 000
g, for 15 min. Guaiacol peroxidase (EC 1.11.1.7) activity
was determined in a reaction mixture (3 ml containing 0.05
M potassium phosphate (pH 7.0), 15 mM guaiacol, 0.03
mM hydrogen peroxide, and 20 pl of the enzyme extract.
The activity was determined by monitoring the increase in
absorbance at 470 nm following tetraguaiacol formation
(Maehly and Chance, 1954) and expressed as increase of
absorbance in 1 min per 1 g fresh mass. Diphenolase (EC
1.10.3.2) activity of polyphenol oxidase was measured ac-
cording to Gauillard et al. (1993). The reaction mixture (3
ml) contained 25 mM pyrocatechol in 0.1 mM potassium
phosphate (pH 6.5) and 10 pl of the enzyme extract. The in-
crease in absorbance at 410 nm was monitored and activity
was expressed as increase of absorbance in 1 min per 1 g
fresh mass. For enzyme measurement, one pooled sample of
either leaf blades or petioles per biological replicate (five in
total per treatment) was analysed.

Data analysis. Separate parallel experiments with respec-
tive controls were performed for H. vulgaris in laboratory
(low and moderate light treatments) and in greenhouse con-
ditions (high light treatment). Significant differences be-
tween the parameters at all treatments were determined at
p < 0.05 by a Tukey—Cramer test.

RESULTS

Watering of H. vulgaris plants with increased NaCl concen-
tration in watering solution led to accumulation of excess
Na* in the substrate (Table 1). Tissue concentrations of Na*
increased in parallel with increase in substrate Na* indicat-
ing uptake of ions. The increase in Na* was more pro-
nounced in leaf blade tissues as compared to leaf petiole tis-
sues. A significantly lower amount of Na* accumulated in
stolon tissues.

Light conditions significantly affected both leaf growth of
H. vulgaris as well as the effect of NaCl on the leaf growth.
Maximum leaf blade and leaf petiole growth of control
plants was evident at moderate light intensity (120
pmol-m_Z-s_l) (Figs. 1, 2). Leaf blade diameter and both
petiole length and fresh mass were si%nificantly lower at
high light intensity (600-800 pmol-m™ ~s_1), compared to
moderate light intensity. In control plants, specific leaf area
decreased with increase of light intensity (Fig. 1C). How-
ever, the difference was not statistically significant between
moderate and low light intensity (45 pmol-m_z-s_l).

The effect of 25 mM NaCl on leaf growth characteristics
gradually changed from stimulation to inhibition under in-
creasing light intensity from 45 to 600-800 pmol~m72-s71.
Higher NaCl concentration (100 mM) had no effect on leaf
growth at low light intensity, except for leaf petiole length,
which was stimulated by NaCl (Fig. 2A). Both at moderate
and high light intensities, 100 mM NaCl significantly inhib-
ited all aspects of leaf growth. Specific leaf area was not
significantly affected by NaCl treatment, except for a sig-

Table 1. Concentration of Na* in substrate and Hydrocotile vulgaris tissues at different NaCl treatments 5 weeks after the start of the experiment

NaCl (mM) Substrate Na* (mM) Leaf blade Na* (mmol-kg™)) Leaf petiole Na* (mmol I-.kg™)) Stolon Na* (mmol I-kg™)
0 5+0a 0.013 £ 0.001 a 0.017 £0.001 a 0.014 0.001 a
25 132+9b 0.099 = 0.005 b 0.059 +0.003 b 0.023 +0.001 b
100 341+ 14c¢ 0.157 £ 0.003 ¢ 0.104 = 0.004 ¢ 0.024 + 0.004 b

Plants were cultivated at 120 pmol Im2s™!

in a growth cabinet. Different letters indicate significant differences due to salinity treatment (p < 0.05)
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Fig. 1. Effect of NaCl treatment and light intensity on leaf blade diameter (A), leaf blade fresh mass (B) and specific leaf area (C) of Hydrocotyle vulgaris.
Plants were analysed 5 weeks after the start of the treatment with NaCl. Data are means +SE from 5 biological replicates with 30 to 50 measurements per rep-
licate. 45 (F) indicates light filtered through a green plastic filter. (¥), significant differences from control due to salinity treatment for a particular light treat-

ment (p < 0.05).

Proc. Latvian Acad. Sci., Section B, Vol. 74 (2020), No. 5.

337



140 T T
O control 025} O control 1
A & [ 25 mM NaCl B [ 25 mM NaCl
1201 B 100 mM Naci | W 100 mM NaCl
#
020f
=100 *
£ 5
£ @ 015
] . . . .
g £ Fig. 2. Effect of NaCl treatment and light intensity
f a0l % on leaf petiole length (A) and leaf petiole fresh
° B b0 mass (B) of Hydrocotyle vulgaris. Plants were ana-
2wl ™ lysed 5 weeks after the start of the treatment with
NaCl. Data are means +SE from 5 biological repli-
a0l L cates with 30 to 50 measurements per replicate. 45
(F) indicates light filtered through a green plastic
ol 0 filter. (*), significant differences from control due
# = to salinity treatment for a particular light treatment
45 45 (F) 120 600 - 800 45 45 (F) 120 600 - 80O linity f particular ligh
ight intensity (umol m™ s ight intensity (umol m™ s < 0.05).
Light i ity (umol m?2s™) Light i ity (umol m? s™) 0.05)
T 40 T 50 T T
(] Control [J Control [] Control
001 @ 25 mM NacI [ 25 mM NaCl B 25 mu Naci c
M 100 mM NaCl 35| W 100 mM NaCl W 100 mM Nacl
1200 %l L A0 & i
5 :
1000 £
E é & S| ;
\E—- 800 | 13 g
= Lo 18 *
=) 4 i o
c | T *
3w E 15 : g
o * E
400 | : =
10
200 |-
0 o U
45 45 (F) 120 600 - 800 45 45 (F) 120 600 - 800 45 45 (F) 120 600 - 800

Light intensity (umol m2sT)

Light intensity (umol m?sT)

Light intensity (umol m? s)

Fig. 3. Effect of NaCl treatment and light intensity on length of primary stolons (A), number of ramets on primary stolons (B), and internode length of pri-
mary stolons (C) of Hydrocotyle vulgaris. Plants were analysed 5 weeks after the start of the treatment with NaCl. Data are means +SE from 5 biological rep-
licates with 5 measurements per replicate. 45 (F) indicates light filtered through a green plastic filter. (*), significant differences from control due to salinity
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Fig. 4. Effect of NaCl treatment and light intensity on length of secondary stolons (A), number of ramets on secondary stolons (B), and internode length of
secondary stolons (C) of Hydrocotyle vulgaris. Plants were analysed 5 weeks after the start of the treatment with NaCl. Data are means +SE from 5 biological
replicates with 5 measurements per replicate. 45 (F) indicates light filtered through a green plastic filter. (*), significant differences from control due to salin-

ity treatment for a particular light treatment (p < 0.05).

nificant increase by 100 mM NaCl treatment at 120
pmol-m_2~s_1 (Fig. 1C).

Clonal characteristics of H. vulgaris were dramatically af-
fected by the light conditions (Figs. 3, 4). Both growth of
primary stolons and the number of primary ramets were sig-
nificantly inhibited at low light intensity in comparison to

338

moderate light (Fig. 3A, B). However, these parameters
were less affected by increase of light intensity from moder-
ate to high. In contrast, internode length of primary stolons
was relatively little increased by increase of light intensity
from low to moderate and even inhibited by further increase
to high intensity (Fig. 3C). Growth of secondary stolons and
development of secondary ramets on the stolons was gradu-
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ally stimulated by increase of light intensity from low to
moderate and further to high light. Internode length of sec-
ondary stolons also was increased by increasing light inten-
sity (Fig. 4C). However, the effect was not statistically sig-
nificant.

NaCl at 25 and 100 mM in low light conditions had rela-
tively small effect on primary growth characteristics, while
100 mM NaCl was inhibitory at both moderate and high
light intensity. However, the development of secondary sto-
lons and ramets was stimulated by 25 mM NaCl at low and
moderate light intensity. At moderate and high light inten-
sity, secondary development was significantly inhibited by
100 mM NaCl, while stimulation was evident at low light
intensity. Internode length of both primary and secondary
stolons was relatively less affected by light intensity and
was inhibited by NaCl at moderate and high light intensity
(Figs. 3C, 4C).

Leaf petiole tissues of H. vulgaris had relatively lower oxi-
dative enzyme activity than leaf blade tissues (Fig. 5, 6).
Oxidative enzyme activities in general were less affected by
light conditions than were morphological characteristics.
Moderate and high light suppressed peroxidase activity in
leaf blade tissues of control plants in comparison to low
light (Fig. 5A). In contrast, polyphenol oxidase activity was
stimulated by high light in the leaf blades (Fig. 6A). Treat-
ment with NaCl stimulated peroxidase activity both in leaf
blades and petioles (Fig. 5). The stimulative effect was es-
pecially pronounced in leaf petioles treated with 100 mM

05

NaCl at moderate and high light conditions. Polyphenol
oxidase activity was inhibited by 25 mM NaCl in leaf blade
tissue while the inhibitory effect of 100 mM NaCl was evi-
dent only in moderate and high light conditions (Fig. 6A).
In contrast, polyphenol oxidase in petiole tissues was sig-
nificantly stimulated at both NaCl concentrations in low
light conditions and only at 100 mM NaCl in moderate and
high light conditions (Fig. 6B).

DISCUSSION

In the present study, the following hypotheses were ad-
vanced: (i) H. vulgaris has the characteristics of a shade-
tolerant species; (ii) the effect of NaCl treatment depends on
light conditions; and (iii) interaction between light and
NaCl differentially affects leaf growth, clonal growth, and
oxidative metabolism. The results allow to confirm the hy-
potheses in general, but several aspects need to be discussed
in detail. Regarding limitations of the present study, besides
light, other cultivation conditions differed between high
light and other light conditions. In contrast to fully con-
trolled conditions in the latter, plants in the greenhouse ex-
hibited partially naturally variable temperature and humid-
ity, in addition to natural changes in light intensity.
Consequently, the differences found between these treat-
ments cannot be attributed only to differences in light inten-
sity.
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When characterising physiological responses of the model
plant, H. vulgaris, in respect to salinity and changes in light
intensity, it is evident that while growing in the wild on a
wide range of substrate salinity, H. vulgaris represents a
relatively salt tolerant species, as tissue ion status is tightly
regulated by preferential accumulation of Na* and CI” in
the leaf blade and petiole tissues with no increase of the ion
concentration in stolons (Karlsons et al., 2008). Evidently,
osmotic balance in stolon tissues is maintained by accumu-
lation of compatible osmolites, mostly proline, as described
also for other species (Ben Ahmed et al., 2008; Karlsons et
al., 2011). However, limited salinity tolerance of H. vul-
garis is illustrated by the fact that ion accumulation is
clearly saturable at moderate substrate NaCl level (4 g-lfl),
while an obligate halophyte Aster tripolium did not show
saturation even at 15 to 20 g~171 NaCl substrate concentra-
tion (Karlsons et al., 2008).

When glycophytic species are considered, initial growth in-
hibition by high salinity is related to direct osmotic effects
with little species-specific differences (Neumann, 1997).
The differences are expected to appear only after weeks or
months due to the direct effect of salt accumulated in tissues
at different concentrations. The effect of light and air hu-
midity on salinity tolerance was studied in glycophytic
Solanum tuberosum plants (Backhausen et al., 2005).
Higher transpiration rate in conditions of higher light inten-
sity or lower air humidity resulted in faster ion uptake and,
as a consequence, development of NaCl-dependent oxida-
tive stress in cells. Halophytic plants clearly do not have en-
dogenous NaCl concentration-dependent growth inhibition
because of NaCl sequestration in the vacuole. Conse-
quently, NaCl-dependent growth stimulation vs. growth in-
hibition mechanisms in halophytes are far from clear.
Stimulation of H. vulgaris growth in shade by low concen-
tration of NaCl could be similar to the growth stimulation
mechanism by NaCl characteristic of true halophytes. Con-
sequently, at low light intensity, H. vulgaris plants represent
characteristics of halophytes with significant stimulation of
leaf blade and petiole growth, especially, at low salinity.
Also, secondary clonal growth was stimulated by increased
salinity in low light and even moderate light (for 25 mM
NaCl) conditions. What might be a possible mechanism of
growth stimulation by low NaCl in low light conditions? A
tempting explanation could be involvement of biochemical
defence mechanisms relatively unaffected by changes in
light conditions, i.e. antioxidative system involving peroxi-
dase or polyphenol oxidase, which both were stimulated by
NaCl. As a result, protection of photosynthesis against os-
motic stress-dependent production of reactive oxygen spe-
cies may lead to higher photosynthetic productivity and/or
growth stimulation.

Light as an environmental factor had two main conse-
quences in the context of our experiments. Firstly, light
changed morphology and, to a lesser extent, biochemistry of
oxidative processes of control plants. Both leaf growth and
clonal growth was strongly affected by light conditions.
Clonal growth and especially secondary stolon formation
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were sensitive to low light. In contrast to shade-intolerant
species that show significant elongation of organs of verti-
cal axis in shaded conditions (Mommer et al., 2005), shade
tolerant species invest in increase of leaf photosynthetic
area (Gommers et al., 2013). In contrast to morphological
parameters, oxidative enzyme activity was less affected by
light intensity. Secondly, effect of NaCl on morphology and
biochemical parameters was light-dependent. Light/NaCl
interaction was especially pronounced at low salinity (25
mM NaCl).

Two typical strategies of herbaceous plants in respect to be-
haviour in low light conditions are known, representing
possible adaptive response of plants to decreased light in-
tensity — shade avoidance and shade tolerance. Shade-in-
duced elongation of petioles is a characteristic morphologi-
cal feature of shade avoiding species (Huber and
Wiggerman, 1997). In contrast, shade tolerant or shade ac-
climating species tend to have shorter petioles in conditions
of decreased light intensity in parallel with an increase in
specific leaf area (Reich ef al., 1998). However, it is shown
that the increase of specific leaf area in shaded conditions is
not necessary accompanied by a concomitant increase of
petiole length. Moreover, petiole length was shown to in-
crease due to shading only in one species of three in the ge-
nus Convolvulus, which was particularly adapted to open or
partially open sites, in spite of increased specific leaf area
for all of the tested species (Gonzalez and Gianoli, 2004).

The present results clearly characterise H. vulgaris as a
shade acclimating (shade tolerant) species, since both leaf
blade and petiole growth were inhibited at low light inten-
sity (Fig. 1A, 2A) and specific leaf area increased with de-
creased light intensity. This is in contradiction with pre-
vious studies with H. vulgaris, which showed a typical
shade-avoidance response of the species (Dong, 1995; Lee-
flang et al., 1998), as both homogenous shade and vertical
light gradient conditions induced significant petiole elonga-
tion. However, the area of leaf blades of H. vulgaris de-
creased in the shade, similar to our data. Also, in the present
experiment, some stimulation of leaf blade and petiole
growth was evident at moderate light intensity (120
umol-m™-s™!) when compared to high light (400600
pmol-m'2- s'l). The latter might be regarded as a moderate
light-induced shade avoidance response. Unfortunately, no
data on actual light intensity measurements were given by
Dong (1995) and Leeflang et al. (1998), therefore, it is diffi-
cult to compare these data with those of the present experi-
ments. In addition, petiole length of H. vulgaris was ex-
tremely small in the experiments of Dong (1995), ranging
from 1 cm (full light) to 5.5 cm (deep shade), as compared
to 8.3 and 12.4 cm in the present study, in low and moder-
ate light conditions, respectively. Besides, H. vulgaris has
an optimum net photosynthesis at 350 umol photons m2.s!
(Hussner and Losch, 2007), indicating most efficient photo-
synthetic productivity in moderately shaded conditions.

Most likely, the shade response of H. vulgaris (shade avoid-
ance vs. shade tolerance) depends on the genetic back-
ground, developmental stage of plants, seasonal factors etc.
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as it was shown that the two strategies are not necessarily
mutually exclusive (Smith, 1982). In the context of the
present experiments, it is convincing that not only light con-
ditions per se but rather the character of shade response
should be taken into the account when considering the ef-
fect of NaCl on plant performance in natural conditions.

High morphological and biochemical plasticity induced by
changes in light conditions and increased substrate salinity
were found in the present experiments. In respect to growth
characteristics, NaCl acted towards diminishing light-
dependent morphological changes. When low light resulted
in inhibition of growth, as seen for leaf blade diameter and
petiole length, low NaCl counteracted this effect. Moreover,
the effect of NaCl on oxidative metabolism was clearly
stimulative in both leaf blades and petioles for peroxidase
activity and in petioles for polyphenol oxidase activity.

Similar to our experiments, both low light and high salinity
reduced relative growth rate of the annual halophyte Aster
laurentianus (Reynolds et al., 2001). However, the effect of
both factors was strictly additive with no significant interac-
tion between them. In contrast to the present results, the
growth rate of a salt tolerant grass Distichlis spicata was
significantly reduced by high substrate salinity when grown
at low light (Kemp and Cunningham, 1981). However, sa-
linity had no effect on growth at high light.

Most importantly, light intensity synergistically affected
stimulative effect of NaCl on peroxidase activity in leaf
petiole tissues. There was more than a five-fold increase of
peroxidase activity by 100 mM NaCl treatment in high light
conditions, in comparison to two-fold and four-fold increase
in low and moderate light, respectively. This effect might be
explained by high light-induced formation of reactive oxy-
gen species, e.a., hydrogen peroxide in xylem tissues (Fryer
et al., 2003), which may be further increased under the ef-
fect of NaCl-dependent oxidative stress (Lin and Kao,
2002). Hydrogen peroxide in turn is a well-known inducer
of peroxidase activity at the level of appropriate gene ex-
pression and enzymatic protein synthesis (Lin and Kao
2002; Coego et al., 2005). However, the increase in peroxi-
dase activity by NaCl was not related to growth inhibition,
as it occurred also during NaCl-dependent growth stimula-
tion in low-light conditions.

As H. vulgaris grows in the wild in salt marshes with fluc-
tuating soil salinity level and in differentially illuminated
microsites, the possible ecological meaning of the presented
results should be discussed in more detail. Clonal growth of
H. vulgaris was extremely sensitive to changes in environ-
mental variables when compared to leaf growth. It is logical
to presume that the length of secondary and tertiary stolons
as well as the number of respective ramets, reflects branch-
ing intensity of the clonal plant. Increased branching due to
favourable conditions is a well-documented response of
clonal plants (Alpert, 1991; Evans, 1992; Evans and Cain,
1995). Secondary and tertiary clonal growth of Hydrocotyle
bonariensis was shown to be positively dependent on high
nitrogen content (Evans, 1988). In the present experiment,
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formation of secondary stolons was almost completely sup-
pressed by low light, while formation of primary stolons
was considerably less affected. Lower responsiveness of
primary clonal characteristics to decrease of light intensity
in comparison to secondary characteristics might be related
to the particular conditions of the experiment, e.g., that
plants were propagated from the initial material established
in moderate light affecting primary clonal growth within the
first weeks of the treatment. Variation in branch production
was described for H. bonariensis in conditions of a salt gra-
dient (Evans and Whitney, 1992). As it was found also in
the present experiment, internode length of clonal plants is
feature with low variability. Only changes of light quantity
and/or quality have been shown to affect internode length
(Evans, 1992). In addition, weak light led to increased inter-
node length in H. vulgaris (Dong, 1995).

More likely, responses of H. vulgaris to low light reflect a
physiological adaptation strategy to shade conditions. In
general, ramets of clonal plants survive in suboptimal mi-
crohabitats (i.e. high soil salinity) by connections to ramets
in more optimal conditions (Pennings and Callaway, 2000).
Physiological integration of clonal plants, together with for-
aging, is an adaptive feature in highly heterogeneous coastal
habitats. The largest leaves with the longest petioles having
high competitive ability due to a large photosynthetic area
and light availability were found for H. vulgaris plants in
moderate light conditions. However, in these conditions, the
number of both primary and secondary ramets and length of
secondary stolons was not maximal. Consequently, at high
light intensity, material is invested in clonal growth, allow-
ing exploration of microenvironment and effective foraging
for resources, while at moderate to low light intensity, leaf
growth is stimulated. Partially shaded microhabitats are
used by H. vulgaris plants to avoid competition with faster
growing shade avoiding species. When foraging ramets
reach more illuminated microhabitats, leaf growth is inhib-
ited due to investment in clonal growth. It has been shown
previously that small-scale heterogeneity in soil characteris-
tics affect habitat selection of clonal plants (Roiloa and
Retierto, 2006). This could be especially important in het-
erogeneous light environments, allowing some ramets of a
clone to be placed in shade to obtain mineral nutrients while
the connected ramets exploit neighbouring high light condi-
tions (Xiao et al., 2007).

When soil salinity temporarily increases due to soil inunda-
tion with sea water, relatively low NaCl in shaded micro-
habitats (as under tree canopies) stimulates leaf growth, al-
lowing for increased photosynthetic carbon fixation. In
better illuminated microhabitats (as under herbaceous vege-
tation) increased soil salinity leads to strong growth inhibi-
tion of less salinity-tolerant species; therefore, a relatively
minor decrease of petiole length of H. vulgaris does not re-
sult in significantly lower light availability. In contrast,
clonal growth of H. vulgaris in shaded places is not nega-
tively affected by NaCl, with secondary clonal growth even
being stimulated in low and moderate light conditions. In-
ability to resist against NaCl-dependent growth inhibition in
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high light conditions most probably was related to stimula-
tion of formation of reactive oxygen species by NaCl. In sa-
line soil conditions, osmotic disbalance in plant tissues has
been shown to lead to endogenous oxidative stress (Khan et
al., 2010) with reactive oxygen species directly participat-
ing in growth inhibition (Lin and Kao, 2001). In addition,
direct association between the enzymatic antioxidative sys-
tem and differential growth of plants due to salinity has
been demonstrated (Bernstein et al., 2010). Soil flooding is
another factor to consider when studying physiology of sa-
linity responses in salt marsh plants, as salinity tolerance is
greatly affected by soil water content (Rogers and West,
1993). Oxygen shortage in flooded soil conditions repre-
sents an additional stress factor with numerous effects on
redox metabolism and physiological functions (DeLaune et
al., 1987; Pezeshki, 2001).

While aspects of resource heterogeneity were not studied in
the present experiments, it is tempting to speculate that in
natural conditions H. vulgaris plants use high morphologi-
cal and biochemical plasticity to adapt locally to particular
light conditions and soil salinity. The existence of different
endogenous control mechanisms during H. vulgaris re-
sponse to light and NaCl at the level of leaf growth, clonal
growth and oxidative metabolism could be proposed. Also,
the particular effect of light vs. light-dependent effect of
NaCl possibly could be due to different mechanisms. Thus,
the growth-stimulative effect of NaCl in low-light condi-
tions did not depend on the degree of low-light induced
growth inhibition, clearly indicating the decoupling of regu-
lation mechanisms. To make the situation even more com-
plicated, also leaf blade and leaf petiole tissues of H.
vulgaris showed different light-dependent NaCl effect on
oxidative enzyme activity, with relatively low activity of
both enzymes in petioles, altogether pointing to concomi-
tant induction of different regulatory pathways in conditions
of high soil salinity.

In conclusion, H. vulgaris responded to changes in environ-
mental conditions (i.e. shade and increased substrate salin-
ity) by high morphological and biochemical plasticity. The
obtained results clearly show that the effect of increased
substrate salinity on morphological and biochemical charac-
teristics of plants should be analysed in respect to particular
light conditions. This could be especially important for a
shade tolerant species like H. vulgaris.
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GAISMAS APSTAKLI IETEKME NaCl-INDUCETAS FIZIOLOGISKAS ATBILDES REAKCIJAS KLONALAJAI AUGU SUGAI
HYDROCOTYLE VULGARIS

Lai saprastu, vai atSkirigas gaismas intensitates var ietekmét klonalas augu sugas atbildes reakcijas uz augsnes salumu, pétija divu NaCl
koncentraciju substrata ilglaicigu ietekmi uz lapu augSanu, klonalo plastiskumu un oksidativo enzimu aktivitati parastas vairoglapes
(Hydrocotyle vulgaris L.) augiem zemas, vidéjas un augstas gaismas intensitates apstaklos. H. vulgaris paradija €nas izturigas sugas
pazimes, jo gan lapu platpu, gan lapu katu augSanu inhib&ja zemas intensitates gaisma. Zema gaismas intensitaté H. vulgaris augi uzradija
halofitiem raksturigas ipasibas, kas izpaudas ka lapu platnes un lapu kata augSanas stimulacija NaCl ietekmé, it 1pasi zema koncentracija.
Palielinats salums veicinaja sekundaro klonalo augSanu zema gaisma un, 25 mM NaCl apstrades gadijuma, ari vidéja gaisma. Augstas
gaismas apstaklos noveéroja vairak ka pieckartigu NaCl inducétu peroksidazes aktivitates pieaugumu, salidzinot ar divkartigu un Cetrkartigu
pieaugumu atbilstosi zema un videja gaisma. Varétu domat, ka H. vulgaris reakcija uz gaismu un NaCl ir atkariga no dazadiem endogénas
kontroles mehanismiem lapu augSanas, klonalas augSanas un oksidativa metabolisma limeni. Sikak analiz€ta iegiito rezultatu iesp&jama
ekologiska nozime.
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