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Abstract

Both amphibious species, Myosotis scorpioides and Ranunculus trichophyllus, thrive in a stressful environment (alter-
nated flooding and drying), which is variable regarding water and radiation regimes. Plants from the field and plants
grown under controlled water table maintained at 40 cm were analysed for content of chlorophyll (Chl) and UV-B
screening compounds, and the efficiencies of PS2 and electron transport systems. We detected no significant differences
in contents of Chl and UV-B screening compounds between submerged and aerial leaves. The measurements of respira-
tory potential and photochemical efficiency revealed the presence of permanent stress in M. sgorpioides in the natural
environment. Differences in physiological responses of submerged and aerial leaves indicated that the terrestrial envi-
ronment was more favourable for M. scorpioides than for R. trichophyllus. Characteristics of both species suggested that
R. trichophyllus might be a phylogenetically older aquatic plant than M. scorpioides.

Additional key words: chlorophylls: electron transport system activity; fluctuating water level; fluorescence induction; leaf length;
photochemical etficiency of photosystem 2; stomata number; UV-B screening compounds.

Introduction

Aquatic and terrestrial environments differ in many pa-
rameters essential for plant survival. Terrestrial plants
have evolved structures such as cuticle and stomata,
which on one hand reduce the loss of water, but on the
other hand limit the uptake of carbon dioxide from the
air. The main factors limiting growth and development of
aquatic plants are variable irradiance, slow diffusion of
CO; (Frost-Christensen and Sand-Jensen 1992, Vadstrup
and Madsen 1996, Clevering et al. 1996), reduced supply
of oxygen (Bucher er al. 1996), absence of transpiration
as a driving force for water and nutrients (Madsen and
Breinholt 1995), wave action {(Clevering et al. 1996), and
non-stable sediment, particularly in streams (Sand-Jensen
et al. 1992, Barrat-Segretain and Amoros 1996).

The present paper deals with two amphibious fresh-
water dicotyledons — Ranunculus trichophyllus, exhibi-
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ting aquatic and terrestrial forms of leaves, and Myosotis
scorpioides that can survive in both media with slight
morphological changes. In a natural environment R. tri-
chophyllus usually prevails in the beds of streams, while
M. scorpioides is more or less equally distributed in the
bed and on the shore. Some data on biochemical and
physiological characteristics in M. scorpioides (Nielsen
1993, Albrecht et al. 1998, Albrecht and Biemelt 1998)
and biochemical and morphological characteristics of
R. trichophyllus (Webster 1991, Gluchoff-Fiasson et al.
1997, Dalla Vecchia ef al. 1999, Rascio et al. 1999) are
available, but there have been no coherent studies of the
physiological aspects of amphibious character in these
species. To get an insight into the survival strategy of
R. trichophylius and M. scorpioides in a stressful environ-
ment we monitored some biochemical, morphological,

Abbreviations: Chl ~ chlorophyll; ETS - electron transport system: F, — minimum fluorescence in the dark adapted leaf (all reaction
centres are open); F, — maximum fluorescence in the dark adapted leaf (all reaction centres are closed); F, — variable fluorescence
(F, =F, - Fg): F,. F.' — the same for the light-adapted leaves; F./F,, — optimal quantum yield of PS2; INT — iodo-nitro-tetrazolium-
chloride; PPFD — photosynthetic photon flux density; PS — photosystem.
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and physiological characteristics. Different authors have
pointed out the increased need for energy during stress
(Amthor 1995). Therefore special attention was paid to
energy demand and efficiency of energy conversion in
photosystem 2 (PS2) in different leaves. To estimate

Materials and methods

Plants: M. scorpioides L. [M. palustris (L.} Hill] belongs
to the Boraginaceae family. It is perennial with creeping
rhizomes. M. scorpioides flowers from May to August
(Martin¢i¢ et al. 1999) and grows on river and lake
shores. R. trichophyllus Chaix [Batrachium trichophyl-
lum (Chaix) van den Bosch] has branched stems with
leaves finely divided into tiny cylindrical segments. It
flowers from May to July (Martin¢i¢ et al. 1999) and
thrives in perennial or intermittent water bodies, ditches,
ponds, streams, and rivers. Semi-terrestrial and aquatic
genera of the Ranunculaceae family exhibit an extreme
degree of phenotypic plasticity in many morphological
characteristics (Dahlgren and Svensson 1994, Fiasson et
al. 1997). Hennion et al. (1994) reported that the plastic-
ity of the individual specimens depends on the degree and
frequency of submergence. R. trichophyllus has short
living generation, which renews very fast (Dahlgren and
Cronberg 1996).

Two groups of plants were used for analyses. One
group was sampled directly from natural environment.
Our sampling site was the riverbed and the shore of the
stream Lipsenji¢ica (45°45N, 14°20'E) in Notranjska,
Slovenia. Lipsenjs¢ica is moderately loaded with nutri-
ents. It is a tributary of the intermittent lake Cerknitko
jezero, where the water level fluctuates frequently. Plants
are subjected to both flooded and dry conditions during
the year. Another group was cultured under controlled
water table conditions maintained at 40 c¢m, and in regu-
larly watered soil. Plants from the natural environment
were transplanted into sediment from Lipsenji¢ica and
cultured in the Botanical Garden of the University of
Ljubljana (46°35°N, 14°55'E), Slovenia, one season prior
to the experiment. Aquatic specimens were put into per-
forated polyethylene pots, which were evenly distributed
in plastic containers of 30x75 cm, 45 cm high, filled with
water. The water table was maintained at the same level
during the experiment. Terrestrial specimens were
planted in clay pots, which were buried at ground level to
minimise soil temperature variation and desiccation
(Suilivan and Teramura 1992). They were watered regu-
larly. Plants were sampled every 2-4 weeks.

Morphological analyses: The counting and measuring of
trichomes, stomata, and cross sections of the leaves were
made with the computer program AnalySIS 3.0 (Soft
Imaging System, Miinster, Germany).

Chl: A weighed leaf was homogenised in 8 cm® of 90 %
(v/v) acetone and centrifuged (19 000xg, 3 min, 4 °C) in
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respiration potential we applied measurements of mito-
chondrial electron transport system (ETS) activity, which
express energy availability. On the other hand, measure-
ments of photochemical efficiency of PS2 have been
recognised as a stress indicator (Schreiber et al. 1995).

a top refrigerated ultracentrifuge (2K 15, Sigma, Osterode,
Germany). Absorbance was measured at 647, 664, and
750 nm with a UV/VIS Spectrometer System Lambda 12
(Perkin-Elmer, Norwalk, CT, USA). The amounts of Chl
were calculated per sample dry mass (DM), using ab-
sorption values as described by Jeffrey and Humphrey
(1975).

Methanol soluble UV-B screening compounds: UV-B
screening substances were extracted from fresh homo-
genised plant material with methanol : distilled water :
HCl = 79:20: 1 (v/v/v) according to Caldwell (1968).
After 20 min of incubation the samples were centrifuged
in a top refrigerated ultracentrifuge (1 600xg, 10 min,
10 °C). In samples from natural habitats, absorbance of
the supernatants was measured at 300 nm. The super-
natants of the samples from outdoor conditions were
scanned in the range of 280-320 nm at intervals of 1 nm
with the UV/VIS Spectrometer System. The absorbance
values were integrated and calculated per dry mass (DM)
of the sample.

Fluorescence measurements: The photochemical effi-
ciency of PS2 was measured using a fluorometer OS-500
(Opti-Sciences, Tyngsboro, MA, USA). The optimal
quantum yield, which is a measure of the efficiency of
energy conversion in PS2, was expressed as F./F,. For
dark adaptation, plants were kept in cuvettes for 15 min
before measurement at ambient temperature. Fluores-
cence was excited with a saturating beam of “white light”
(PPFD =8 000 pmol m™ s, 0.8 s). The effective quan-
tum yield of PS2 (yield) estimated the actual efficiency of
energy conversion in PS2. It was measured under satu-
rating irradiance (1 500-2 000 pmol m? s') at the pre-
vailing ambient temperature by providing a saturating
pulse of “white light” (PPFD = 9 000 pmol m? s, 0.8 s)
using a standard 60° angle clip. The effective quantum
yield of PS2 was defined as Y = (F,,' ~ Fo')/F,,' (Schreiber
et al. 1995).

Electron transport system (ETS) in mitochondria:
Respiratory potential was estimated via potential electron
transport system activity of mitochondria (ETS) as re-
ported in detail by Packard (1971) and modified by
Kenner and Ahmed (1975). Determination of ETS activ-
ity is based on reduction of the artificial electron acceptor
iodo-nitro-tetrazolium-chloride (INT) and on the spectro-
photometric measurement of formazan production rate,
which is directly related to oxygen consumption of the



COMPARISON OF AERIAL AND SUBMERGED LEAVES IN TWO AMPHIBIOUS SPECIES

investigated tissue. Weighed plant material was homoge-
nised in ice-cold homogenisation buffer and sonicated in
ultrasound homogeniser (2-3 min; 40 W, model 47]0,
Cole-Parmer, Vernon Hills, IL, USA). The homogenate
was then centrifuged (8 500xg, 4 min, 0 °C) in a top
refrigerated ultracentrifuge. Substrate solution and INT
were added to triplicates of the supernatant and incubated
at 20 °C for 40 min. After stopping the reaction with
stopping solution (formaldehyde and phosphoric acid,
1:1), the formazan absorption at 490 nm was deter-
mined. ETS activity was measured as a rate of INT

Results

No significant difference in the thickness of the leaves of
M. scorpioides in the two forms was obtained (Table 1).
The size and number of trichomes and size of stomata
were similar in the submerged and aerial leaves regard-
less of the side of the leaf (data not shown). The numbers
of stomata in the aerial and submerged leaves were not
significantly different. In R. trichophyllus, submerged
leaves were significantly longer than the aerial ones.
Stomata were found in terrestrial form on the adaxial side
of the leaves only (Table 1).

There were no significant differences in chlorophyll
(Chl) at+b contents between submerged and aerial leaves
of M. scorpioides and R. trichophyllus (Table 2). The
comparison of these species revealed lower Chl a+b
contents in the leaves of M. scorpioides than in
R. trichophyllus, regardless of the leaf form and the
cultivation. The amount of UV-B screening compounds
did not differ between submerged and aerial leaves in
either species. Comparison of the species revealed more
UV-B screening compounds in M. scorpioides than in

reduction, which was converted to the amount of oxygen
(Kenner and Ahmed 1975) utilised per DM unit of leaves
pers.

All analyses were made on the middle part of the first
fully developed leaf as proposed also by Tosserams and
Rozema (1996).

Statistical analyses: Measurements were carried out on 3
to 5 parallel samples. The significance of differences was
tested with F-test and two-way Student's r-test.

R. trichophyllus, regardless of the form (Table 2).

ETS activity was lowest in the winter period in
M. scorpioides, while seasonal dynamics were absent in
R. trichophyllus (Fig. 1). Comparison of submerged and
aerial leaves in M. scorpioides showed higher ETS activ-
ity in the former. The opposite was shown for
R. trichophyllus where higher demand for energy was
found in the aerial leaves in comparison to submerged
ones. ETS activity was higher in specimens of
M. scorpioides grown under variable natural conditions
than in plants from water-controlled conditions where the
water table was maintained constant during the experi-
ment. In R. trichophyllus the values of ETS activity were
similar for the plants from the two locations.

The values of F/F, and fluorescence yield were
lower in natural environment than in water table-con-
trolled conditions, except F,/F, in both forms of
R. trichophyllus (Fig. 2). Values of F/F,, and yield did
not differ between the studied species.

Table 1. Morphological characteristics of M. scorpioides and R. trichophyllus growing in natural environment. “statistically significant

difference (p < 0.05). Means + SD.

Species Parameter Side of leaf [ aquatica [ terrestris
M. scorpioides no. of stomata [mm™?]  adaxial 65 +29 86 +21
abaxial 57+30 109 + 58
leaf thickness [pum] 214+ 32 255+ 42
R. trichophyllus  no. of stomata [mm?]  adaxial 0 152+ 16
abaxial 0 0
leaf length [mm] 25445 8.1+20

Discussion

The evolution of amphibious plants at the land/water
interface has resulted in outstanding morphological fea-
tures. These adaptations, in addition to biochemical ones,
enable undisturbed physiological functioning. Both stud-
ied species differed regarding survival strategy in a
varying environment. Morphological differences between
submerged and aerial leaves in M. scorpioides were slight
(Table 1), similar as reported for some other amphibious

species (Pedersen and Sand Jensen 1992, Madsen and
Breinholt 1995, Nielsen and Sand Jensen 1997). In R.
trichophyllus submerged leaves are without stomata, and
their uniform epidermis is rich with chloroplasts (Dalla
Vecchia ef al. 1999). Aerial leaves are thicker and meso-
phyll is differentiated (Tratnik 1977). Arial leaves were
also shorter, having stomata on the adaxial side (Table 1).
Stems of aerial shoots are more rigid. Consequently they
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experience less self-shading and support themselves
when the water level decreases. The phenotypic plasticity
of R. trichophyllus probably acts as some kind of envi-
ronmental buffer, enabling this species to occupy a range
of habitats as reported for R. nanus (Menadue and
Crowden 1990).

In general, amphibious species exhibit great variabil-
ity in Chl content. On the one hand, Ueno (1996) reported
more Chl a and b in submerged than in aerial leaves. On
the other hand, some authors found less Chl in submerged

leaves or the same Chl content in submerged and aerial
leaves (Pedersen and Sand-Jensen 1992, Nielsen and
Sand-Jensen 1993, 1997). In our study submerged and
aerial leaves of M. scorpioides and R. trichophyllus did
not show differences in the amount of Chl a+b per DM
(Table 2) which was also reported by Nielsen (1993) for
the former species. M. scorpioides and R. trichophyllus
usually grow in shallow water, where irradiance is similar
to that on the shore (Madsen and Breinholt 1995). These
two species may lack sun/shade adaptations found

Table 2. Contents of chlorophyll (Chl) a+b [g kg™ (DM)] and UV-B screening compounds[relative]. SD is standard deviation. Months
indicates the time of the minimum or maximum value (number of samplings was 7-13, the number of samplings in M. scorpioides f.
aquatica was 2. num-ber of samples for each sampling was 3-5). min — minimum, max ~ maximum.

Species/form Chl a+b UV-B
min (month) mean+SD  max (month) min (month) mean+SD  max (month)
Controlled M. scorpioides f. aquatica - 14.50£1.32 - - 954 +158 -
water table M. scorpioides f. terrestris 6.59 (V) 8.71£1.44 1038 (1V) 914 (IV) 1023+128 1155 (VIII)
R. trichophyllus t. aquatica  7.64 (1V) 13.40£3.99 17.09 (VIIl) 375 (VID) 552+113 788 (V)
R. trichophyllus f. terrestris ~ 8.88 (VIII) 11.42+5.19 18.90 (VIII) 427 (VII) 535+166 878 (V])
Natural M. scorpioides {. aquatica 7.04 (XI) 11.79+£3.31 18.08 (X) 36.6 (XII) 58.3+15.6  86.5 (VI)
environment M. scorpioides f. terrestris 7.33 (1) 10.51+1.84 13.25(1V) 33.6 (X) 51.7+16.8  78.1 (VI)
R. trichophyllus f. aquatica  8.06 (VII) 15.97£4.32 23.11 (X) 20.0 (XD) 31.4+6.6 414 (1IV)
R. trichophyllus f. terrestris ~ 9.05 (VII) 17.2746.15 25.08 (X) 28.7 (V) 35.0£5.0 40.5 (VI
- - duction in morphological complexity, and appeared to be
544 Roenoptytus | B O et associated with an aquatic habitat. The reduced produc-
— 4 - B tion of UV-B screening compounds may reflect a saving
z 3 54 of metabolic energy in a variable radiation environment.
Q - - |
o 2 ¥ In R. trichophyllus contents of the same range had been
é ’ ﬁ ﬂ l- 1 ﬂ already measured in specimens growing in alpine lakes
g, (Mazej and Gaber¢ik 1999), where the UV-B irradiance
S stc [ M. scorpioides O Of aquatica is usually greater (Blumthaler er al. 1992). Absence of
[= & Of. terrestris . c e .
z 4 - seasonal dynamics and low content indicated possibly
g 3 NN . f . saturated amounts of UV-B screening compounds (Germ
2, . et al. 2002). The production is probably genetically fixed
b W jﬂ ! H 1 ﬂ ﬂ ﬁ and less dependent on environment. A similar phenome-
0 | NN ﬁ non was found in Potamogeton nodosus (Les and
VIC VI X X XU XE T B IV VOV VIE VOV VI VI IX Sheridan 1990). In both species examined we detected no

Fig. 1. Terminal electron transport system (ETS) activity in
M. scorpioides and R. trichophyllus in natural environment
(4, C) and under controlled water table (B, D). For differences
between leaf forms. " p <0.05, n = 3-5.

for some other amphibious plants (Osmond et al. 1981).
UV-B screening compounds are very important because
they constitute an UV-B selective filter, which protects
vulnerable targets in the leaf (Bjorn 1999). The relative
amount of UV-B screening compounds (per DM) in
R. trichophyllus was almost 50 % lower than in M. scor-
pioides (Table 2). The low amount of UV-B screening
compounds in the leaves of R. trichophyllus may show
that it is a phylogenetically older aquatic plant than
M. scorpioides. Webster (1991) found that a reduction in
the variety and quantity of flavonoids accompanied a re-
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difference in content of UV-B screening compounds
between aquatic and terrestrial leaves. The reason could
be the quickly changing radiation environment in am-
phibious habitats. Irradiation in shallow waters was tem-
porarily high and did not much differ from those on the
shore. Plants under stress need more energy, what can be
estimated with ETS activity. M. scorpioides exhibited
higher ETS activity in water than in air, which might
indicate its more terrestrial character. The opposite was
observed for R. trichophyllus (Fig. 1). In aerial leaves we
found higher respiratory potential that might indicate
unfavourable conditions. ETS activity in the two species
was higher than in some other aquatic plants (Mazej and
GabersCik 1999). Respiratory potential was about twice
as high in M. scorpioides growing in a natural environ-
ment than in specimens growing under water table-con-
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trolled conditions. Plants in the field were permanently
exposed to fluctuations of water level, which induced
adaptations to new media. On the other hand, terrestrial
plants in outdoor experiments were never submerged and
this kind of pressure was absent. Measurements of photo-
chemical efficiency of PS2 supported the results of respi-
ratory potential measurements. Deviations from the opti-
mum value (0.80-0.85) indicated stress (Schreiber et al.
1995, Critchley1998), which was more pronounced in
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Fig. 2. Photochemical efficiency (F/F ) and fluorescence yield
in M. scorpioides (upper two graphs) and R. trichophyllus
(lower four graphs) in natural environment (white columns) and
under controlled water table (grey columns). ~ p <0.05, n = 5-8.
In submerged leaves of M. scorpioides growing under con-
trolled water table the measurements were made in April only.
The mean values were 0.62 and 0.41, respectively.
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