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Abstract

Changes inRuppia maritimaL. leaf-tissue osmolality, compatible solute synthesis in leaf tissues,
and maximum effective quantum yield in response to short-term changes in salinity were investi-
gated. Plants cultured at 20‰ S were exposed to 0‰ S, 10‰ S (half-ambient), 20‰ S (ambient), and
40‰ S (twice-ambient) salinities. Total and non-vacuolar leaf osmolality for cultured plants signifi-
cantly decreased (total: from 1464±266 to 712±210 mmol kg−1; non-vacuolar: from 880±108 to
257± 80 mmol kg−1) or increased (total: from 1464 to 2532± 673 mmol kg−1, non-vacuolar from
880 to 1168±15 mmol kg−1), within 1 min of exposure to 0 and 40‰ S, respectively. After the ini-
tial rapid change in leaf osmolality, values were relatively constant for the first 180 min of exposure.
Osmolality then changed again over the period from 1 to 2 days post-treatment with values again
increasing (40‰ S: total= 3152± 335 mmol kg−1, non-vacuolar= 1967± 103 mmol kg−1) or
decreasing (0‰ S: total= 357±46 mmol kg−1, non-vacuolar= 74±32 mmol kg−1) with salinity.
Soluble and total carbohydrates in leaf tissues responded differently to changing salinity. Total carbo-
hydrates decreased by 65%, while soluble levels increased by 34%, in high salinity. Total and soluble
proline levels increased (63 and 18%, respectively), and decreased (−36 and−20% for 10‰ S;−72
and−32% for 0‰ S, respectively), with salinity. These results suggest that both proline and soluble
carbohydrates act as compatible solutes. Maximum quantum yields (Fv/Fm) were measured over a
48 h period in response to changes in medium salinity and inorganic carbon (ambient and∼2.0 mM
bicarbonate-equilibrium treatments).Fv/Fm exhibited significant variation in response to salinity,
bicarbonate-level and time as main effects, with significant interactions. Quantum yields were lowest
in the 0 and 40‰ S treatments; the 10 and 20‰ S treatments had significantly higher quantum yields.
These short-term responses indicated that both increases and reductions of external ion concentra-
tions are initially stressful forR. maritima, but that it can physiologically adjust after several days.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Salinity is one of the most critical environmental factors determining the structure of
estuarine submerged angiosperm communities, with extreme salinity fluctuations result-
ing in lower biomass of plants and animals (Montague and Ley, 1993). Most studies on
salinity-tolerance of submerged angiosperms have dealt with long-term effects and the pa-
rameters investigated have been mortality, ion accumulation, gross morphological parame-
ters, or community structure (Dunton, 1990; Adams et al., 1992; Montague and Ley, 1993).
Rapid salinity fluctuations can occur during intrusion of oceanic waters into coastal rivers
and bays or from freshwater releases from spillways or water control structures (Kantrud,
1991). Rapid changes in salinity result in stress and mortality of submerged angiosperms,
but little is known about how short-term salinity fluctuations affect photosynthesis or the
physiological costs to the plant in terms of metabolite production (Tyerman, 1982; Tyerman
et al., 1984).

Ruppia maritimaL. (Widgeon Grass) has the widest known salinity tolerance of any
submerged angiosperm (Kantrud, 1991). Bird et al. (1993)found thatR. maritimafrom
North Carolina could be maintained indefinitely in 0‰ S cultures; maximum reported
salinity tolerance values range from approximately 160–390‰ S (Bourn, 1935; McMillan
and Moseley, 1967; Kantrud, 1991; Bonis et al., 1993). One of the reasonsR. maritimacan
survive such a wide range of salinities is its ability to osmoregulate (Kantrud, 1991).

Because submerged angiosperms have no salt-secreting glands and absorption of ions is
through their leaves, they apparently osmoregulate through epidermal cells (Jagels, 1973).
Submerged angiosperms and macroalgae may actively transport sodium, potassium, and
chloride ions into channels associated with invaginated plasmalemmas containing numer-
ous mitochondria (Jagels, 1973; Jagels, 1983; Jagels and Barnabas, 1989; Lee and Liu,
1999). There may also be active exclusion of salt by an ATP-requiring ion transport mecha-
nism (Jagels, 1973). This exchange of ions allows for the maintenance of stable membrane
potentials (Fernandez et al., 1999). However, ion accumulation is only beneficial for initial
osmolarity adjustments and it may be insufficient, and energetically costly (if requiring
constant ATP input), if the salinity stress is not removed. During longer periods of salin-
ity stress, halophytes usually accumulate organic solutes within cells in order to maintain
or restore turgor (Wyn Jones and Gorham, 1983). These so-called compatible solutes are
non-inhibitory substances accumulated in cell cytoplasm in response to low external water
potentials.R. maritimaaccumulates proline as its main osmolyte in response to increasing
salinity (Stewart and Lee, 1974; Brock, 1981; Adams and Bate, 1994). Proline levels have
equaled fifty percent of the solute concentration of the external habitat (Brock, 1981).

Changes in salinity may also affect photosynthetic rates in submerged angiosperms.
Photosynthetic rates ofR. maritima, as measured by oxygen evolution, increase from a low
at 0‰ S to higher rates at 17.5 and 35‰ (Lazar and Dawes, 1991). Koch and Dawes (1991)
compared populations ofR. maritima, from North Carolina and Florida, and found that
plants from North Carolina had lower photosynthetic rates at all salinity treatments (10, 20,
and 30‰), with the lowest photosynthetic rates at 30‰ S. This indicates that populations
of R. maritimamay display phenotypic, if not genotypic, variations.Hellblom and Bjork
(1999)examined the role of inorganic carbon (Ci) and salinity on photosynthesis ofZostera
marina. They found that that the decrease in photosynthesis observed in diluted seawater
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medium was mainly due to a decrease in the bicarbonate content of the medium rather than
to reduced salinities.

To explore the temporal and directional response patterns of short-term salinity stress in
R. maritima, three techniques were used in this study. First, leaf-tissue osmolality was mea-
sured in a short-time series to determine immediate effects. Measurements were taken on
both fresh and frozen tissues so data reflect non-vacuolar (including cytoplasmic, lacunae,
and intercellular) ions and total ion concentrations, respectively. The second technique used
1H nuclear magnetic resonance (NMR) to identify and quantify compatible solutes in leaf
tissue. NMR is a non-invasive technique that can be used to determine solute contents and
concentrations within cells (Ratcliffe, 1994). The benefit of using NMR is that both soluble
and insoluble molecules can be identified and analyzed. Here, cytoplasmic and total so-
lutes were measured by analyzing tissues in vivo and by analyzing perchloric acid extracts,
respectively. Finally, changes in maximum quantum yield were measured in response to
salinity variations using pulse amplitude modulated (PAM) fluorometry. This fluorometric
technique has recently been used to measure photosynthetic responses to variation in salin-
ity in the seagrassZ. marina(Kamermans et al., 1999). To clarify the relationship between
salinity and bicarbonate effects on photosynthesis inR. maritima, we conducted experi-
mental salinity treatment series with, and without, establishing bicarbonate equilibrium.

2. Materials and methods

2.1. Experimental material and conditions

One-year old clonal cultures ofR. maritimafrom Madeira Bay, in Florida Bay, USA
(25◦15′N, 80◦70′W) were used as experimental material as described byKoch and Durako
(1991). Plants were cultured in liquid media containing 20‰ S Instant Ocean® (Aquar-
ium Systems, Ohio, USA), 0.5 Murashige and Skoog Basal Salt mixture (M-5524, Sigma,
Missouri, USA), 1% (w/v) sucrose, 10 mg l−1 2iP (D-8532, Sigma) at pH 5.7 under a
14:10 h L:D photoperiod with an average photosynthetic photon flux density (PPFD) of
140± 25�mol m−2 s−1. At least 1 week prior to experimental use, plants were transferred
to media containing only 20‰ S Instant Ocean at pH 8.1 to convert plants to autotrophic
carbon metabolism (Ailstock et al., 1991).

20‰ S was considered the ambient salinity condition as this is a representative salinity for
estuarine environments and is within the optimal range of salinities forR. maritima(Kantrud,
1991). Treatment salinities were made using Instant Ocean® diluted with deionized water
and included 0‰ S (deionized water), half-ambient (10‰ S), ambient, and twice-ambient
(40‰ S) salinities all at pH 8.1.

2.2. Determination of leaf-tissue osmolality

Leaf-tissue osmolality was measured using a Wescor Vapor Pressure Osmometer 5520
(Logan, Utah). Measurements of leaf-tissue osmolality were made on four 20 mm-long
segments of leaf tissue. This amount of tissue was needed to cover the bottom of the os-
mometer sample holder. The osmometer was calibrated against 290 and 1000 mmol kg−1
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standards. In this instrument, osmolality is measured based on the relationship between
solute concentration and the vapor pressure of a solution. The protocol ofTyerman (1982)
of setting a time delay for osmometer sample-chamber equilibration was used. In order to
find a stable time delay, measurements were taken on fresh tissue every 2 min for 40 min.
After 20 min, differences between measurements became insignificant (data not shown).
For the determination of non-vacuolar versus total ion concentration and to assess various
tissue-handling effects, tissues were blotted, crushed with a mortar and pestle, frozen at
−10◦C (for 2 and 3 h) or frozen with liquid nitrogen. Pairedt-tests were used to compare
the initial and time delay measurements and ANOVA was used to assess variability among
the handling treatments. Based on the preliminary results, the protocol that was adopted in-
corporated time-delayed (for 20 min) measurements on fresh blotted tissue for non-vacuolar
osmolality and instantaneous measurements on frozen (2 h at−10◦C) blotted tissue for total
leaf osmolality values. Measurements were taken 1, 5, 10, 30, 60, 90, 180 min, 24 and 48 h
post-treatment with six replicates for each treatment series.Tyerman (1982)found that the
leaf water potential was lower than the medium water potential and concluded that it could
be due to evaporation of water from the tissue during handling. To reduce this effect, leaf
tissues were cut with the tissue fully submerged in the treatment media and handling time
minimized.

2.3. Determination of leaf compatible solute concentrations

R. maritimaleaf tissue was analyzed by1H NMR. Both in vivo leaves, to determine
soluble molecules, and perchloric acid extracts of leaves, to determine combined soluble and
insoluble molecules were measured. In vivo measurements were taken on 15–20, 2 cm-long
leaf segments in approximately 0.5 ml of experimental medium. This procedure measures
water-soluble molecules. To estimate total intracellular-solute concentrations, leaf tissue
was homogenized in 7% perchloric acid (4 ml of perchloric acid per g tissue), centrifuged
at 10,000× g, and the supernatant was decanted and neutralized to pH 6.5 with 3 M KOH.
Neutralized extracts were lyopholized, rehydrated in 0.5 ml D2O and analyzed using NMR.
This procedure measures water-soluble and insoluble molecules. Perchloric acid extracts
were prepared from the same plants that were used for the in vivo measurements. Additional
samples were spiked with 10 mM proline and alanine to verify chemical shifts in the NMR
spectra and to approximate proline concentrations. Integrals were corrected for wet weight
and receiver gain; for every one integral change, there was a change of 1.68 mM proline
g−1 fresh weight. For the 40‰ S treatment, with values that increased over the course of the
experiment by approximately 0.5 integral, this would mean an increase of 0.84 mM proline
g−1 fresh weight.

1H NMR spectra were obtained using a Bruker 400 DMX spectrometer operating at
400 MHz. Before starting scans, the spectrometer was shimmed on the water signal to
obtain a homogeneous field. The water resonance was suppressed using a 10 s selective
pre-saturation pulse. This was necessary due to the high concentration of water (55 M) as
compared to the micromolar concentrations of the molecules of interest. The excitatory
radiofrequency pulse width of 11 microseconds corresponded to a 90◦ tip angle with a
sweep width of 10 kHz. One hundred twenty-eight scans were taken for a total time of
12 min, 15 s per spectrum. Fourier transformations converted data to spectra and peaks were
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analyzed by taking area integrals with a standard of an ambient pre-treatment proline peak.
Data were normalized for differences in receiver gain, wet weight, and to the mean of the
proline pre-treatment peaks. Because of analytical limitations, the NMR measurements were
performed on a longer time series of pre-treatment, initial (30 min to 1 h post-treatment),
and 2, 6, and 9 days post-treatment.

2.4. Determination of leaf fluorescence

Leaf fluorescence measurements were made using a Mini-PAM fluorometer (Walz,
Germany). Fluorescence was determined on the middle of blades of whole plants using
a dark-clip (DLC-8, modified to minimize boundary layer restrictions as described byBeer
et al., 1998) to ensure constant distance between the optical fiber and leaf. The plant material
being measured was subjected to a pulse of saturating light and two fluorescence measure-
ments were made; one before (Fo) and one during (Fm) the pulse. Maximum quantum yield
was calculated asFv/Fm (whereFv = Fm−Fo) using dark-acclimated leaves, which allows
for all of the reaction centers to open and all primary electron acceptors to be oxidized (Beer
et al., 2001).

Preliminary repeated measures indicated no significant differences in theFv/Fm ra-
tio between series of 5 min and a series of 10 min dark-acclimation intervals (data not
shown). The first experimental treatment series consisted of 5 min dark-acclimation, mea-
surement of fluorescence in ambient salinity, change in salinity (0, half-ambient, ambi-
ent, or twice-ambient), dark-acclimation, fluorescence measurement, return to ambient,
dark-acclimation, and final fluorescence measurement. Because the initial 5 min treatment-
interval series did not exhibit significant changes in leaf fluorescence characteristics in
response to salinity changes, a second time series was conducted to investigate effects
over a longer time period without replacing the plants in the ambient salinity. In an at-
tempt to correlate changes in maximum quantum yields with changes in salinity, a time
series similar to that used in the previous osmolality experiment (5, 30, 90, 180 min,
24 and 48 h) was used. Maximum quantum yields were measured on six replicates for
each treatment salinity. Initial (5, 30, and 90 min), 24 and 48 h measurements were taken
early in the day (between 8 and 10 a.m.) to reduce variation due to diurnal rhythms.
Modified dark-clips (described previously) were used for dark-acclimation of leaves; the
rest of the plant was exposed to photosynthetic photon flux density (PPFD) of approx-
imately 500�mol m−2 s−1. This PPFD was found to be a saturating (Pmax) irradiance
through preliminary photosynthesis versus irradiance measurements of oxygen evolution
using a Hansatech oxygen electrode system (data not shown) and was in agreement with
published data (Koch and Dawes, 1991).

Because of previous suggestions that reductions in photosynthesis with reduced salinities
may simply be due to reduced bicarbonate levels (Hellblom and Bjork, 1999), we compared
photosynthetic responses in synthetic seawater (Instant Ocean®) diluted with deionized
water (ambient bicarbonate) to those in synthetic seawater that was treated to establish
bicarbonate-equilibrium. For the bicarbonate-equilibrium treatment, synthetic seawater was
diluted in the same manner as previously described. The media were then stripped of all
soluble carbon by reducing the pH to 2 and bubbling overnight with carbon-free air. After
stripping, the media were brought back to pH 8.1 with carbon-free NaOH and bubbled with
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air overnight to attain atmospheric equilibrium. Because the solubility of HCO3
− is the same

across salinities, media in equilibrium with the atmosphere contain the same concentrations
of carbon dioxide and bicarbonate (∼12�M CO2 and∼2.0 mM HCO3

−).

2.5. Statistical analyses

The effects of salinity treatment and time on the variability of the response parame-
ters were assessed using regression analyses, one-way ANOVA (salinity or time), two-way
ANOVA (salinity, time and salinity× time interactions), or three-way ANOVA (salin-
ity, time, bicarbonate concentration, and interactions). All data were tested for normality
and homogeneity of variances by the Kolmogorov–Smirnov test with Lilliefors’ correc-
tion and the Levene Median test, respectively. If normality failed and homogeneity passed,
transformations were attempted. If no transformations were successful in achieving nor-
mal distributions, then parametric analyses were performed to assess the effects of time
and treatment on the raw data. If homogeneity of variances failed, data transformations
were again attempted. If no transformations were successful, then non-parametric analy-
ses (Kruskal–Wallis one-way ANOVA on ranks) were used to assess treatment effects. If
significant differences were found among treatments, then Tukey’s or Dunnett’s tests were
used to determine specific treatment differences in parametric and non-parametric tests, re-
spectively. All statistics were calculated using SigmaStat 2.0 with significance determined
at the 95% probability level (P < 0.05).

3. Results

3.1. Changes in leaf-tissue osmolality

Total leaf-tissue osmolality changed within 1 min of exposure to treatment media, then
exhibited little change from 1 to 180 min (Fig. 1a). Total osmolality subsequently increased
in all treatments from 1-day post-treatment to 2 days, except for the 0‰ S treatment, which
exhibited decreased total osmolality over this time period. Total leaf osmolality values
ranged from 293 mmol kg−1 (0‰, 2 days) to 3887 mmol kg−1 (40‰, 1 min). All treatment
values showed significant change with time when analyzed by regression of osmolality over
the entire experimental period of 2 days (Table 1). Both salinity and time had significant
main effects on total leaf osmolality, but there was also significant interaction. The 10 and
20‰ S treatments exhibited similar patterns of little short-term change, but a significant
increase in total leaf osmolality at 2 days. The 40‰ S treatment significantly increased in
total leaf osmolality after 24 h.

The patterns in non-vacuolar osmolality were similar to those of total leaf osmolality.
Osmolality approached media values within 1 min of exposure (i.e. 1 min in treatment media
and 20 min of time delay within the osmometer chamber), but the magnitude of the changes
over the experimental time course were not as great (Fig. 1b). Treatment media osmolality
values were 13.7, 322, 645, and 1289 mmol kg−1, corresponding to 0, 10, 20, and 40‰ S,
respectively. Regression slopes were significant for all non-vacuolar measurements, except
for the 10‰ S treatment, which did not change significantly with time. Salinity had a
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Fig. 1.R. maritima. Changes in (a) total leaf and (b) non-vacuolar osmolality in response to salinity over a 2 days
period (mean± standard error,n = 6). Salinity treatment media osmolalities, indicated by dashes, with values of
13.7, 322, 645, and 1289 mmol kg−1 correspond to 0 (circles), 10 (squares), 20 (triangles), and 40 (diamonds)‰
S, respectively.

significant effect on non-vacuolar osmolality (H3d.f . = 196.32,P < 0.001), but changes
over time were not significant (H8d.f . = 2.40,P = 0.10).

3.2. Changes in leaf compatible solute concentrations

Based on published chemical shifts (Fan et al., 1986;Fan et al., 1993; Behar et al., 1983,
http://www.bmrb.wisc.edu) and two-dimensional Cosy spectra run on perchloric extracts,
the following chemical shifts were assigned to NMR spectra for metabolite comparisons.
Alanine was assigned 1.47 ppm, proline 2.1 ppm, and carbohydrates (primarily sucrose

http://www.bmrb.wisc.edu
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Table 1
R. maritima; regression analysis of changes in total leaf and non-vacuolar tissue osmolality, over time, in plants
placed in 0, 10, 20, and 40‰ salinity media and two-way ANOVA comparing variation in total leaf-tissue osmo-
lality due to salinity and time

d.f. F/H P

Regression

Total leaf
0‰ Salinity 1 9.5 0.018

10‰ Salinity 1 18.4 0.004
20‰ Salinity 1 14.4 0.007
40‰ Salinity 1 19.9 0.003

Non-vacuolar
0‰ Salinity 1 13.2 0.008

10‰ Salinity 1 2.5 0.159
20‰ Salinity 1 19.4 0.003
40‰ Salinity 1 28.9 0.001

Two-way ANOVA

Total leaf
Salinity 3 564.9 <0.001
Time 8 5.6 <0.001
Salinity× time 24 4.1 <0.001

Fig. 2.R. maritima.NMR spectrum of a perchloric acid extract of a plant transferred from 20 to 40‰ S, after 6
days.
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and glucose), due to overlap of peaks, were assigned to the area between 3.8 and 4.2 ppm
(Fig. 2). Total proline levels in the 0‰ S treatment varied significantly over the 9 days ex-
perimental period, with values decreasing by 72% the first 6 days, but by day 9 increasing
to above pre-treatment levels (Fig. 3a). After 9 days, proline levels in the plants in the 10‰
S treatment were significantly lower (36%) than before treatment (Table 2). Proline levels
in plants in 40‰ S increased by 63% over the 9 days, while levels in 20‰ S remained
relatively constant. The perchloric acid extract data indicated that total proline levels were
not significantly different among salinity treatments (Table 2). Total proline concentration

Fig. 3.R. maritima. Changes in (a) total and (b) soluble proline concentrations in leaf tissues in response to changes
in salinity (mean±standard error,n = 6). integrals are normalized by the mean of the pre-treatment proline peaks.
Treatment symbols are: () pre-treatment; ( ) initial; ( ) 2 days; ( ) 6 days; ( ) 9 days.
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Table 2
R. maritima; two-way ANOVAs comparing variation in total proline and carbohydrate concentrations, measured
as integrals from NMR spectra from perchloric acid extracts, analyzed over time and combined salinity treatments
and one-way ANOVAs comparing variation in total and soluble proline and carbohydrates, measured as integrals
from perchloric acid extracts and in vivo NMR spectra, analyzed over time at individual salinities

d.f. F/H P

Two-way ANOVA

Total proline
Salinity 3 2.6 0.811
Time 3 3.3 0.023
Salinity× time 9 1.8 0.106

Total carbohydrates
Salinity 3 13.9 <0.001
Time 3 0.6 0.605
Salinity× time 9 3.3 0.002

One-way ANOVA

Total proline
0‰ Salinity 3 12.3 0.007

10‰ Salinity 3 5.4 0.007
20‰ Salinity 3 0.4 0.762
40‰ Salinity 3 0.8 0.515

Soluble proline
0‰ Salinity 3 2.7 0.075

10‰ Salinity 3 0.7 0.559
20‰ Salinity 3 0.2 0.857
40‰ Salinity 3 0.7 0.560

Total carbohydrates
0‰ Salinity 3 3.7 0.028

10‰ Salinity 3 1.2 0.321
20‰ Salinity 3 2.7 0.071
40‰ Salinity 3 1.0 0.428

Soluble carbohydrates
0‰ Salinity 3 2.4 0.098

10‰ Salinity 3 0.7 0.588
20‰ Salinity 3 0.6 0.604
40‰ Salinity 3 2.0 0.151

did change significantly with time when all salinity treatment data were pooled, however,
within salinity treatments, the 20 and 40‰ S treatment values did not vary significantly
with time. In vivo data could only be analyzed within treatments, to look at time, because
separate integrations were done for each salinity level. Thus, the absolute integral values
among different treatments are not directly comparable for both proline and carbohydrates.
In contrast, total proline and carbohydrate levels were based on a single integral and thus
relative levels are comparable. Soluble proline levels decreased in the 0 and 10‰ S treat-
ments (32 and 20%, respectively), increased by 18% in the 40‰ S treatment, and remained
relatively constant in the 20‰ S treatment (Fig. 3b).
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Fig. 4.R. maritima. Changes in (a) total and (b) soluble carbohydrate concentrations in leaf tissues in response
to changes in salinity (mean± standard error,n = 6). Integrals are normalized by the mean of the pre-treatment
proline peaks for relative comparisons of the magnitude of changes in proline and carbohydrate levels. Soluble
carbohydrate integrals are normalized within each treatment because separate pre-treatment integrations were
done for each salinity level. Treatment symbols as inFig. 1.

Carbohydrate levels in the 40‰ S treatment decreased by 65% over the 9 days treat-
ment period when extracts were analyzed, but increased by 34% for the in vivo measure-
ments (Fig. 4a and b). This indicates a decrease in the total amount of carbohydrates in
response to an increase in salinity, but a mobilization of remaining carbohydrates into the
cytoplasm, for osmoregulation. At 0‰ S, values of total carbohydrates showed the same
pattern as proline concentrations; decreasing by 63% for the first 6 days, but increasing
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by 200% by day 9, while soluble levels decreased by 43%. In the 10‰ S treatment, both
total and soluble levels of carbohydrates exhibited little variation. Total and soluble car-
bohydrate levels were more variable in the 20‰ S treatment. Total carbohydrate values
varied significantly among treatments, but not with time (Table 2). However, the 10, 20,
and 40‰ S total carbohydrate concentrations did not show significant differences over
time in the individual treatments. There were also no significant differences across time
in the soluble carbohydrate values. This lack of statistical significance in the compatible
solute data reflects high variability attributable to both integral selection and plant-to-plant
variation.

Fig. 5. R. maritima. Maximum quantum yields of 5 min dark-acclimated leaves in (a) ambient bicarbonate and
(b) bicarbonate-equilibrium media in response to changes in salinity (mean± standard error,n = 6). Treatment
symbols as inFig. 1.
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Table 3
R. maritima; Three-way ANOVAs comparing variation in maximum quantum yields among salinity, time, and
bicarbonate treatments

d.f. F P

Three-way ANOVA

Maximum quantum yield
Salinity 3 12.4 <0.001
Time 5 2.5 0.029
Bicarbonate 1 18.6 <0.001
Salinity× time 15 2.1 0.012
Salinity× bicarbonate 3 2.9 0.038
Time× bicarbonate 5 0.4 0.826
Salinity× time× bicarbonate 15 3.5 <0.001

Total alanine levels did not change significantly in response to salinity (P = 0.272) or
time (P = 0.950). Additionally, changes in alanine concentration were much smaller in
magnitude than those observed in proline levels (data not shown).

3.3. Changes in leaf tissue fluorescence

Dark-acclimated plants in the 20‰ S ambient-bicarbonate treatment exhibited the highest
initial maximum quantum yields (Fv/Fm, Fig. 5a). After 24 h,Fv/Fm fell but were stable
to 48 h. Maximum quantum yields of plants in the 10‰ S treatment were initially lower
than the other treatments but rose to end with the highest values after 2 days. Surprisingly,
the 0 and 40‰ S treatments had stable and similarFv/Fm throughout the 2 days that were
generally lower than those of the 20‰ S treatment. All treatments had similarFv/Fm values
after 2 days.

Variability in Fv/Fm across salinities and time was reduced in the bicarbonate-equilibrium
treatments. Plants in the 20‰ S bicarbonate-equilibrium treatment had slightly higher initial
Fv/Fm, but it dropped between 90 and 180 min, and stabilized for the remaining time in treat-
ment (Fig. 5b). Maximum quantum yield of the 40‰ S treatment displayed the least temporal
variability with values lower than the 20‰ S treatment, except for the 180 min value. The
10‰ S treatmentFv/Fm values were initially similar to the 40‰ S treatment, but they steadily
dropped from 180 min to 48 h after treatment. TheFv/Fm values of the 0‰ S treatment were
initially the lowest, fluctuated the first day, but also steadily dropped from 180 min to 48 h
to end up with the lowest quantum yields. Although the three treatment variables (salinity,
time, and bicarbonate levels) exhibited significant main effects onFv/Fm for R. maritima
(Table 3), there were significant interactions between salinity and time, between salinity and
bicarbonate, and among all three variables, but not between bicarbonate and time (Table 3).

4. Discussion

R. maritimaexhibited a two temporal-scale pattern in total leaf osmolality in response
changes in external salinity. There was an initial, almost immediate, response that followed
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the direction of the salinity treatment. This suggests that non-vacuolar ion changes or
changes in leaf water content occur rapidly in this species. After the initial rapid change,
osmolality remained stable until after 1–2 days in the salinity treatment, when there was a
second shift, again in the direction of the new treatment medium. This longer-term response
may be due to initiation of cellular infrastructure necessary for compatible solute synthe-
sis, a frequently observed long-term response to salinity change in halophytes (Flowers
et al., 1977). The significant short-term effect on non-vacuolar and total leaf osmolality did
not increase or decrease over the first 180 min for non-vacuolar osmolality. This suggests
changes in salinity affect cytoplasmic and intercellular solute concentrations more rapidly
than in the vacuoles.Tyerman et al. (1984)found short-term increases in cell osmolality with
increasing salinity that correlated with increases in sodium, potassium and chloride ions.
Meyer et al. (1989)compared longer-term osmotic responses of two species of grasses to
different salinities after 4 and 8 weeks exposure; osmolality increased with salinity, but the
data for the two exposure periods were almost identical. This implies that once the osmotic
potential of the plant has adjusted to the external medium, it stabilizes. Up to 75% of the
change in osmolality, in response to long-term salinity stress, can be due to the synthesis of
compatible solutes like proline (Brown and Hellebust, 1978). Accumulation or depletion
of proline inR. maritimabegan within 2 days after salinity treatment and concentrations
continued to change throughout treatment period. This trend was more pronounced in the
total solute (perchloric acid extract) NMR spectra. These data agree with the notion that
significant proline accumulation occurs after a time lag, and that when exposed to lower
salinities, proline levels are reduced. Surprisingly, the proline levels in the 0‰ S treatment,
after declining over 6 days of treatment, rebounded to starting levels by day 9. This pattern
was also seen in the carbohydrate NMR spectra, suggesting a change in metabolism or leaf
water content in response to this low-salinity treatment. The differing temporal patterns
between extract and in vivo sugar measurements indicate that although the total levels of
sugars were decreasing in the higher salinities, the available sugars were increasingly being
converted to a soluble form for osmoregulation.

Proline concentrations inR. maritimaexposed to high salinity were almost twice as
high as most values reported in the literature (Stewart and Lee, 1974; Brock, 1981). How-
ever, increases in salinity may produce osmolyte concentrations of up to 4.0 M (Flowers
et al., 1977); 1.5 mol proline kg−1 water has an osmolality of 1.64 osmol kg−1 (Brown and
Hellebust, 1978) which is in the range seen in the osmolality data forR. maritimain this
study.Brock (1981)reported low and moderate salinity osmolality values very similar to
those of our 0 and 20‰ S treatments. However, the highest osmolality values measured
by Brock (1981), the 38‰ S treatment, were much lower than those found in this study’s
40‰ S treatment (1541 mmol kg−1 versus >3000 mmol kg−1). These differences may be
due to different methodologies and growth conditions among studies, but they may also
indicate there are ecotypic differences in salinity responses among populations and species
of Ruppia.

Exposure ofR. maritimathat had been acclimated in 20‰ S to 0, 10 and 40‰ S had
an almost immediate effect of reducing maximum quantum yields. This effect was more
pronounced in the first 24 h after treatment, which may have been due to changes in ionic
steady state, compatible solute synthesis, or water content of the leaf tissues. After 48 h,
quantum yields recovered in all but the 40‰ S treatment. This may indicate that the plants
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in high salinities were still not fully acclimated to this high salinity after 2 days. Some
of the short-term variation across salinities may also have been due to varying bicarbonate
concentrations, especially in the ambient-bicarbonate salinity treatments. In this regard, sta-
bilizing the initial bicarbonate concentrations to∼2.0 mM, by bubbling air and controlling
pH, in the bicarbonate-equilibrium treatments had the effect of moderating the variability
in photosynthetic efficiency across salinity treatments.Hellblom and Bjork (1999)found
reductions in photosynthesis ofZ. marinawhen bicarbonate was diluted, both through di-
luting salinity and at constant salinity over a range of bicarbonate. However, they did not
observe a salinity effect when bicarbonate was kept constant (2 mM at pH 8.2). Photo-
synthesis was significantly depressed when salinity was reduced to 5‰ S or lower with a
concurrent reduction in inorganic carbon, and when salinity was kept at 33‰ S and bicar-
bonate alone was diluted to 1 mM or lower. A simple salinity-bicarbonate correlation was
not evident inR. maritima; maximum quantum yields were significantly depressed in both
the 0 and 40‰ S treatments (i.e. low and high bicarbonate). However, the convergence of
photosynthetic responses from 24 h to 2 days in the ambient-bicarbonate treatments may
reflect the re-establishment of air/media bicarbonate equilibrium.

Ruppia reportedly has the widest salinity tolerance of any genera of submerged an-
giosperm. However, the physiological responses observed in this study indicate this species
may be stressed by both low and moderate salinities. Plants, having been grown and ac-
climated in 20‰ S, displayed the highest photosynthetic efficiency, and lowest amount of
change in osmolality and solute concentrations in 20‰ S. In 10‰ S, there was little change
from the ambient conditions in most of the parameters measured, indicating the near ab-
sence of stress. However, in the 0 and 40‰ S treatments, there were significant changes in
all parameters investigated. In the 40‰ S treatment, plants showed an initial depression in
photosynthesis and carbohydrate levels that eventually increased but remained lower than
the control. This indicates some recovery from the initial ionic change, but a degree of
persistent physiological stress. In the 0‰ S treatment, there was again initial depression
in all parameters but the plants recovered in photosynthetic efficiency after 2 days, and in
solute concentrations after 6 days, with resulting levels being equal to or greater than the
control. This recovery may reflect the non-obligatory halophytic nature ofR. maritima, in
that reductions in external ion concentrations are initially stressful, but after physiological
adjustments the plants are able to overcome the stress and actually function more efficiently.
Thus, this species may be more likely to disappear in areas that change from estuarine to
marine, a finding that could have significant management implications with respect to issues
related to freshwater inflow.
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