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o Background and Aims Atriplex (Halimione) portulacoides is a halophytic, C3 shrub. It is virtually confined to
coastal salt marshes, where it often dominates the vegetation. The aim of this study was to investigate its growth
responses to salinity and the extent to which these could be explained by photosynthetlc physiology.

e Methods The responses of young plants to salinity in the range 0—700 mol m > NaCl were investigated in a glass-
house experiment. The performance of plants was examined using classical growth analysis, measurements of gas
exchange (infrared gas analysis), determination of chlorophyll fluorescence characteristics (modulated fluorimeter)
and photosynthetic pigment concentrations; total ash, sodium, potassium and nitrogen concentrations, and relative
water content were also determined.

e Key Results Plants accumulated Na™ approxlmately in proportion to external salinity. Salt stimulated growth up to
an external concentration of 200 mol m > NaCl and some growth was maintained at higher salinities. The main
determinant of growth response to sahmty was unit leaf rate. This was itself reflected in rates of CO, assimilation,
which were not affected by 200 mol m ™ but were reduced at higher salinities. Reductions in net photosynthetic rate
could be accounted for largely by lower stomatal conductance and intercellular CO, concentration. Apart from pos-
sible effects of osmotic shock at the beginning of the experiment, salinity did not have any adverse effect on photo-
system I (PSII). Neither the quantum efficiency of PSII (@pgy;) nor the chlorophyll fluorescence ratio (F,/F,,) were
reduced by salinity, and lower mid-day values recovered by dawn. Mid-day F,/F,, was in fact depressed more at low
external sodium concentration, by the end of the experiment.

e Conclusions The growth responses of the hygro-halophyte A. portulacoides to salinity appear largely to depend on
changes in its rate of photosynthetic gas exchange. Photosynthesis appears to be limited mainly through stomatal
conductance and hence intercellular CO, concentration, rather than by effects on PSII; moderate salinity might
stimulate carboxylation capacity. This is in contrast to more extreme halophytes, for which an ability to maintain

leaf area can partially offset declining rates of carbon assimilation at high salinity.

Key words: Atriplex portulacoides, chlorophyll fluorescence, growth rate, halophyte, leaf area, photosynthesis,
photosystem II, salt tolerance, salt marsh, stomatal conductance.

INTRODUCTION

Atriplex (=Halimione) portulacoides (L.) Aellen is a
perennial, shrubby Cj halophyte that is widespread on salt
marshes around the coasts of Europe, North Africa and
South-West Asia. It is frequently the physiognomic domi-
nant on well-drained and upper marshes, often fringing
channels and pools that are flooded at full tide (Chapman,
1950). Consequently, A. portulacoides typically experi-
ences salinities oscillating around that of seawater, although
its habitats can become markedly hypo- or hypersaline
(Carvalho et al., 2001). Atriplex portulacoides has been
shown experimentally to maintain growth over a range of
salinities, particularly under high nitrate availability
(Jensen, 1985). It is also well known that, like other halo-
phytes, it accumulates high concentrations of salts in
its leaves (Jensen, 1985; Freitas and Breckle, 1992),
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notwithstanding the ability to remove salt through epider-
mal bladders on both surfaces of its leaves (Baumeister
and Kloos, 1974; Freitas and Breckle, 1992). Salt accumu-
lation and removal, along with an ability to accumulate qua-
ternary ammonium compounds as compatible osmotica
(Stewart et al., 1979), appear to be important components
of its osmoregulation (Rozema et al., 1985). Despite the
evident salt tolerance of A. portulacoides, it is far from
clear how photosynthesis and underlying growth processes
respond to salinity. Light-induced fixation of CO, in cell
cultures has been reported to increase with the addition of
NaCl in the culture medium and, in salt-adapted cultures,
CO,-fixation was not impaired by even higher concen-
trations of NaCl in the assay medium (Plaut et al., 1991).
However, Lorenzen et al. (1990) found the fastest rates of
net photosynthesis in plants grown in a nutrient solution
that was hyposaline with respect to seawater.

Exposure of halophytes to increasing salinity may result
in partial closure of the stomata, in order to limit both
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transpiration and the transport of salts to the leaves (Véry
et al., 1998). The resulting lower CO, diffusion rates
limit photosynthetic capacity. This, in turn, can lead to
over-reduction of the reaction centres of photosystem II
(PSII), if the plant is unable to dissipate excess energy
otherwise, and hence cause damage to the photosynthetic
apparatus (Demmig-Adams and Adams, 1992). However,
some halophytes have shown no evidence of such photo-
inhibition in response to salinity stress (Qiu et al., 2003;
Redondo-Goémez et al., 2006). Salinity may potentially
affect many different aspects of growth, including those
mediated through water stress and those more specific to
NaCl (Munns, 2002).

The aim of the present study was to elucidate the growth
and photosynthetic responses of A. portulacoides to salinity.
The specific objectives were to: (1) analyse the growth
of plants in experimental salinity treatments ranging from
0 to 700 mol m~> NaCl; (2) investigate the extent to
which growth responses could be explained by changes in
photosynthetic gas exchange and impairment of the integ-
rity or function of PSII; and (3) examine possible role of
concentrations of mineral matter (ash), sodium, potassium
and nitrogen accumulated in response to increasing external
NaCl in explaining effects on growth.

MATERIAL AND METHODS
Plant material and stress treatments

In mid-October 2004 ripe achenes were collected from
Atriplex portulacoides growing in a well-drained and
accreting lagoon (the ‘Laguna de Don Claudio’ of
Castellanos et al., 1994) at Odiel Marshes (37°15'N,
6°58'W; south-west Iberian Peninsula). Achenes were
placed in a germinator (ASL Aparatos Cientificos
M-92004, Spain), and subjected to an alternating diurnal
regime of 10 h of light (photon flux rate, 400—700 nm,
35 wmolm 2 s~ ') at 20°C and 14 h of darkness (5 °C),
for 30 d. This temperature regime was chosen to mimic
the autumn conditions in the Odiel Marshes when this
species germinates. Seedlings were planted in individual
plastic pots filled with pearlite and placed in a glasshouse
(37 °23'N, 5°59'W; south-west Iberian Peninsula) with
controlled temperature of 21-25°C, 40-60 % relative
humidity and natural daylight (maximum light flux:
1000 pmol m 2 s~ '). Pots were carefully irrigated with
20 % modified Hoagland’s solution (Hoagland and Arnon,
1938) as necessary.

In spring 2005, when seedlings were between 10 and
15 cm in height (after 3 months), the pots were allocated
to five NaCl treatments in shallow trays (15 pots per tray,
with one tray per salinity treatment): 0, 20, 200, 400 and
700 mol m °, in the same glasshouse, and their growth
examined for a period of 60 d. Salinity treatments were
established by combining 20 % Hoagland’s solution and
NaCl of the appropriate concentration. The salt concen-
trations were increased in two stages.

At the beginning of the experiment, 3 L of the appropri-
ate solution was placed in each of the trays to a depth of
1 cm. During the experiment, the levels in the trays were

monitored and they were topped up to the marked level
with 20 % Hoagland’s solution (without NaCl) whenever
necessary to maintain the salt concentration. In addition,
the entire solution (including NaCl) was changed every
2 weeks.

Growth

At the beginning and the end of the experiment, five
plants from each treatment were dried at 80 °C for 48 h
and weighed. Plants used for dry mass measurement had
not been used for other measurements, in order to avoid
damage that might have affected the final biomass. Dried,
ground samples were ignited in lidded, ceramic crucibles
and ash weights were recorded; the furnace temperature
was raised slowly over 6 h to 550 °C and this temperature
was maintained for a further 8 h. At the end of the experi-
ment, leaves of five plants were selected at random from
each treatment and their area measured by superimposition
on millimetre-squared paper. The dry mass of these leaves
was determined after drying at 80 °C for 48 h. In addition,
circular leaf sections were taken from other plants in each
treatment (see measurement of relative water content),
dried at 80 °C for 48 h and weighed in order to determine
the relationship between the area and the dry mass for
A. portulacoides (n = 50 per treatment).

Classical growth analysis (Evans, 1972) was carried out
with ash-free dry masses. The relative growth rate in
whole plant dry mass (RGR; see Table 1 for abbreviations)
was calculated and partitioned into its three components,
unit leaf rate (ULR), specific leaf area (SLA) and leaf
mass fraction (LMF, i.e. RGR = ULR x SLA x LMF),
using the software tool of Hunt er al. (2002):

(1/W)/(dW/dr) = (1/La)/(dW/dt) x La/Lw
X Ly /W (1)

where ¢ is time, W is total dry mass per plant, L, is total leaf
area per plant and Ly is total leaf dry mass per plant.

TaBLE 1. List of abbreviations used in the text

Abbreviation Definition

A Net photosynthetic rate

Chl a Chlorophyll a

Chl b Chlorophyll »

Cx+c Carotenoids

Fy Minimal fluorescence level in the dark-adapted state
Fn Maximal fluorescence level in the dark-adapted state
Fi Steady-state fluorescence yield

F, Variable fluorescence level in the dark-adapted state
F\/F, Maximum quantum efficiency of PSII photochemistry
Dpgiyp Quantum efficiency of PSII

g Stomatal conductance

LMF Leaf mass fraction

NPQ Non-photochemical quenching

RGR Relative growth rate

SLA Specific leaf area

ULR Unit leaf rate

020z Ae|y || uoisenb Ag 816+91/555/€/001 /A0elISqe-9)olEe/qOR/WOd dNnodlwaepede//:sdiy Wwoly papeojumo(



Redondo-Gomez et al. — Growth and Photosynthetic Responses to Salinity of Atriplex 557

Determination of sodium, potassium and nitrogen

At the end of the experiment, leaf, stem and root samples
were dried at 80 °C for 48 h and ground. Then, 0-5-g
samples were digested with 6 mL. HNOj3, 0-5 mL. HF and
I mL H,0,. Nat and K* were measured by inductively
coupled plasma (ICP) spectroscopy (ARL-Fison 3410,
USA). Total N concentration was determined for undi-
gested dry samples with an elemental analyser (Leco
CHNS-932, Spain).

Leaf relative water content

Ten circular leaf sections of 7 mm diameter were col-
lected for each pot (n =15 per treatment), except for the
700 mol m > treatment, where smaller leaves limited dia-
meter to 5 mm. After 2 months of salinity treatment, rela-
tive water content (RWC) was calculated as

RWC = (FW — DW)/(TW —DW) x 100 (2)

where FW is the fresh mass of the leaf section, TW is the
turgid mass after re-hydrating the leaf section in distilled
water for 24 h, and DW is the dry mass after oven-drying
at 80 °C for 48 h (Medrano and Flexas, 2004).

Gas exchange

Gas exchange measurements were taken on random, fully
expanded leaves by using an infrared gas analyser in an
open system (LCi; Analytical Development Company Ltd,
Hoddesdon, UK) after 6, 30 and 60 d of treatment. Net
photosynthetic rate (A), intercellular CO, concentration
(C;) and stomatal conductance to CO, (g,) were determined
at an ambient CO, concentration of 360 pmol mol ', temp-
erature of 25/28 °C, 50 + 5 % relative humidity and a
photon flux density of 1000 wmolm 2 s™'. A, C; and g,
were calculated using the standard formulae of von
Caemmerer and Farquhar (1981). Photosynthetic area
was calculated by superimposing the surface of each leaf
over a millimetre-square paper. The water-use efficiency
(WUE) was calculated as the ratio between A and transpira-
tion rate [mmol (CO, assimilated) mol ! (H,O transpired)].

Chlorophyll fluorescence

Chlorophyll fluorescence was measured in random, fully
expanded leaves using a portable modulated fluorimeter
(FMS-2; Hansatech Instruments Ltd, Kings Lynn, UK)
after 6, 30 and 60 d of treatment. Measurements were
made on ten plants from each of the five salinity treatments.
Light- and dark-adapted fluorescence parameters were
measured at dawn (stable, 50 pmol m 2 s~ ' ambient
light) and at mid-day (1600 pmol m ™2 s~ ') to investigate
whether salt concentration affected the sensitivity of
plants to photoinhibition (Qiu et al., 2003).

Plants were dark-adapted for 30 min by using leaf-clips
designed for this purpose. The minimal fluorescence
level in the dark-adapted state (F); see Table 1 for abbre-
viations) was measured by using a modulated pulse

(<0-05 pmol m~ 2 s~ ! for 1-8 ws) too small to induce sig-
nificant physiological changes in the plant (Schreiber et al.,
1986). The data stored were averages taken over a
1-6 second period. Maximal fluorescence in this state
(F,) was measured after applying a saturating actinic
light pulse of 15 000 pmolm * s~ ' for 0-7 s (Bolhar-
Nordenkampf and Oquist, 1993). The value of F,, was
recorded as the highest average of two consecutive points.
Values of the variable fluorescence (F, = F,,—F,) and
maximum quantum efficiency of PSII photochemistry
(F,/F,) were calculated from F, and F,. This ratio of vari-
able to maximal fluorescence correlates with the number of
functional PSII reaction centres and dark-adapted values of
F,/F,, can be used to quantify photoinhibition (Maxwell
and Johnson, 2000).

The same leaf section of each plant was used to measure
light-adapted parameters. Steady-state fluorescence yield
(F,) was recorded after adapting plants to ambient light
conditions for 30 min. A saturating actinic light pulse of
15 000 pmol m™? s~ for 0-7 s was then used to produce
the maximum fluorescence yield (Fy,") by temporarily inhi-
biting PSII photochemistry.

Using fluorescence parameters determined in both light-
and dark-adapted states, the following were calculated:
quantum efficiency of PSII [@Ppsy = (Fr —F)/Fy)]
(Genty et al., 1989) and non-photochemical quenching
[NPQ = (Fr—F)/Fy; Schreiber et al., 1986].

Photosynthetic pigments

At the end of the experiment period, photosynthetic pig-
ments in fully expanded leaves (a randomly selected
mixture of old and young leaves) from each treatment
were extracted using 0-05 g of fresh material in 10 mL of
80 % aqueous acetone. After filtering, 1 mL of the suspen-
sion was diluted with a further 2 mL of 80 % aqueous
acetone, and chlorophyll a (Chl a), chlorophyll b (Chl b)
and carotenoids (Cx + ¢) contents were determined with a
Hitachi U-2001 spectrophotometer (Hitachi Ltd, Japan),
using three wavelengths (6632, 646-8 and 470-0 nm).
Concentrations of pigments [pg g fresh weight (f. wt) ']
were obtained by calculation, using the method of
Lichtenthaler (1987).

Statistical analysis

Statistical analysis was carried out using Statistica v. 6-0
(Statsoft Inc.). Pearson coefficients were calculated to
assess correlation between different variables. Data were
analysed using one- and two-way analysis of variance
(F-tests). Data were first tested for normality with the
Kolmogorov—Smirnov test and for homogeneity of var-
iance with the Brown—Forsythe test. Significant test
results were followed by Tukey tests for identification of
important contrasts (Day and Quinn, 1989). Differences
between measurements of fluorescence at dawn and mid-
day were compared by Student’s test (z-test).
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RESULTS
Growth analysis

Mean relative growth rate was stimulated by moderate
external salinity, reaching a peak at 200 mol m > NaCl
that was nearly double the value in the absence of NaCl
(Fig. 1A). Further increase in salinity caused a reduction
in RGR to a very low value at 700 mol m > NaCl. The
same pattern of response was followed very closely by
unit leaf rate (Fig. 1B). The other components of RGR
showed less clear trends: specific leaf area was somewhat
higher at 20 and 200 mmol m > NaCl than at higher and
lower salinities (Fig. 1C), whereas leaf mass fraction was
greater at the highest salinities (Fig. 1D).

Total leaf area after 60 d of salinity treatment was also
greatest in the 200 mmol m > NaCl treatment (Fig. 1E)
and was highly correlated with mean RGR during the
experiment (r = 0-94, P < 0-01). Individual leaf area did
not differ significantly between salinity treatments, except
for 700 mol m > where it was smaller (ANOVA, Tukey

test, P < 0-0001; Fig. 1F); hence, the differences in total
leaf area between salinity treatments were due mainly to
differences in the numbers of leaves per plant.

Sodium, potassium and nitrogen concentrations

There was a marked increase in the mineral (ash) fraction
of both the leaves and the roots (but not the stems) with
increasing external NaCl concentration (Fig. 2A).

By the end of the experiment, tissue sodium concen-
trations were greater in the leaves than in stems or roots
(ANOVA, Tukey test, P < 0-0001), and increased markedly
with external NaCl concentration (Fig. 2B). By contrast,
leaf tissue potassium concentrations were highest in the
non-saline control and dropped sharply when exposed to
20 mol m > NaCl; leaf K* concentration did not respond
to further increases in external NaCl concentrations,
however (Fig. 2C). Stem and root K" concentrations were
little affected by external NaCl concentration.
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Fi1G. 1. Growth analysis of Atriplex portulacoides in response to treatment with a range of NaCl concentrations over 60 d. Relative growth rate (A), unit
leaf rate (B), specific leaf area (C), leaf mass fraction (D), total leaf area (E) and individual leaf area (F). Values represent mean + s.e., n =5 (n = 10 for
individual leaf area). The analysis was carried out on an ash-free dry mass basis.
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Total nitrogen concentrations were considerably higher
in the stems than in the roots, and those in the leaves
were much higher again than in the stems (Fig. 2D).
Leaf N concentration was by far highest in the non-saline
control; stem concentration tended to increase with external
salinity, and root N concentration tended to decline with
increasing salinity.

Gas exchange

Net photosynthetic rate (A) declined significantly
with increasing external salinity after 6 d of treatment
(Fig. 3A). By 30 and 60 d, there was a clear peak in A
at 200 mol m > NaCl, before it declined with further
increases in salinity (Fig. 3B, C). The values recorded at
200 mol m > NaCl after 30 and 60 d were significantly
higher than at other salinities (ANOVA, Tukey test, P <
0-001). There was a strong linear relationship between
A and URL after 60 d (r = 0-97, P < 0-01).

At each of the three measurement times, stomatal con-
ductance (g;) declined significantly with increasing external
salinity (Fig. 3D—F). However, g, tended to increase during
the course of the experiment, across the whole range of
external salinity. Intercellular CO, concentration (C;)
responded differently to salinity at the early stage of the
experiment than at later stages: it increased significantly
with salinity after 6 d of treatment but declined significantly
after 30 and 60 d (Fig. 3G-I). Water use efficiency (WUE)
after 60 d of treatment ranged from 1-47 + 0-08 (s.e.) to
2-38 + 0-18 mmol mol ' and increased significantly with
salinity (r = 0-93, P < 0-05).

Leaf relative water content

Although relative leaf water content after 2 months was
somewhat lower in the non-saline control, it was consistent
across the salinity treatments at approx. 60 % and showed
no significant overall response to salinity.

Chlorophyll fluorescence

Values of F/F,, at dawn were uniformly high (Fig. 4),
with values varying around 0-85. F,/F,, was always lower
at mid-day and the reductions resulted mainly from lower
values of F,, (data not presented) at mid-day than at dawn
(t-test, P < 0-05). Furthermore, the mid-day F,/F,, values
were significantly higher after 60 d of treatment than
after 6 or 30 d (ANOVA, Tukey test, P < 0-0001), again
because of different values of F,. No differences were
recorded at dawn.

There were no significant relationships between F,/F,,
and external NaCl concentration, at 6 or 30 d of treatment.
By 60 d, however, F,/F,, increased with salinity up
to 200 mol m~* NaCl, at mid-day and at dawn, although
the changes at dawn were very small (Fig. 4). The increase
at mid-day resulted mainly from lower values of F
(ANOVA, Tukey test, P <0-0001; data not presented).
There was a positive linear relationship between F./F,
at mid-day and total sodium concentration (r= 0-88,
P < 0-05) after 60 d.

The quantum efficiency of PSII (®Ppgpy) at dawn did not
show a significant relationship with salinity at any time,
although dawn values were significantly higher than
mid-day values (¢-test, P < 0-05; Fig. SA). Only in the
early stages of the experiment (6 d), mid-day @pgy; declined
significantly with increasing external salinity (r = —0-45,
P < 0-01; Fig. 5A); this was in fact due to a substantial
reduction at 700 mol m ™~ NaCl that was accompanied
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by markedly increased non-photochemical quenching
(Fig. 5B). There were no significant responses of @pgyy or
NPQ at mid-day to external salinity after 30 or 60 d.

Photosynthetic pigment concentration

Concentrations of Chl a, Chl » and Cx + ¢ in leaf tissues
were not affected by salinity treatment. Chl a ranged
between 1-27 + 0-10 and 1-93 4+ 0-07, Chl b between
0-50 + 0-18 and 0-67 + 0-03, and Cx + ¢ between 0-42 +
0-01 and 0-50 + 0-02 pg g f. wt~'. Chl a values were posi-
tively correlated with F\/F,, after 60 d of treatment, both
at mid-day and at dawn (r = 0-91, P < 0-05 and r = 0-88,
P < 0-05, respectively).

DISCUSSION

Atriplex portulacoides is highly tolerant of salinity. Growth
was stimulated by an external salinity up to 200 mol m > of
NaCl and some growth was maintained even at
700 mol m ™. This response was apparent as the RGR of
ash-free dry mass, total leaf area and, by inference, the
number of leaves produced. Enhanced growth at moderate
salinities in this southern European population of
A. portulacoides 1is consistent with results for Danish
material, in which the fastest growth rate was in the range
85-170 mol m~* NaCl (Jensen, 1985). The progressive
accumulation of Na® seen with increasing salinity
treatment, particularly in the leaves, indicates the effective
compartmentation of salt in the vacuoles that is a hallmark
of halophytes (Munns, 2002). Jensen (1985) documented
the accumulation of chloride ions under similar salinity
treatments. Salt accumulation in our experiment was also
manifested as the overall accumulation of mineral matter
(ash); ash contents were consistent with those presented
for A. portulacoides by Jensen (1985) and similar to
those recorded for other Atriplex species (Ungar, 1996;
Khan et al., 2000a). The salt bladders of A. portulacoides
(Osmond er al., 1980; Freitas and Breckle, 1992) are func-
tional for salt removal only in young leaves; most bladders
from mature leaves are collapsed and ineffective
(Baumeister and Kloos, 1974). The reduction in total pot-
assium concentration when A. portulacoides was presented
with an external supply of sodium is also characteristic of
dicotyledonous halophytes and has been attributed to dis-
placement of K™ by Na*. K" leakage from the root plasma-
lemma can occur as a result of Ca>* displacement by Na™
(Cramer et al., 1986). Furthermore, sodium uptake causes
plasma membrane depolarization, leading to activation of
outward-rectifying K" channels and a consequent K loss
(S. Shabala er al., 2003; L. Shabala et al., 2005). The
unchanged concentration of K", in all organs, across the
entire range of salinity treatments suggests remarkably effi-
cient K* homeostasis in A. portulacoides. Interestingly, a
degree of salt tolerance in the non-halophyte barley has
recently been associated with the ability to retain K* at
elevated salinity (Chen et al., 2007). The reduction in
total N concentration in our salinity treatments may
reflect dilution in the tissues by increasing growth, although
it is likely that at higher salinities an increasing fraction of

this N would have been diverted to the production of
glycine betaine as an osmolyte (Storey et al, 1977;
Stewart et al., 1979).

Halophytic Atriplex species show stimulation of growth
at NaCl concentrations that are inhibitory to non-halophytes
(Osmond et al., 1980). Ashby and Beadle (1957) reported
that the growth of both A. inflata and A. nummularia was
greater at 600 mol m > NaCl than in nutrient-only controls.
A. griffithii var. stocksii grew faster at 180 mol m > NaCl
than at higher and lower external salinities (Khan et al.,
2000a), whereas A. centralasiatica is able to perform well
at 400 mol m > NaCl (Qiu et al., 2003). Other chenopod
halophytes, such as Halosarcia pergranulata (Short and
Colmer, 1999), Suaeda fruticosa (Khan et al., 2000b) and
Sarcocornia fruticosa (Redondo-Gémez et al., 2006),
have growth optima at moderate to high salinities.

The growth analysis of A. portulacoides in this experi-
ment provides insight into the mechanisms underlying
such salinity tolerance. The component of RGR that was
most sensitive to salinity was clearly ULR, underlining
the primary importance of the rate of assimilation per unit
leaf area. There was also a tendency to allocate more
biomass to the leaf fraction with increasing salinity; leaf
mass fraction increased from approx. 0-4 to 0-56 over the
salinity range. Although it was not associated with any con-
sistent changes in specific leaf area, increased LMF would
have contributed to the maintenance of leaf area at higher
salinity. Except at the highest salinity, variation in
leaf area could be attributed mainly to variation in the
numbers of leaves rather than their mean area.

The pattern of ULR response to salinity was strongly sup-
ported by the direct, short-term measurements of photo-
synthetic carbon assimilation (A). After both 30 and 60 d
of treatment, the highest rates of A were recorded consist-
ently at 200 mol m > NaCl, even though the overall trend
was a reduction in A with salinity. Lorenzen et al. (1990)
similarly reported higher net photosynthetic rates in plants
grown in 50 % seawater than in either O or 100 % seawater,
although the rates they measured in northern European
material were substantially lower than those in our experi-
ment. Rates recorded at 200 and 400 mol m > NaCl, after
at least 1 month of salinity treatment, in the present experi-
ment are similar to those of Qiu et al. (2003) for
A. centralasiatica. Responses of photosynthetic rate to
salinity might be mediated by individual effects on the
assimilatory enzyme systems, photochemical processes or
resistances to gas exchan§e. Measurements of rates of light-
driven incorporation of '*CO, into cell suspension cultures
derived from leaves of A. portulacoides (Plaut et al., 1991)
indicated that at least 500 mol m > NaCl in the assay
medium was not inhibitory to salt-adapted cultures; further-
more, increasing NaCl up to at least 200 mol m ™ in the
culture medium stimulated subsequent incorporation rates.
Hence, enzymic limitation under salt stress is unlikely,
presumably because of compartmentation of NaCl in the
cell vacuoles and the synthesis of compatible osmolytes,
such as glycine betaine, in the cytoplasm. However,
stimulation of carboxylation by salt might have contributed
to the increased photosynthesis observed here at
200 mol m ™~ NaCl.
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There were very clear effects of NaCl on stomatal con-
ductance in the present experiment, across the whole
range of salinity. At all stages of the experiment g
showed an overall strong negative association with external
salinity, although there was little evidence of a reduction
at salinities up to 200 molm > in the later stages of
the experiment. Consequently, changes in g, appear to
provide an explanation for the concomitantly declining
photosynthetic assimilation rates. After 30 and 60 d of treat-
ment, the lower g, led to a reduction in intercellular CO,
concentration, which in turn would have limited carboxy-
lation. In the early stages of the experiment (6 d),
during which plants were probably experiencing a degree
of osmotic shock, there was almost complete stomatal
closure at the highest two salinities; the opposite relation-
ship pertained and intercellular CO, concentration
increased with external salinity. Centritto et al. (2003)
reported that salt stress affects both stomatal and mesophyll
conductances, so the accumulation of CO, in the intercellu-
lar spaces could indicate that the photosynthetic decline at
this time was nevertheless caused by diffusional limitation
of photosynthesis, rather than any effect on carboxylation
capacity. The decline in stomatal conductance was not
accompanied by a loss of leaf relative water content in
A. portulacoides and therefore is likely to be the result of
a signalling process rather than a general loss of turgor.
Essentially the same finding applies to Sarcocornia fruti-
cosa (Redondo-Gomez et al., 2006). At higher salinities,
A. portulacoides was able to increase water use efficiency
substantially, although values were not as high as in the
extreme halophyte Sarcocornia fruticosa.

There was very little evidence that elevated salinity
affected the integrity or function of the photochemical
apparatus, and there was no effect on chlorophyll concen-
trations in the leaves. After 6 d of treatment, when plants
are presumed to have been susceptible to osmotic shock,
there was decreased quantum efficiency of PSII (Ppgyy) at
mid-day at the highest salinity and the concomitant increase
in non-photochemical quenching indicated that the plants
were dissipating excess light energy as heat. Also at this
time the general decline in A was similar to that of @pgyy.
Otherwise, the response of A to salinity did not track that
of @pgyr. This disparity could have been caused by
changes in the relative rates of CO, fixation, photorespira-
tion, nitrogen metabolism and electron donation to
oxygen (the Mehler reaction; Fryer er al., 1998). It has
been suggested that salinity can increase photorespiration
(Parida and Das, 2005) and cyclical electron transport
(Bukhov and Carpentier, 2004). Redondo-Gomez et al.
(2006) showed these two physiological processes could be
mechanisms to protect Sarcocornia fruticosa against
excess of radiation under high salinities, as the relatively
stable NPQ and chlorophyll content across the salinity
range suggested that salt did not produce an increase in
thermal dissipation in the PSII antennae.

The maximum quantum efficiency of PSII photochemis-
try (F,/F,) did show a significant reduction at mid-day
compared with dawn values, which is indicative of photo-
inhibition associated with an over-reduction of PSII. This
photoinhibition would have been caused by a lower

proportion of open reaction centres (lower values of F)
resulting from a saturation of photosynthesis by light.
This decrease seems to be dynamic photoinhibition as
the low mid-day values recovered completely by dawn
to optimal values for unstressed plants (Bjorkman and
Demmig, 1987). The mid-day depression of F,/F,, was
greater in the earlier stages of the experiment than in the
older plants at the end. It was also largely independent
of salinity treatment. However, the mid-day reduction
in F,/F, was much more marked at low salinity
(0-20 mol m3 NaCl), particularly after 30 and 60 d, indi-
cating that low salinity represents an environmental stress
(Maxwell and Johnson 2000) for A. portulacoides. The
increased F,/F,, values at mid-day with both the duration
of treatment and the NaCl concentration could have been
caused by a higher proportion of open reaction centres
(higher values of F,,), which could be attributed to an
increase in Chl a content. By contrast, studies on the non-
halophyte barley have demonstrated that increased salinities
cause highly detrimental effects on F,/F,, and leaf pigment
composition, although these adverse effects on the leaf
photochemistry of barley could be alleviated by increasing
external Ca®" supply (S. Shabala et al., 2005). The fact that
photoinhibition was not more severe in salt-adapted plants,
even when exposed to high light, suggests that they have
mechanisms by which excess energy is dissipated safely
(Qiu et al., 2003). Kocheva et al. (2004) proposed that
the changes in fluorescence intensity resulted from long-
term structural/conformational changes, presumably in the
PSII antennae, which led to increased energy dissipation.
In addition, the decreases in mid-day F|, after 60 d indicated
lower photoinhibitory damage at higher salinity (Maxwell
and Johnson, 2000).

The comparison of growth and photosynthetic responses
of A. portulacoides has provided new insight into salinity
tolerance in a widespread, competitive coastal hygro-
halophyte, which experiences salinities oscillating around
those of seawater. Differences in growth rate over this
range of salinity can be accounted for largely by effects
on net photosynthesis. Allowing for the effects of some
osmotic shock in the early stages of the experiment, it is
clear that salinity has little overall effect on the photochemi-
cal (PSII) apparatus. Similarly, the carboxylation capacity
does not seem to be adversely affected by salinity, although
its stimulation by moderate salt concentrations may contri-
bute to increased growth rates. The greatest impact of
salinity on photosynthesis appears to be via the regulation
of stomatal conductance and its consequences for intercellu-
lar leaf CO, concentration. This finding is in contrast with
results for a xero-halophyte (Sarcocornia fruticosa) in
which lower rates of CO, assimilation could be more than
compensated for by the development of greater photosyn-
thetic area, allowing its fastest growth to occur at even
higher salinities than for A. portulacoides, at least
500 mol m > in this case (Redondo-Gomez et al., 2006).

ACKNOWLEDGEMENT

We thank the Spanish Science and Technology Ministry for
support (Project no. CTM2005-05011).

020z Ae|y || uoisenb Ag 816+91/555/€/001 /A0elISqe-9)olEe/qOR/WOd dNnodlwaepede//:sdiy Wwoly papeojumo(



Redondo-Gomez et al. — Growth and Photosynthetic Responses to Salinity of Atriplex 563

LITERATURE CITED

Ashby WC, Beadle NCW. 1957. Salinity factors in the growth of
Australian saltbushes. Ecology 38: 344—352.

Baumeister VW, Kloos G. 1974. Uber die salzsekretion bei Halimione
portulacoides (L.) Aellen. Flora 163: 310-326.

Bolhar-Nordenkampf HR, Oquist G. 1993. Chlorophyll fluorescence as
a tool in photosynthesis research. In: Hall DO, Scurlock JMO,
Bolhar-Nordenkampf HR, Leegood RC, Long SP, eds.
Photosynthesis and production in a changing environment: a field
and laboratory manual. London: Chapman & Hall, 193-206.

Bjorkman O, Demmig B. 1987. Photon yield of O, evolution and chlor-
ophyll fluorescence characteristics at 77 K among vascular plants of
diverse origins. Planta 170: 489—504.

Bukhov N, Carpentier R. 2004. Alternative photosystem I-driven electron
transport routes: mechanisms and functions. Photosynthesis Research
82: 17-33.

von Caemmerer S, Farquhar GD. 1981. Some relationships between the
biochemistry of photosynthesis and the gas exchange of leaves. Planta
153: 377-387.

Carvalho LM, Cacador I, Martins-Loucao MA. 2001. Temporal and
spatial variation of arbuscular mycorrhizas in salt marsh plants of
the Tagus estuary (Portugal). Mycorrhiza 11: 303—-309.

Castellanos EM, Figueroa ME, Davy AJ. 1994. Nucleation and facili-
tation in saltmarsh succession: interactions between Spartina mari-
tima and Arthrocnemum perenne. Journal of Ecology 82: 239-248.

Centritto M, Loreto F, Chartzoulakis K. 2003. The use of low [CO,] to
estimate diffusional and non-diffusional limitations of photosynthetic
capacity of salt-stressed olive saplings. Plant, Cell and Environment
26: 585-594.

Chapman VJ. 1950. Biological flora of the British Isles: Atriplex portula-
coides (L.) Aell. Journal of Ecology 38: 214-222.

Chen ZH, Zhou MX, Newman IA, Mendham NJ, Zhang GP, Shabala
S. 2007. Potassium and sodium relations in salinised barley tissues as
a basis of differential salt tolerance. Functional Plant Biology 34:
150-162.

Cramer GR, Lauchli A, Epstein E. 1986. Effects of NaCl and CaCl, on
ion activities in complex nutrient solutions and root growth of cotton.
Plant Physiology 1: 792-797.

Day RW, Quinn GP. 1989. Comparisons of treatment after an analysis of
variance in ecology. Ecological Monographs 59: 433—463.

Demmig-Adams B, Adams WW. 1992. Photoprotection and other
responses of plants to high light stress. Annual Review of Plant
Physiology 43: 599-626.

Evans GC. 1972. The quantitative analysis of plant growth. Oxford:
Blackwell Scientific Publications.

Freitas H, Breckle SW. 1992. Importance of bladder hairs for salt toler-
ance of field-grown Atriplex species from a Portuguese salt marsh.
Flora 187: 283-297.

Fryer MJ, Andrews JR, Oxborough K, Blowers DA, Baker NR. 1998.
Relationship between CO, assimilation, photosynthetic electron trans-
port, and active O, metabolism in leaves of maize in the field during
periods of low temperature. Plant Physiology 116: 571-580.

Genty B, Briantais JM, Baker NR. 1989. The relationship between the
quantum yield of photosynthetic electron transport and quenching
of chlorophyll fluorescence. Biochimica et Biophysica Acta 990:
87-92.

Hoagland D, Arnon DI. 1938. The water culture method for growing
plants without soil. California Agricultural Experiment Station
Bulletin 347: 1-39.

Hunt R, Causton DR, Shipley B, Askew AP. 2002. A modern tool for
classical plant growth analysis. Annals of Botany 90: 485-488.
Jensen A. 1985. On the ecophysiology of Halimione portulacoides.

Vegetatio 61: 231-240.

Khan MA, Ungar IA, Showalter AM. 2000a. Effects of salinity on
growth, water relations and ion accumulation of the subtropical peren-
nial halophyte, Atriplex griffithii var. stocksii. Annals of Botany 85:
225-232.

Khan MA, Ungar IA, Showalter AM. 2000b. The effect of salinity on
growth, water status and ion content of leaf succulent perennial halo-
phyte, Suaeda fruticosa (L.) Forssk. Journal of Arid Environments 45:
73-84.

Kocheva K, Lambrev P, Georgiev G, Goltsev V, Karabaliev M. 2004.
Evaluation of chlorophyll fluorescence and membrane injury in the
leaves of barley cultivars under osmotic stress. Bioelectrochemistry
63: 121-124.

Lichtenthaler HK. 1987. Chlorophylls and carotenoids: pigments
of photosynthetic biomembranes. Methods in Enzymology 148:
350-382.

Lorenzen B, Skovhus K, Jensen A. 1990. Spectral properties and net
photosynthesis of Aster tripolium L. and Halimione portulacoides
(L.) Aellen leaves under saline and hypoxic conditions. New
Phytologist 116: 255-262.

Maxwell K, Johnson GN. 2000. Chorophyll fluorescence—a practical
guide. Journal of Experimental Botany 51: 659—668.

Medrano H, Flexas J. 2004. Relaciones hidricas de las plantas. In:
Reigosa M, Pedrol N, Sanchez A, eds. La Ecofisiologia Vegetal.
Una Ciencia de Sintesis. Madrid: Thomson Editores, 1141-1174.

Munns R. 2002. Comparative physiology of salt and water stress. Plant,
Cell and Environment 25: 239-250.

Osmond CB, Bjorkman O, Anderson DJ. 1980. Physiological processes
in plant ecology. Berlin: Springer-Verlag.

Parida AK, Das AB. 2005. Salt tolerance and salinity effects on plants: a
review. Ecotoxicology and Environmental Safety 60: 324—349.
Plaut Z, Bachmann E, Oertli JJ. 1991. The effect of salinity on light and
dark CO,-fixation of salt-adapted and unadapted cell cultures of
Atriplex and tomato. Journal of Experimental Botany 42: 531-535.

Qiu N, Lu Q, Lu C. 2003. Photosynthesis, photosystem II efficiency and
the xanthophyll cycle in the salt-adapted halophyte Atriplex centrala-
siatica. New Phytologist 159: 479-486.

Redondo-Gomez S, Wharmby C, Castillo JM, Mateos-Naranjo E,
Luque CJ, de Cires A, et al. 2006. Growth and photosynthetic
responses to salinity in an extreme halophyte, Sarcocornia fruticosa.
Physiologia Plantarum 128: 116—124.

Rozema J, Bijwaard P, Prast G, Broekman R. 1985. Ecophysiological
adaptations of coastal halophytes from foredunes and salt marshes.
Vegetatio 62: 499—-521.

Schreiber U, Schliwa W, Bilger U. 1986. Continuous recording of photo-
chemical and non-photochemical chlorophyll fluorescence quenching
with a new type of modulation fluorimeter. Photosynthesis Research
10: 51-62.

Shabala L, Cuin TA, Newman IA, Shabala S. 2005. Salinity-induced ion
flux patterns from the excised roots of Arabidopsis sos mutants.
Planta 222: 1041-1050.

Shabala S, Shabala L, Van Volkenburgh E. 2003. Effect of calcium on
root development and root ion fluxes in salinised barley seedlings.
Functional Plant Biology 30: 507-514.

Shabala S, Shabala L, Van Volkenburgh E, Newman IA. 2005. Effect
of divalent cations on ion fluxes and leaf photochemistry in salinized
barley leaves. Journal of Experimental Botany 56: 1369—1378.

Short DC, Colmer TD. 1999. Salt tolerance in the halophyte Halosarcia
pergranulata subsp. pergranulata. Annals of Botany 83: 207-213.

Stewart GR, Larher F, Ahmed I, Lee JA. 1979. Nitrogen metabolism
and salt tolerance in higher plant halophytes. In: Jefferies RL, Davy
Al, eds. Ecological processes in coastal environments. Oxford:
Blackwell Scientific Publications, 211-228.

Storey R, Ahmad N, Wyn Jones RG. 1977. Taxonomic and ecological
aspects of the distribution of glycinebetaine and related compounds
in plants. Oecologia 27: 319-332.

Ungar IA. 1996. Effect of salinity on seed germination, growth, and ion
accumulation of Atriplex patula (Chenopodiaceae). American
Journal of Botany 83: 604—-607.

Véry AA, Robinson MF, Mansfield TA, Sanders D. 1998. Guard cell
cation channels are involved in Na'-induced stomatal closure in a
halophyte. Plant Journal 14: 509-521.

020z Ae|y || uoisenb Ag 816+91/555/€/001 /A0elISqe-9)olEe/qOR/WOd dNnodlwaepede//:sdiy Wwoly papeojumo(





