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Series editor’s foreword

This volume is a landmark in the development of the
halophyte ecology research and development for the
following reasons:

1. The volume brings together contributions from
many countries from which otherwise little infor-
mation is available in the international literature.

2. The volume summarises through individual con-
tributors the state of research possibilities in many
developing countries.

3. The volume documents the latest work by the mem-
bers of the European Union’s Concerted Action
Group “Sustainable utilisation of halophytes in the
Mediterranean and subtropical dry regions”.

4. The volume reports contributions from the work-
shop held at the beginning of the EXPO 2000,
mostly from members of the abovementioned EU
CA which received for its contribution the gold
medal of the EXPO 2000 as shown in Part V.

5. The volume is the hard copy documentation of the
scientific society initiated at the workshop held at
the beginning of the EXPO 2000. Much of the
achievements is still available for some time on
internet via the home page http://www.usf.uni-
osnabrueck.de/projects/expo2000.

The series T:VS has a reputation for reporting
research in and on saline systems and halophytes. If
you look at the list of T:VS publications at the end of
this volume you will see that we covered these topics
from the very beginning in 1981, eight volumes deal
with this topic and among these the most important
reports of the Al Ain/UAE conference on halophytes
in 1990, where the importance and future potentials of
saline irrigation systems were so successfully pre-
sented, that in the time after that meeting several new
institutions for saline research were established.
Several participants of the Al Ain conference and the
EU Concerted Action are now leaders in their field of
halophytes research and we hope that this volume stim-
ulates further halophyte research and the development

H. Lieth (ed.), Cash Crop Halophytes: Recent Studies, ix.
© 2003 Kluwer Academic Publishers.
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of pilot plantations in order to demonstrate the eco-
logical sustainability and the economic feasibility of
saline irrigated production systems.

This book is intended to provide starting points for
work at several levels of research from physiology
through chemistry and practical applications to taxon-
omy and floristic analyses. The volume is structured in
this way and shows the different approaches possible
in different parts of the world limited by the interest of
the local scientists, laboratory and monetary resources
available or suggested by the type of information
needed for further studies.

Towards the end of this book we report on the initi-
ation of the new scientific society dealing with the
problems to be solved to create new cash crop halo-
phytes which is very much needed for the immediate
future in many developing countries with desert or
semidesert climates.

Although still small in numbers of members, the
society is very active in sponsoring international meet-
ings on halophyte research and utilisation. While GM
may make great contributions to salinity tolerance of
common crops in the future, the utilisation of species
with natural salinity tolerance may become great
resources for many purposes for which other crops
may not be suitable. All members of the new society
support the effort of newcomers to start halophyte
research and saline production systems development.

The publications listed in this volume as well as in
the other relevant T:VS volumes, the publications by
the EU CA also compiled at the end of this book and
the wealth of information available through the herein
listed electronic media may provide a solid base for
researchers worldwide. We hope that it serves this pur-
pose. We thank the publisher, especially Mrs Noeline
Gibson and Helen Buitenkamp for their efforts to
present the volume in the usual Kluwer quality and
hope that the volume will stimulate more colleagues
to use the T:VS as an outlet for their research results
relevant to saline systems.

Osnabriick, December 2002 Helmut Lieth



Introduction to the volume

This volume was compiled 10 years after the Al Ain
meeting. It has several aims:

1. It should inform the scientific community about the
possibilities to utilise saline water for irrigation and
halophytes for sustainable agricultural production.

2. In this respect it presents the results of the research
projects undertaken by the EU Concerted Action
group “Sustainable Utilisation of halophytes in the
Mediterranean and subtropical dry region”.

3. It presents the relevant literature on these aspects
and in doing so it shows:

4. Results from eco-physiological research on salt tol-
erance of plants.

5. Halophyte utilisation for the reclamation of soils
with salinity levels just over the tolerance for com-
mon crops.

6. Halophytes with the potential to become cash crops.
7. Sustainable irrigation systems with seawater.

8. Future aspects for halophyte utilisation. The need
for pilot studies demonstrating the organisational
possibility, the ecological sustainability and the
economic feasibility of saline irrigation systems.

H. Lieth (ed.), Cash Crop Halophytes: Recent Studies, xi.
© 2003 Kluwer Academic Publishers.
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The volume is structured in the following way:

1. salinity tolerance analyses,

2. chemical contents of useful halophytes and its
utilisation,

3. field scale tests experiments,

4. halophytes production systems: potentials and
problems,

5. future topics for research and development,

6. recent relevant publications.

The volume is for the future development of saline
ecosystems especially relevant because it marks the
start of the respective international association of
Halophyte Utilisation ISHU which since its founding
session in Osnabrueck has already sponsored or co-
sponsored three international meetings, one in Huang
Hua/China (2001) and the second one in Cairo/Egypt
and the third one in Doha/Qatar (2002). All meetings
were very successful and created new research proj-
ects as well applications in different directions.

New research and development is needed to combat
salinisation and desertification. This volume will indi-
cate new avenues.
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Part I

Salinity Tolerance Analysis



Introduction to Part |

H. LIETH

The success of saline irrigation systems rests largely
on the knowledge about the ecophysiology of the
plants to be used in the development of halophyte
production systems.

The key issue is the salinity tolerance of the plants to
be used. For this reason we start this volume with chap-
ters which deal with that topic. The second most impor-
tant parameter is the chemical composition of the adult
plant at the time of harvesting. Simultaneously, the
level of harvestable production is also important. After
that determines the amount of water needed for an
economically feasible level of harvestable crop the
usability of any species.

Of major importance, therefore, is the rapid salinity
tolerance checking for all species with potential inclu-
sion in cropping systems. The standardised quick
check for salinity tolerance is, therefore, the first
chapter in Part 1. All halophytes included in the list on
the enclosed CD should be screened in the way
described in this section of the book.

Halophytes have developed different methods to
cope with increasing levels of salinity. The salinity tol-
erance may differ greatly between species and within

H. Lieth (ed.), Cash Crop Halophytes: Recent Studies, 3.
© 2003 Kluwer Academic Publishers.

species between subspecies or ecotypes. The salt
exclusion at different positions in the plant, root, stem,
leaf or fruit is of great importance for its practical
usability in saline production systems.

Salinity in nature can have quite different salt com-
positions. In this volume we deal primarily with
sodium chloride salinity, this is the salinity type which
can be tolerated at increasing levels by animals while
other types of salinity, e.g. sodicity is poisonous to
them at far lower salinity levels.

Future types of salinity analyses and tolerance
tests must include the differentiation between salinity
and sodicity as well as other salts contained in
the plant body and the soil water. The information
about the ecophysiological parameters is of different
importance depending on the utilisation of the plant
matter. While a green cover for aesthetic purposes
may need only information about salinity and drought
tolerance and the production level needed for
complete ground cover, its use as forage or vegetable
requires a detailed analysis of the chemical content
of the biomass. This will be the focal point of
Part II.



Study of potential cash crop halophytes by a quick check system:
Determination of the threshold of salinity tolerance and the
ecophysiological demands

HANS-WERNER KOYRO

SUSTAINABLE USE OF HALOPHYTES

The sustainable use of halophytic plants is a promising
approach to valorize strongly salinised zones
unsuitable for conventional agriculture and mediocre
waters (Boer and Gliddon, 1998; Lieth et al., 1999).
There are already many halophytic species used for
economic interests (human food, fodder) or ecolo-
gical reasons (soil desalinisation, dune fixation,
CO,-sequestration). However, the wide span of halo-
phyte utilisation is not jet explored even to a small
degree.

DEFINITIONS OF THE TERMS
HALOPHYTE AND SALINITY
TOLERANCE

Halophytes are plants, which are able to complete
their life cycle in a substrate rich in NaCl (Schimper,
1891). One of the most important property of halo-
phytes is their salinity tolerance (Lieth, 1999). This
substrate offers for obligate halophytes advantages for
the competition with salt sensitive plants (glyco-
phytes). There is a wide range of tolerance among the
2,600 known halophytes (Pasternak, 1990; Lieth and
Menzel, 1999). However, informations about these
halophytes need partially careful checking. A precon-
dition for a sustainable utilisation of suitable halo-
phytes is the precise knowledge about their salinity
tolerance and the various mechanisms enabling a plant
to grow at (their natural) saline habitats (Marcum,
1999; Warne et al., 1999; Weber and Dantonio, 1999;
Winter et al., 1999). The many available definitions
especially for salinity tolerance or threshold of salin-
ity tolerance impede a uniform description and com-
plicate the comparison between species.

H. Lieth (ed.), Cash Crop Halophytes: Recent Studies, 5-17.
© 2003 Kluwer Academic Publishers.

(a) Phytosociologists are using this term only for
plants growing natural in saline habitats. In order to
get first information on salinity tolerance, a phytoso-
ciological vegetation analysis is very helpful and
salinity tolerance numbers are widely applied for
qualitative approximations (Ellenberg, 1974; Landolt,
1977).

(b) Another group of scientists describes salinity tol-
erance with polygonal diagrams of the mineral com-
position in the plants.

(c) The threshold level of salinity tolerance is
described in a further definition as the point (salt con-
centration) when the ability of plants to survive and to
reproduce is no longer given (Pasternak, 1990). This
definition is a modification of the definition of halo-
phytes presented above. Survival and reproduction of a
plant are not always impeded at the same salinity level
(Tazuke, 1997). However, the definition of Pasternak
(1990) is still important for the interpretation of the
ecological dissemination and can be used as a solid
basis for physiological studies concerning the survival
strategies of plants.

(d) Generally, classification of the salinity tolerance
(or sensitivity) of crop species is based on the thresh-
old electrical conductivity (EC) and the percentage of
yield decrease beyond threshold (Greenway and
Munns, 1980; Marschner, 1995). The substrate-con-
centration leading to a growth depression of 50%
(refer to fresh weight, in comparison to plants without
salinty) is widely used by ecophysiologists as a defi-
nition for the threshold of salinity-tolerance (Kinzel,
1982). This definition is based on the same back-
ground as the Michaelis/Menten factor, because it is
as difficult to fix the upper limit of salinity tolerance
as it is to determine the lowest substrate concentration
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for an optimal enzymatic activity. The agreement to
the above-mentioned growth depression is compara-
tively arbitrary, but it leads to a precise specification
of a comparative value for halophytic species and is
especially expressive for applied aspects such as eco-
nomic potentials of suitable halophytes.

(e) It is worth mentioning that there is another defini-
tion of salinity tolerance in use for glycophytic
species. Especially in agriculture it is very common to
speak about salinity tolerance if a variety of a glyco-
phyte such as Hordeum vulgare survives at a slightly
higher salinity level than another variety of the same
species. However, the tolerated NaCl-substrate con-
centrations are in both varieties far beyond sea water
salinity (Amzallag, 1994; Jeschke et al., 1995).

QUICK CHECK SYSTEM FOR THE
SELECTION OF USEFUL PLANTS
AND THE PHYSIOLOGICAL
CHARACTERIZATION OF SALINITY
TOLERANCE

It is — without doubt — necessary to develop sustain-
able biological production systems which can tolerate
higher water salinity because freshwater resources
will become limited in near future (Lieth, 1999). A
precondition is the identification and/or development
of salinity tolerant crops. An interesting system
approach lines out that after halophytes are studied in
their natural habitat and a determination of all envi-
ronmental demands has been completed, the selection
of potentially useful plants should be started (Lieth,
1999). The first step of this identification list contains
the characterization and classification of the soil and
climate, under which potentially useful halophytes
SIOW.

The measurement of the EC in (S cm™!) offers a
simple method for characterizing the salt content
(Osmotic potential MPa=EC —0.036; Koyro and
Lieth, 1998). A saline soil has an EC greater than
4 mmho cm ™! (equivalent to 40 mol m~3 NaCl; U.S.
Salinity Staff, 1954; Koyro and Lieth, 1998) and is
widely used for this purpose. Spatial variability in
salt-affected fields is normally very high. Since the
habitats are often complex and the concentrations
varies with water content, the EC of saturation extract
is only an insufficient indicator for salinity tolerance.
Plant growth in saline soils can be influenced although

Hans-Werner Koyro

the EC indicates no changes, because the actual salt
concentration at the root surface can differ to the bulk
soil. The EC characterises only the total salt content
but not changes in its spatial composition. The impor-
tance of micro-heterogeneity of salinity and fertility
for maintenance of the plant diversity was shown, for
example, from several authors (Igartua, 1995; Abdelly
et al.,, 1999). The study in the natural habitat repre-
sents a mean behaviour but the major constraints can
vary this much that a precise definition of the salinity
tolerance of a species (and a selection of useful plants)
is not possible.

Only artificial conditions in sea water irrigation
systems in a growth cabinet under photoperiodic con-
ditions offers the possibility to study potentially useful
halophytes under reproducible experimental growth
and substrate conditions. The supply of different
degrees of sea water salinity [0%, 25%, 50%, 75%,
100% (and if necessary higher) sea water salinity] to
the roots in separate systems under otherwise identical
conditions gives the necessary preconditions for a
quick check system (QCS) for potential cash crop
halophytes. Former studies have shown that hydro-
ponic cultures (soil-free) and soil cultures were not as
reliable as a gravel/hydroponic system with drip (or
flow) irrigation (Figure 1; Koyro and Huchzermeyer,
1999a). Only the latter system had the potential
to work under (nearly) completely artificial test
conditions with high reproducibility and under close
natural conditions.

Fig. 1. Gravel/hydroponic QCS with automatic drip irrigation
under photoperiodic conditions in a growth cabinet (plant species:
Beta vulgaris ssp. maritima). Controls are visible in the foreground,
the sea water salinisation treatment in the background.
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The experiments of the QCS started off with a
gravel/hydroponic system imitating the climatic
conditions of subtropical dry regions (Koyro and
Huchzermeyer, 1999a). It is worth mentioning that the
reliability of this cultivation system depended beside
the climatic conditions (light intensity, relative humid-
ity, air temperature) directly on a constant periodical
irrigation (15 min per 4 h), a high drainage capacity
and constant nutrient conditions (pH, nutrient compo-
sition, temperature).

The Quick Check of potential crop halophytes
comprises the following eco-physiological tests:

1. A collection of general scientific data and some
special physiological examinations. General scien-
tific data contain informations about factors such
as salt-induced morphological changes, gas
exchange, water relations, mineral content, content
of osmotically active organic substances (such as
carbohydrates and amino acids) and growth.

2. Special physiological examinations are mainly on
cellular level. They include the study of the rela-
tions inside single cells such as the compartmenta-
tion between cytoplasm and vacuole, the
distribution of elements in different cell types or
along a diffusion zone in a root apoplast and ultra-
structural changes.

This QCS (i.e. research about the physiology of salt
tolerance) seems to be ideal for the selection of useful
plants and it suggest itself as a first step for the con-
trolled establishment of cash crop halophytes (see also
chapter on “Some physiological and biochemical
aspects of salt tolerance of Sesuvium portulacastrum”)
because it provides detailed information about the
three major goals:

1. the threshold of salinity tolerance,

2. to uncover the individual mechanisms for salt
tolerance,

3 the potential of utilization for the pre-selected
species.

THRESHOLD OF SALINITY TOLERANCE

In correspondence with the definition for the thresh-
old of salinity tolerance according to Kinzel (1982),
the growth reaction and the gas exchange are used in

the QCS for halophytes as objective parameters for the
description of the actual condition of a plant (Ashraf
and O’Leary, 1996). There are now reliable informa-
tions available about studies with several species such
as Beta vulgaris ssp. maritima (Figure 2a), Plantago
cf. coronopus (Figure 2b), Laguncularia racemosa,
Aster maritima, Batis maritima and Spartina
townsendii (Koyro and Huchzermeyer, 1997, 1999a;
Koyro et al,, 1999; Koyro, 2000). The substrate-
concentration leading to a growth depression of 50%
(refer to freshweight, in comparison to plants without
salinity) is easy to calculate with the QCS (by extrap-
olation of the data) and it leads to a precise specifica-
tion of a comparative value for halophytic species
(Figure 2a and b). The threshold of salinity tolerance
amounts to 300 mol m~3 NaCl in Plantago cf. corono-
pus and 375 mol m™~3 in Beta vulgaris ssp. maritima.
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Fig. 2. Development of the plant freshweight at treatments with dif-
ferent percentages of sea water salinity. The crossover of the red and
the black lines reflects the NaCl-salinity where the growth depres-
sion falls down to 50% of the control plant (threshold of NaCl-
salinity according to Kinzel, 1982). (a) Beta vulgaris ssp. maritima:
75% sea water salinity; (b) Plantago cf. coronopus: 60% sea water
salinity. Additionally it is a clear record for the influence of NaCl-
salinity that the shoot growth was more depressed in both plant
species than the root growth (Marschner, 1995). 0% sea water
salinity = control; 25% = 125 NaCl; 50% =250 NaCl; 75% =
375 NaCl and 100% = 500 NaCl.



BALANCE BETWEEN WATER LOSS AND
CO,-UPTAKE

Terrestric plants at saline habitats are often sur-
rounded by low-water potentials in the soil solution
and atmosphere. Plant water loss has to be minimized
under these circumstances, since biomass production
depends mainly on the ability to keep a high net pho-
tosynthesis by low water loss rates. In this field of ten-
sion, biomass production of a plant has to be seen
always in connection to the energy consumption and
gas exchange [e.g. water use efficiency (WUE)]. A
critical point for the plant is reached if the CO,-
fixation falls below the CO,-production (compensa-
tion point). Therefore, one crucial parameter of the
QCS is the study of growth reduction and net photo-
synthesis dependency especially at the threshold of
salinity tolerance (Figure 3).

Many plants such as Beta vulgaris ssp. maritima and
Plantago cf. coronopus reveal at their threshold salinity
tolerance a combination of low (but positive) net pho-
tosynthesis, minimum transpiration, minimal stomatal

9.0 Net photosynthesis

[=]

E 30

=20
0.0

Control 125 NaCl 250 NaCl 375 NaCl 500 NaCl

WUE

Control 125 NaCl 250 NaCl 375 NaCl 500 NaCl
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conductivity, minimum internal CO,-concentration and
increasing WUE.

MORPHOLOGICAL STRUCTURES TO
REDUCE SALT CONCENTRATIONS

In many cases various mechanisms and special mor-
phological structures are advantageous for halophytes
since they help to reduce the salt concentrations
especially in photosynthetic or storage tissue and
seeds. Salt glands may eliminate large quantities of salt
by secretion to the leave surface. This secretion appears
in complex multicellular organs, for example, in
Avicennia marina or by simple two cellular salt glands,
for example, in Spartina townsendii (Sutherland and
Eastwood, 1916; Walsh, 1974; Koyro and Stelzer,
1988; Marcum et al., 1998). Several halophytes can
reduce the salt concentrations in vital organs by
accumulation in bladder hairs (Atriplex halimus,
Leptochloa fusca (L.), Halimione portulacoides),
enhancing the leave mass to area (LMA) ratio, for

(b) 10.0

9.0 Net photosynthesis
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o
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(d) 4.5
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Fig. 3. Net photosynthesis rate (wmol cm ™2 s~ !, Figure 3a and b), WUE of the photosynthesis (iumol CO, mmol~! H,0, Figure 3¢ and d) of
juvenile leaves of Beta vulgaris ssp. maritima (a and c) and Plantago cf. coronopus (b and d) at different NaCl-salinities. Many species such
as Beta vulgaris ssp. maritima and Plantago cf. coronopus show at their threshold salt tolerance a combination of low (but positive) net pho-
tosynthesis and increasing water use efficiency of the photosyntheis. 0% sea water salinity = control; 25% = 125 NaCl; 50% =250 NaCl;

75% =375 NaCl and 100% = 500 NaCl.
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example, by Suaeda fruticosa, Salicornia europaea,
Salsola kali), translocation into other organs (z.B.
Kandelia candel L.) or shedding of old leaves (Beta
vulgaris ssp. maritima, see literature in Koyro, 2000).

SCREENING OF MECHANISMS TO AVOID
SALT INJURY IN INDIVIDUAL SPECIES

Major Constraints for Plant Growth on
Saline Habitats

Many halophytic species can tolerate high-sea water
salinity without possessing special morphological
structures (see chapter on “Salinity tolerance of
Beta vulgaris ssp. Maritima”). The salinity tolerance of
halophytic plants is in most cases multigenic and there
is often a strong reliance between various mechanisms.
It is the exception, that a single parameter is of major
importance for the ability to survive at high NaCl-
salinity. A comprehensive study with the analysis of at
least a combination of several parameters is a necessity
to get a survey about mechanisms constitution leading
at the end to the salinity tolerance of individual
species. These mechanisms are connected to the four
major constraints of plant growth on saline substrates:

(a) water deficit,
(b) restriction of CO, uptake,
(c) ion toxicity,

(d) nutrient imbalance.

Plants growing in saline habitats face the problem of
having low water potential in the soil solution and high
concentrations of potentially toxic ions such as chloride
and sodium. Salt exclusion minimizes ion toxicity but
accelerates water deficit and diminishes indirectly the
COy-uptake. Salt absorption facilitates osmotic adjust-
ment but can lead to toxicity and nutritional imbalance.
It should not be overlooked for the structure of the QCS
that the relative contribution of the four major con-
straints depends also on ion relations in the substrate,
duration of exposure, stage of plant development, plant
organ and environmental conditions .

Major Plant Responses to High NaCl-salinity

In principle, salinity tolerance can be achieved by salt
exclusion or salt inclusion. The following physiologi-

cal mechanisms to avoid salt injury (and to protect the
symplast) are known as major plant responses to high
NaCl-salinity:

(a) Adjustment of the waterpotential, decrease of the
osmotic and metric potential, enhanced synthesis
of organic solutes.

(b) Regulation of the gas exchange (H,O and CO,),
for example, high WUE (H,O-loss per net CO,-
uptake).

(c) Ion-selectivity to maintain homeostasis especially
in the cytoplasm of vital organs:

® selective uptake or exclusion (e.g. salt giands),

@ selective ion-transport in the shoot, in storage

organs, to the growing parts and to the flowering

parts of the plants, retranslocation in the phloem,

e compartmentation of Na and ClI in the vacuole.

(d) High-storage capacity for NaCl in the entirety of
all vacuoles of a plant organ, generally in old and
drying parts (e.g. in leaves supposed to be dropped
later) or in special structures such as hairs. The
dilution of a high NaCl content can be reached in
parallel by an increase in tissue water content (and
a decrease of the surface area, succulence).

(e) Avoidance of ionic imbalance.

(f) Endurance of high NaCl-concentrations in the
symplast.

(g) Compatibility of whole plant metabolism with
high NaCl-concentrations (synthesis of NaCl-
tolerant enzymes, protecting agents such as proline
and glycine-betaine).

(h) Restricted diffusion of NaCl in the (root-)
apoplast.

Beneficial Scientific Data

Useful parameters for a QCS of halophytes should base
on the major plant responses to high NaCl-
salinity (Volkmar et al., 1998). It seems to be essential
that such a screening system should include salt-
induced morphological changes (see chapter on
“Salinity tolerance of Beta vulgaris ssp. Maritima”, suc-
culence, LAR: leave mass to area ratio), growth (see
chapter on “Some physiological and biochemical
aspects of salt tolerance™), water relations, gas exchange
(see chapter on “Physiological responses and structural
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modifications”) and composition of minerals (and com-
patible solutes) at different parts of the root system and
in younger and older leave tissues. The measurement of
such general scientific data at plant-, organ- or tissue-
level reveals general trends — but since these represent a
mean behaviour of several cell types, many informa-
tions on single cell adjustment are lost. They cannot
give sufficient information about the compartmentation
inside a cell or along a diffusion zone in a root apoplast
or about ultrastructural changes. The collection of sci-
entific data should be completed if necessary by a
special physiological research at single cell level.

Collection of General Scientific Data

Information about salt-induced morphological
changes, gas exchange and growth were already

125 NaCl
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presented in this chapter. The list of general scientific
data can be completed by information on water rela-
tions (e.g. leave water potential) and composition of
organic and inorganic solutes.

Leaf water potential

Data of the leave water potentials (measured by
dew point depression with a WESCOR HR-33T)
demonstrated clearly that Beta vulgaris ssp. maritima
(Figure 4a) and Plantago cf. coronopus (Figure 4b)
have a sufficient adjustment mechanism even at high-
salinity treatment, suggesting that there was no reason
for growth reduction by water deficit. Thus, if the rate
of supply of water to the shoot is not restricted, the
depression of the shoot growth shown in Figure 1 is
likely to be mineral nutrition connected. It seems to be
only a matter of controversy as to whether a decrease in

250 NaCl 375NaCl 500 NaCl

(a) 0 NaCl

(MPa)
& b b L L 4 oo
° @ o o o @ °

(b) Control 125 NaCl

_ 250 NaCl _

375NaCl _ 500 NaCl

0.0 t
.
—0.54
-1.0]
-1.5]

(MPa)

11

Fig. 4. Leaf water potentials (MPa) of Beta vulgaris ssp. maritima (a) and Plantago cf. coronopus (b). The red lines in the bars mark the water
potentials in the nutrient solutions. Leave water potentials were always lower than in the assigned nutrient solution potential. The difference
between water potentials in the leaves and in the nutrient solutions decreased with increasing NaCl-salinity. There was only one exception:
Plantago cf. coronopus in the control treatment. 0% sea water salinity = control; 100% sea water salinity = sea water salinity.
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the amounts of nutrients or unfavourable nutrient ratios
(e.g. Na*/K™) are important factors for impaired leave
elongation (Lynch et al., 1988; Munns et al., 1989).

Nutrients
The physiological responses of Beta vulgaris ssp. mar-
itima and Plantago cf. coronopus were quite similar up
to this point. However, data of additional scientific
studies have shown that these two species exhibit very
different ways of adjustment to high NaCl-salinity. For
clarification further scientific data (selected minerals
and sucrose) will be presented only for the sea beet
(for further details see Koyro and Huchzermeyer,
1999a). The measurements were carried out from
different plant tissues to evaluate their individual
storage capacity and beneficial effects.

Potassium was stored in juvenile and adult leaves of
salt-free controls in much higher concentrations as in

500
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1 = Sea water salinity
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= Sea water salinity

400 -
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the root (Figure S5a). Salinity led to a significant
decrease of the potassium concentrations in all parts
of the plant and to a shift of the maximum potassium
concentration from adult to juvenile leaves. The potas-
sium supply to adult leaves was reduced more than to
juvenile and growing parts.

The sodium concentrations were in all plant tissues
of the controls and low-salinity plants and especially
in the leaves of the high salinity treatment always
much higher than in the nutrient solution (Figure 5b).
The comparison of the K- and Na-concentrations
in juvenile and adult leaves reveals obviously that
Beta vulgaris ssp. maritima uses the older parts for
internal detoxification or better internal exclusion of
sodium. The step inverse Na/K gradient between
juvenile and adult leaves of the sea beet is a typical
reaction of many halophytes to high NaCl-salinity
(Wolf et al., 1991; Koyro and Huchzermeyer, 1999).

(b) Sodium o Control
800 1 = Sea water salirjity

500 -
400+
300
200
100+ J
0 . - T .
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(mol m™3)
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(d) Sucrose »
= Sea water salinity
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Fig. 5. Potassium- (a), sodium- (b), chlorine- (c) and sucrose-concentrations (d) in mol m™3 in different tissues of Beta vulgaris ssp. maritima.
The osmotic adjustment in leaves and adventitious roots based mainly on the accumulation of Na and Cl. Soluble carbohydrates were mainly
responsible for the osmotic adjustment of the tap root. Adv. Root = adventitious roots; LP = leave petiole; L = leave lamina.
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There is scientific debate whether high potassium
concentrations in young leaves and reproductive
organs can be achieved by low xylem import of both
potassium and sodium, and/or high phloem import
from mature leaves (Wolf et al., 1991).

The chlorine-concentrations were very low in all
tissues of the controls (Figure 5c). The high-salinity
treatment led only to a comparatively (reference: dif-
ferent NaCl-concentrations in the nutrient solutions)
small increase of the Cl-concentrations in all tissues.
However, the chlorine were just like the sodium con-
centrations much higher in adult than in juvenile
leaves. An effective restriction of sodium and chlorine
import into young leaves compared to old leaves is
also typical for Agrostis stolonifera (Robertson and
Wainwright, 1987). Another mechanisms of sea beet
to reduce internal NaCl-concentrations was shedding
of old leaves (see literature in Koyro, 2000). This sys-
tem successfully diminishes and controls the accumu-
lation of Na and Cl in younger or metabolically active
parts of the plant and buffers against an imbalance of
nutrients such as K.

Osmotic adjustments

The osmotic adjustment in leaves and adventitious
roots based in our experiment mainly on the accumu-
lation of Na and Cl. Howeyver, this was not the case for
the taproot of the biennial sea beet. The sucrose con-
centrations in the taproot of the control plants was
much higher than in any other tissues (Figure 5d). The
sucrose concentrations increased in the taproot with
increasing salinity. Therefore, soluble carbohydrates
were mainly responsible for the osmotic adjustment of
the taproot. It is obvious, that high-salinity treatment
leads to a decrease of biomass-production for the
benefit of the synthesis of osmotically active organic
substances in the taproot.

Special Physiological Examination

The general scientific data give an impression about
various mechanisms of adaptation to high NaCl-
salinity. However, they do not give an explanation for
the threshold of salinity tolerance of the sea beet.
A possibility to find such limiting factors is the study
of the relations inside single cells such as the com-
partmentation between cytoplasm and vacuole, the
distribution of elements in different cell types or along
a diffusion zone in a root apoplast and ultrastructural

Hans-Werner Koyro

changes. The analysis of the distribution of elements
(compartmentation) in a distinct cell type can be used
to answer several questions such as:

(a) Is there a compartmentation and a division of
labour in cytoplasm and vacuole ?

(b) Is it necessary to look more in detail to toxic
effects caused by high cytoplasmic sodium or
chlorine concentrations?

(c) Is there a compatibility of the metabolism
with high NaCl-concentrations in the symplast
(cytoplasm)?

(d) Is there a high ionic imbalance in the symplast
(cytoplasma)?

Supportive data were given in this chapter that sodium
and chloride were stored mainly in the shoot of the sea
beet and that the growth reduction of the above ground
parts were much higher than of the root. Therefore,
further investigations are presented based on the
(juvenile) leave.

Distribution of Mg, Ca and P in different cell

types of juvenile leaves

Energy Dispersive X-Ray Microanalysis (EDXA)
were carried out in vacuoles of freeze-fractured bulk
frozen leave-tissues (Figure 6). The results of the
single-cell analysis pointed to a preferred accumula-
tion of the elements K, Mg, P and Ca in the vacuoles
of distinct leave cell types (see also Koyro and
Huchzermeyer, 1999a). The leave-vacuoles of all cell
types had a high storage capacity for potassium (con-
trol). In the controls P and Mg (in the high-salinity
variation at least P) were accumulated mainly in the
vacuoles of photosynthetically active cells of the sea
beet. With the exception of “crystal cells” the Ca-
concentrations were very low in the leave-vacuoles of
the sea beet (Koyro and Huchzermeyer, 1999a). These
internal K, Mg, P and Ca-pools are used to cover the
essential nutrient-requirement at high-salinity condi-
tions in the cytoplasm of leave cells.

Element composition of vacuolar sap and

cytoplasm in juvenile leaf epidermis

The single cell data of the vacuolar and cytolasmatic
composition in cells of the upper leaf-epidermis are
summarized for the controls and the high-salinity treat-
ments in Figure 7. It is obvious that NaCl-salinity led to
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Fig. 6. Vacuolar sodium-, magnesium-, phosphor-, sulphur-, chlorine- and potassium-concentrations in mol m~> (measured with EDX-analysis
in bulk frozen tissues) in different leaf tissues of Beta vulgaris ssp. maritima. The vacuolar potassium, magnesium and phosphor pools cover
the essential nutrient-requirement at high-salinity conditions in the cytoplasm of leaf cells. Sodium and chloride are used for the osmotic adjust-
ment in the vacuoles of all leaf tisssues. White bars = controls at 0% sea water salinty, black bars = 100% sea water salinity. (a) adaxial epidermis,
(b) palisade parenchyma, (c) spongy parenchyma, and (d) adaxial epidermis.

a decrease of P, Cl, Ca, Mg and K (measured only with
EDXA) in this compartment. The K-concentrations
were in the epidermal cytoplasm of control plants in an
ideal range for enzymatic reactions (Wyn Jones et al.,
1979; Wyn Jones and Polard, 1983; Koyro and Stelzer,
1988). However, NaCl led to a significant decrease of
the K and P concentrations. This result points at a defi-
ciency for both elements in the cytoplasm and supports
the hypothesis that the major reason for the threshold of
the salinity tolerance in the sea beet is not ion-toxicity
but ion-deficiency! This result demonstrates the neces-
sity of single-cell measurements for the study of char-
acteristic salinity tolerance mechanisms and threshold
levels of individual species.

Summary of the single cell data
In all leaf cell types, the vacuolar K-concentration
in control treatments was significantly higher in

comparison to the cytoplasm. The leaf-vacuoles in its
entirety can be described as a voluminous potassium-
pool with high-storage capacity for sodium and
chloride. This pool is needed in case of high NaCl-
salinity for the maintenance of the K-homeostasis
in the cytoplasm. High NaCl-salinity leads to a
breakdown of the K-homeostasis because of K-
deficiency.

Evaluation of the Screening Procedure

The results presented in this chapter contain a lot of
informations about the essential eco-physiological
needs of the sea beets at high salinity. One possible
consequence is the supply of sufficient fertilizers
(especially K and P) at high NaCl-salinity to
reduce the symptoms of K- and P-deficiency. This
QCS is the basis for a very variable screening of
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Fig. 7. Sodium-, magnesium-, phosphor-, sulphur-, chlorine- and potassium-concentrations in mol m~> (measured with EDX-analysis in bulk
frozen tissues) in the vacuoles and in the cytoplasm of adaxial epidermis cells of Beta vuigaris ssp. maritima. High NaCl-salinty leads to a decrease
of B, Cl, Ca, Mg and K in the vacuole and to a significant decrease of the K and P concentrations in the cytoplasm. White bars = controls at 0%

sea water salinty, black bars = 100% sea water salinity.

individual species. It enables to study the characteris-
tic combination of mechanisms against salt injury and
the threshold of salinity tolerance. The QCS can also
be used with distinct modifications like different
irrigation systems. It can be modified to the special
characteristics and needs of other species and is
therefore useful to study a wide range of suitable
halophytes. This OCS is a practical first step on the
selection of economically important cash crop
halophytes.

SELECTION OF SALINITY TOLERANT
SPECIES WITH PROMISING TOLERANCE
AND YIELD CHARACTERISTICS

For future studies on utilisation potentials of halo-
phytes precise data about the ecological demands of
halophtic species are required. Comparative physio-
logical studies about salinity tolerance are essential.
A precondition for this demand is a precise
specification of a comparative value for halophytic
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species as shown in this chapter. Four steps are
prerequisites for the selection of appropriate salinity
tolerant plants with promising tolerance (and yield)
characteristics.

(a) The literature has to be screened prior to the selec-
tion of priority species (potentially useful species)
in order to get first-order information about their
natural occurrence in dry or saline habitats, exist-
ing utilisation (because of their structure, chemical
content or other useful properties), natural climatic
and substrate conditions, water requirement and
salinity tolerance.

(b) Soon after the selection of a priority species,
the threshold of salinity should be determined
according to Kinzel (1982). The characteristic
major plant responses has to be evaluated for
precise informations of ecophysiological demands.
The data can build up a well-founded basis for the
improvement of the utilisation potential.

(c) Additionally, research about the genetic composi-
tion of chromosomes mastering saline environ-
ment is also needed and bases on quantitative
precise determination.

BREEDING PROGRAMS AND OTHER
POSSIBILITIES FOR THE SELECTION OF
ADEQUATE YIELD AND TOLERANCE
CHARACTERISTICS

Selection and breeding programs designed to improve
the adaptation of crop plants to saline soils have to
consider the various mechanisms responsible for
salinity tolerance or sensitivity. Efforts to develop new
crop cultivars with improved salinity tolerance have
been intensified over the past 20-25 years. However,
there is only a limited number of cultivars that have
been developed with improved salinity tolerance and
for all of them selection has been based on agronomic
characters such as yield or survival. Plants regenerated
from selected cells of cell or tissue culture (for
improving salinity tolerance) have not shown an
unequivocal increase in salinity tolerance (Winicov
and Bastola, 1999). It is a matter of question whether
cell cultures nor breeding of crop plants are appropri-
ate for selection because salinity tolerance is in most
cases multigenic and it depends on the structural and
physiological integrity of plants.

On the background that genetic variability exists
within crop species it seems promising to introduce
important traits of salinity tolerance into crop species
from their wild relatives through interspecific
hybridization [e.g. Beta vulgaris ssp. vulgaris (sugar
beet) and Beta vulgaris ssp. maritima (sea beet)].
These are valuable tools available for screening and
breeding for higher salinity tolerance.

During recent years gene modification technology
has been applied to obtain genetically improved crop
plants (Yeo, 1998; Winicov and Bastola, 1999).
However, genetical as well as molecular biological
methods should be tested according to their possible
applications. The development of halophytes to useful
plants (“cash crop halophytes™) should go ahead with
the development of glycophytes to salinity tolerant
crops (Figure 8). The selection and breeding for
salinity tolerance are important issues for traditional
agricultural production systems especially in semiarid
and arid regions. It is conceivable, that an improve-
ment of the utilisation potential can be reached in near
future by gene transfer of profitable features to a

Selection of priority species completing
their life cycle in a substrate rich in NaCl
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Fig. 8. Scheme about the development of halophytic crops as a sys-
tems approach. Only halophytes were selected with high utilisation
potential on saline substrates.
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halophyte or of tolerance-enhancing features to a
glycophyte (Winicov, 1998). Recent studies have
shown, that a relatively small number of quantitative
trait loci (QTL) may govern complex physiological
characters. After isolation and cloning of genes from a
(glycophytic) cultivated plant, responsible, for exam-
ple, for yield-enhancing characteristics, the gene
could be transferred into a halophyte. Alternatively,
the transfer of genes, responsible for salinity tolerance
could occur from a halophyte to a glycophytic crop.
It is highly probable, that at least one of these ways
is leading to the development of sea water tolerant
Ccrops.

DEVELOPMENT OF CASH CROP
HALOPHYTES

The physiological studies with the sea water irrigation
system have the potential to provide highly valuable
means of detecting individual mechanisms of species
against NaCl stress, and may also provide opportuni-
ties for the comparison and screening of different vari-
eties for their adaptation to salinity (QCS for cash
crop halophytes). However, it can be only the first step
for the development of cash crops or other usable
plants from existing halophytes. After the selection of
halophytic species suited for a particular climate and
for a particular utilisation a gradual realization of the
following topics could be one way to establish poten-
tially useful cash crop halophytes:

(a) Green house experiments at the local substrates
(and climatic conditions) to select and propagate
promising sites (Isla et al., 1997).

(b) Studies with Lysimeters on field site to study the
water consumption and ion movements.

(c) Design of a sustainable production system in
plantations at coastal areas or at inland sites
(e.g. for economical use).

(d) Testing yield and (economic) acceptance of the
product.
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Physiological responses and structural modifications in
Atriplex halimus L. plants exposed to salinity

A. DEBEZ, W. CHAIBI AND S. BOUZID

INTRODUCTION

The deleterious effects owing to the presence of salt in
the plants’ environment could be resumed in three
points: (i) a water stress, resulting from the decrease of
the water availability, following to the lowering of
water potential in the medium with regard to the
plant’s tissues, (ii) a toxic action which disrupts the
metabolic activity of the cell and (iii) a nutritional
stress generated by high-salt concentrations (Bajji
etal., 1998). For example, Na* competes for the absorp-
tion sites with K* and Ca™ ™, and C1~ with nitrates and
phosphate. On the other hand, salinity affects several
and important metabolic processes in the plant, as the
absorption of water and nutrients, the osmotic adjust-
ment, photosynthesis, but also the protein synthesis
and enzyme activity (Levigneron et al., 1995).

Halophytes, known as the plants which accomplish
their vital cycle in an environment rich in salts, have
developed during their evolution several mechanisms
which preserve them from the depressive effects of
salinity, enabling them to grow well, sometimes even
better in the presence of salt (Flowers et al., 1977;
Osmond et al., 1980; Breckle, 1995). Salt-tolerance is
a complex phenomenon requiring the intervention of
several mechanisms at the whole plant level (Yeo,
1983). On the other hand, there are no clear limits to
classify halophytes in function of their level of salt-
tolerance, the latter varying with families, genera,
species, and with varieties as well (Levigneron et al.,
1995). However, one estimates that optimal growth of
halophytes is generally reached within the concentra-
tions ranging from 20 to 500 mM NaCl (Flowers et al.,
1977). The positive evolution of halophytes growth in
presence of salt has already been reported (Yeo and
Flowers, 1986; Marcum and Murdoch, 1992; Freitas
and Breckle, 1993b; K6hl, 1997).
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Arid and semi-arid zones, located in the
Mediterranean basin, are among the most severely salt-
affected lands. The climatic and edaphic conditions
prevailing there, both are contributing to this situation.
These regions could be rehabilitated by introducing
tolerant species of economical interest, capable of
developing on such hostile surroundings, which is the
case with the Atriplex. The important polymorphism
characterizing this genus in its response to the saline
stress in particular (Osmond et al., 1980), makes it of
higher interest, because it would permit the selection of
high salt-tolerant individuals.

Our objective, using this biologic diversity, is to
perform a comparative study of the effect of NaCl on
two provenances of Atriplex halimus L. The work con-
sists of a physiological and structural study. Moreover,
the evolution of total soluble peroxidases and foliar
phosphoenolpyruvate carboxylase (PEPC) activities in
function of salinity is discussed.

MATERIAL AND METHODS
Plant Material and Culture Conditions

The plant material we used, represents the sub-species
Atriplex halimus cv. halimus. Seeds of Amilcar prove-
nance, a littoral locality near Tunis, were harvested
from the same stock plant growing at the seashore.
Those from El Alam, a region close to Kairouan (in
the centre of Tunisia), were collected from the same
stock plant, too. Seeds were sown in sand, at 1.5 cm of
depth and 1 cm apart. They were watered with dis-
tilled water during the first week, and with a KNOP
solution for another 3 weeks. After one month,
seedlings were grown hydroponically in a controlled
environment chamber: 25 = 5°C, with a photoperiod
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of 16 h, 55-85% of relative humidity and 35 W/m? of
light intensity. KNOP solutions (pH 4.9) were contin-
uously aerated and changed every week. Saline stress
(NaCl at 5, 10, 20 and 30 g/L) was progressively
applied after 7 days until reaching the final concentra-
tion. Prior to salinization, initial dry weights of 10 ran-
domly harvested seedlings were measured.

Once harvested, 2 month-plants were divided in
leaves, stems and roots. Plant growth parameters were
determined by measuring fresh and dry weights (FW
and DW, respectively), foliar area (cm?), relative
growth rate (RGR) and shoots DW/roots DW ratio.
Water status relations assessed were water content and
succulence rating (leaf FW/leaf DW).

RGR = final DW — initial DW
(final DW + initial DW) #/2

where ¢ corresponds to the period of treatment
(days).

After an extraction in 0.1 N HNOs, cations (Na™,
K* and Ca™*) contents were determined by an emis-
sion flame spectrophotometer (Eppendorf), while
Chloride was measured by choulometry using a chlo-
ridometer (Buchler-Cotlove).

Enzyme Activity

Total soluble peroxidases

For the extraction, 1 g of leaf fresh matter was ground
in 2 ml of 100 mM phosphate buffer (pH 7) at 4°C. The
homogenates were centrifuged at 13,000 g for 20 min.
Supernatants were then used for peroxidases activity
measurements which were performed in a reaction
mixture containing a 50 mM phosphate buffer (pH 7),
10 mM guaiacol and 5 mM H,0,. Guaiacol oxidation
was monitored at 470 nm using a spectrophotometer
(Beckman Of 640).

Phosphoenolpyruvate carboxylase (PEPC)

(a) Enzyme preparation. 1 g of leaf fresh matter was
ground with 5 ml of extraction medium containing
100 mM Tris-HCI buffer (pH 8), 5% PVP insoluble,
10% Glycerol, 5 mM MgCl,, 1 mM EDTA, 1 mM DTT,
1 mM PMSF, 1 mM Leupeptine. The homogenates
were centrifuged at 10,000 g for 5 min. Supernatants
were used for activity measurements. The above
operations were carried out at 4°C.
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(b) Enzyme assays. In C, plants, the foliar PEPC catal-
yses the phosphoenolpyruvate carboxylation to
oxaloacetic acid, which is then converted into malate, a
reaction catalysed by the NAD malate dehydrogenase.
The reaction was run at 30°C and the PEPC activity
was measured by following the NADH oxidation at
340 nm by a spectrophotometer (Beckman Of 640).
The reaction mixture contained (in wM) Tris-HCI
(pH 8), 100; MgCl,, 10; EDTA, 1; DTT, 1; NaHCO,,
40; NADH, 0.2; ATP, 4; PEP, 2 and 100 p.l of the crude
extract.

Chlorophyll Contents

The chlorophyll a and b contents were measured using
a spectrophotometer (Beckman Of 640), at 645 and
663 nm (Arnon, 1949).

Cyto-histological Investigations

In order to determine the Atriplex halimus L. cary-
otype, seeds were germinated for 24 h at 25°C in the
dark. Then, root apexes were colored with orceine and
observed with a light microscope.

The structural survey consisted in achieving cross
sections of newly formed or aged leaves. After their
inclusion with paraffin and coloration with hema-
toxylin, safranin and anilin blue (triple coloration),
samples were observed with a light microscope. For
the scanning electronic microscope (SEM) study,
leaves were fixed in glutaraldehyde and washed with a
cacodylate buffer. This operation was followed by a
dehydration in ethanol increasing concentrations and
by a passage in pure acetone.

RESULTS
Plants Growth

El Alam Control plants were more productive with
regard to Amilcar, while NaCl addition, up to 10 g/l,
significantly improved the growth of both prove-
nances (Figure 1). At optimal concentrations (5 and
10 g/1), NaCl promoting effect on growth was less pro-
nounced in Amilcar provenance than El Alam. At
20 g/1, NaCl stimulating effect disappeared, and a signi-
ficative decrease of the growth was observed at 30 g/l
NaCl, but with differences between the two prove-
nances. This depressive action was more marked in
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Fig. 1. Effect of NaCl concentration on biomass production of 2-month old plants of Atriplex halimus L. El Alam and Amilcar provenances.
Plants were treated for 3 weeks (means of 15 measurements, 5% confidence interval).

Table 1. Evolution of leaf area, shoot DW/root DW ratio, RGR, plants content and succulence rating as a function of NaCl in 4. halimus L.

El Alam and Amilcar provenances (means of 15 measurements, 5% confidence intervals)

Water content

Foliar succulence rating

Leaf area (cm?) Shoot DW/root DW Shoot RGR (ml/g DW) (FW/DW)
NacCl (g/1) El Alam Amilcar ElAlam  Amilcar ElAlam  Amilcar ElAlam  Amilcar ElAlam  Amilcar
0 1.95+0.15 1.51x0.11 6.94 6.87 0.05 0.049 7.81 6.35 9.19 7.38
5 225+%0.19 1.76 =0.12 9.675 8.382 0.056 0.054 10.69 8.41 12.26 10.28
10 2.72%02 222*0.16 9.2 8.265 0.056 0.054 10.47 8.35 12.33 10.31
20 1.86*x0.11 1.17%0.1 8.816 7.27 0.051 0.048 8.90 7.40 1043 8.42
30 1.38+0.1 1.06 = 0.08 8.84 7.33 0.048 0.044 7.67 5.94 9.44 6.9

Amilcar, which appeared less tolerant to high NaCl
concentrations.

The same trend was noted for the other growth
parameters, as indicated in Table 1. Leaf area rised up
to 10 g/l NaCl, before sloping down at higher concen-
trations, notably at 30 g/l. In the same way, the shoot
DW to root DW ratio evolved positively up to 10 g/l
NaCl, ranging from 6.94 in control to 9.2 in plants
grown with 10 g/l NaCl for El Alam and from 6.87 to
8.26 in Amilcar.

Comparison of growth performance between the
both provenances were assessed by RGR. The growth
activity was slightly higher in El Alam relative to
Amilcar controls. The presence of NaCl up to 10 g/1,
enhanced root (data not shown) and shoot growth
activity for the both provenances. Reductions observed
at above concentrations were more marked in Amilcar,
notably at 30 g/l. These preleminary results confirm
the halophilic character of Atriplex halimus L. as well
as the variability of the plant response to salt, E1 Alam
provenance distinguishing by a better behaviour with

regard to Amilcar, at optimal (5-10 g/l NaCl), but also
at extreme concentrations (30 g/l).

Water Relations

NaCl improved the water status of the plants (Table 1).
Shoot or root water content was maximal at 10 g/l
before declining at higher concentrations, suggesting
the presence of a close relationship between plants
growth and their water status. Nevertheless, El Alam
provenance was able to maintain, at the extreme con-
centrations (20 and 30 g/l NaCl), a better level of
hydration in its tissues in comparison with Amilcar,
which would partly explain the sensivity of the latter.
The amelioration of the leaves hydration by NaCl, is
reflected through their succulence ratio enhancement
(Table 1). In El Alam provenance, it increased substan-
tially in presence of 5 and 10 g/l NaCl. Although
decreasing at higher salt levels, this parameter
remained above control level. This trend was also noted
in Amilcar provenance, but with a more pronounced
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fall at 20 and 30 g/l NaCl. Light microscopy transverse
sections of leaves show that the thickness of leaves was
2-fold higher in El Alam (Figure 2A) than Amilcar
(Figure 2B), confirming the higher succulence of the
first provenance.

The increased succulence permits the storage of an
important quantity of water. This was observed by
SEM investigations: 10 g/l NaCl increased turges-
cence of El Alam foliar epidermic cells with regard to
control. Similarly, dimensions of stomatic cells were
enhanced (Figure 2C and D), leading probably to a
modification of their aperture degree.

A. Debez, W, Chaibi and S. Bouzid

Total Soluble Peroxidases Activity

In control plants, total soluble Peroxidases activity of
the both provenances, expressed on a dry matter basis,
was higher than in plants treated with 10 g/l NaCl
(optimal concentration for the growth) (Figure 3). At
this level, the measured activity was 50.7% of control
in El Alam provenance and 53.2% in Amilcar. NaCl
supraoptimal concentrations (in particular 30 g/1)
induced an increase of the activity by 73% in rela-
tion to 10 g/l NaCl, in El Alam provenance, and by
71.5% in Amilcar. These results display an inverse

Fig. 2. Cross sections of leaves of Atriplex halimus L. treated with 30 g/l NaCl. The leaf thickness (¢) of El Alam provenance (A) is twice more
important than Amilcar (B). (td) trichomes debris; (cm) mesophyll cells; (gp) bundle-sheath cells. Scanning Electron Microscopy cross sections
of leaves of Atriplex halimus L. treated with 10 g/l NaCl. Stomatic cells (st) of treated plants (C) are more turgescent than control ones (D).
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Fig. 3. Evolution of total soluble Peroxidases activity in leaves of
2-month old plants of Atriplex halimus L. El Alam and Amilcar
provenances at different NaCl concentrations. Plants were treated
for 3 weeks (means of 4 assays, 5% confidence interval).

correlation between growth and the soluble peroxi-
dases activity.

It appears on the other hand, that at high concentra-
tions (20 and 30 g/l NaCl), the total soluble peroxi-
dases activity is more elevated in El Alam provenance,
in spite of its better behaviour than Amilcar. This
apparent contradiction could be assigned to the fact
that we measured the activity of soluble peroxidases,
which contain many isozymes, certain of them limit-
ing the growth by contributing to cell walls lignifica-
tion, while other having other functions in the cell.

Mineral Nutrition

lonic accumulation

As indicated by Figure 4A and B, potassium and cal-
cium represented the major cations in the control
leaves. In El Alam provenance, NaCl enhanced Na*
contents, concomitant with a decline of K* and Ca™ ™
(Figure 4A). This trend continued at higher concentra-
tions, but at a slower rate. In the other organs, one
noted similar trend (data not shown). The same ten-
dency characterized Amilcar, but with less contents
for the three cations (Figure 4B). Foliar C1™ contents
also rised at 5 g/l NaCl, and then remained relatively
constant (Figure 4C). Such evolution occured also in
the stems and the roots, but with C1~ contents lower
than those measured in leaves (data not shown).

The structural survey we performed in leaves aimed
to give informations about Na* and C1~, which were
easily transported to the leaves. It was described in the
literature that Atriplex halimus L. leaves are provided
with anatomic structures, called trichomes or vesicu-
lated hairs which represent the site of salt excretion.
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Fig. 4. Effect of NaCl on the ionic status of 2-month old plants of
Atriplex halimus L. leaves. Cationic contents of El Alam (A) and
Amilcar (B) provenances. Plants were treated for 3 weeks (means of
15 measurements, 5% confidence interval). (C) Chloride contents.
Plants were treated for 3 weeks (means of 15 measurements, 5%
confidence interval).

When full of salt, the trichomes burst and collapse over
the leaf surface (Smaoui, 1971; Osmond et al., 1980).
This means prevents the excessive accumulation of
sodium in the apoplast and the cell dehydration it is
responsible for. Several authors indicated that although
trichomes ontogenesis continues during the leaves’ life
span, it is, however, more important in the young
leaves. This would explain their low density or absence
in the adult leaves (Osmond et al., 1980, Schrimer and
Breckle, 1982; Storey et al., 1983; Freitas and Breckle,
1993a and b).

In the control juvenile leaves, the trichomes though
frequent (Figure SA), looked somewhat flattened
(Figure 5B). In the plants treated by 10 or 30 g/l NaCl
(Figure 6A), they appeared clearly more numerous as
swollen bladders. These vesiculated cells (bladder cells)
are in contact by the stalk cell with the leaf epidermis



Fig. 5. Scanning Electron Microscopy of young leaves of Atriplex
halimus L. control plants (A), showing the presence of trichomes (t)
at the leaf surface. Trichomes (t) look somewhat flattened (B).

(Figure 6B). In older leaves, characterized by a lesser
density of trichomes, plants of El Alam prove-
nance treated by high NaCl concentrations (30 g/1)
presented pronounced intercellular spaces, delimited
by a membrane (Figure 7A and B). These vesicles
located in the leaves (between the mesophyll cells),
and not at their surface like trichomes, would have an
accumulating function of excessive salt. In Amilcar,
diffuse spaces occurred between the mesophyll cells
(Figure 8A and B), suggesting that the cellular struc-
ture would be more affected in this less salt-tolerant
provenance.

Potassium-sodium selectivity

It is known from halophytes that they succeed in con-
serving a pronounced selectivity for potassium over
sodium, despite increased concentrations of this latter in
the medium (Osmond et al., 1980; K&hl, 1997). In our
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Fig. 6. Scanning Electron Microscopy of young leaves of Atriplex
halimus L. treated with 30 g/l. Numerous trichomes (t) at the leaf
surface appear like swollen bladders (A), being in contact with the
leaf epidermis (B) by the stalk cell (cp) which is surmounted by the
vesiculated cell (cv).

case, we compared the medium’s K*/(K* 4+ Na™) ratios
with those of the plant organs (leaves, stems and roots).

Table 2 indicates that independent of NaCl doses,
these ratios were higher in the plant than in the
medium, which denotes the ability of this plant to
maintain a marked selectivity for potassium, even at
the extreme concentration (30 g/l NaCl). Selectivity in
favour of potassium in the roots was more pronounced
than in the shoots. This is in agreement with the
hypothesis according to which, sodium is privileged
during the long distance transport (Storey et al.,
1983). Moreover, El Alam provenance was character-
ized by a higher selectivity than Amilcar, especially at
the extreme concentrations (20 and 30 g/l NaCl). This
important trait explains the better salt-tolerance of the
first provenance.
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A

Fig. 7. Cross sections of leaves of Atriplex halimus L. from El
Alam treated with 30 g/l NaCl (A and B). There are spaces in
the shape of vesicles (ve) between the mesophyll cells (cm) and
delimited with a membrane. The leaf cellular structure seems
unaffected by salt-treatment. (cg) bundle-sheath cells; (td)
trichomes debris.

Photosynthesis

The Atriplex species are characterized by a variability
in their photosynthesis pathway. According to Osmond
et al. (1980), 60% are C, plants, such Atriplex nummu-
laria and 40% are C; like A. hortensis and A. patula.
Our observations indicated that 4. halimus L. leaf
anatomy was characterized by an arrangement typical
of C,4 plants (Figure 7) showing: (i) an inner layer of
concentric cells called bundle-sheath cells, where
C; reactions occur, surrounding the vascular tissues, and
(ii) an adjacent outer cylinder of mesophyll cells, the
cytoplasm of which contains the PEPC, the responsible
enzyme for the primary fixation of atmospheric CO,.
Foliar PEPC activity rised in the both provenances
up to 10 g/l NaCl (Table 3). The higher concentrations
inhibited enzyme activity with a considerable fall at

30 g/l. One also noted that PEPC activity was higher
in El Alam leaves. Similarly, chlorophyll contents
increased up to 10 g/l NaCl, but declined at the
extreme concentrations (Table 3). This was true for the
two provenances.

Caryotype Study

The variability that we have noted in the response of
A. halimus L. to salinity as a function of its origin area
could be related to a diversity in ploidy. According to
Osmond et al. (1980), though the majority of the
Atriplex are diploid (2n =18 chromosomes), other
levels of ploidy can take place. The observation of
metaphases in El Alam provenance indicated that the
majority of cells were tetrapoid (4n = 36) (Figure 9A).
In Amilcar provenance, all the chromosome counts
revealed 2n = 18 chromosomes (Figure 9B). We think
that further observations should be done in order to
determine precisely the caryotype of the two prove-
nances. These results suggest that the variability in the
salt-tolerance between the two provenances could be
linked to the difference found in their caryotype,
indicating an ecophysiological adaptation to the
conditions of their original area.

DISCUSSION AND CONCLUSION

Our results confirm the halophilic status of 4. halimus L.
through the positive impact of NaCl-treatment on the
plants growth, with an optimum at 5-10 g/l. This
species remained alive at 30 g/l NaCl, which is close
to the sea water concentration. The comparative study
between the two provenances revealed that El Alam
was more salt-tolerant. The NaCl stimulating effect on
the growth of Atriplex halimus L. has often been men-
tioned. Ben Ahmed et al. (1995) noted that the maxi-
mal growth occured in the concentrations ranging
from 50 to 200 mM NaCl. They also displayed an
important polymorphism for various characters,
among which, the biomass production. Bajji et al.
(1998) reported too that low doses of NaCl (150 mM)
promoted shoot growth of 4. halimus L.

The same behaviour characterizes other halophytes
(Storey and Wyn Jones, 1979; Yeo and Flowers, 1986;
Marcum and Murdoch, 1992; Freitas and Breckle,
1993b; Kohl, 1997). On the other hand, we noted the
increase of roots and shoots RGR up to 5-10 g/l NaCl,
in accordance with Bajji et al. (1998), before declining
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Fig. 8. Cross sections of leaves of Atriplex halimus L. from Amilcar treated with 30 g/l NaCl (A and B), showing the presence of diffuse
intercellular spaces (ed) between the mesophyll cells (cm). In this case, the cellular structure is altered by salt-treatment. (cg) bundle-sheath

cells; (td) trichomes debris.

at the higher levels, notably at 30 g/l. The shoots
growth activity was however more elevated in El Alam
provenance, when compared with Amilcar.

Our results also show that shoots growth was most
stimulated by treatment with 5-10 g/l NaCl. According

to Osmond et al. (1980), NaCl induces the preferential
allocation of assimilates rather to the shoots, as
reflected by a higher shoot DW/root DW ratio. In
Armeria maritima, Kohl (1997) found that this ratio
was 2- to 3-fold higher at 100 mM NaCl than in the
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Table 2. K*/K™ +Na* selectivity ratios in the culture medium and the plant tissues of Atriplex halimus L.
provenances El Alam and Amilcar as a function of NaCl level (means of 15 measurements)

Leaves Stems Roots
NaCl (g/l) Medium El Alam Amilcar El Alam Amilcar El Alam Amilcar
5 0.023 0.188 0.143 0.177 0.128 0.247 0.233
10 0.012 0.138 0.120 0.143 0.106 0.203 0.173
20 0.0058 0.126 0.105 0.130 0.108 0.187 0.131
30 0.0039 0.120 0.099 0.126 0.097 0.171 0.123

Table 3. PEPC activity and chlorophyll contents in leaves of Atriplex halimus L. provenances El Alam and Amilcar

as a function of NaCl level (means of 4 assays)

PEPC
(wM/mn/g DW)

Chlorophyll a
(mg/g DW)

Chlorophyll b
(mg/g DW)

Total chlorophyll
(mg/g DW)

NaCl (g/) El Alam Amilcar  El Alam

Amilcar

El Alam Amilcar El Alam Amilcar

0 21.53
10 38.14
20 18.26
30 17.21

17.74
28.51
21.85
14.74

8.27
11.55
6.44
5.66

4.96
8.99
6.28
3.08

6.61
7.89
6.55
5.67

4.09
5.13
1.87
1.41

14.9

19.46
13.00
11.29

9.07
14.05
8.13
4.48

Fig. 9. Drawings of chromosomes counts of Atriplex halimus L. El
Alam (4n=36) (A) and Amilcar (2n=18) (B) provenances. Drawing
was carried out in order to reduce chromosomes overlap.

control. Besides, 5-10 g/l NaCl improved the leaves
water status, which had consequences on the osmotic
and metabolic (photosynthetic activity) levels. This
confirms previous studies on other species (Handley
and Jennings, 1977; Storey and Wyn Jones, 1979;
Benzioni et al.,, 1992; Ayala and O’leary, 1995).
Authors consider that leaf succulence conjugated to
the ability to conserve hypertony, are among the most
important features of halophytes (Osmond et al., 1980;
Heller et al., 1993). Sodium is involved in this phe-
nomenon, being highly accumulated in the leaf vac-
uoles (Ayadi et al., 1980; Mc Hue and Hanson, 1990).

The inversely proportional evolution of the total
soluble peroxidases activity with the growth suggests
that the absence of NaCl in the medium constitutes a
stress for A. halimus L., thus confirming its halophilic
nature. In the cell, peroxidases occur in different
isoforms with multiple roles, among which, lignifica-
tion and the tightening of cell walls, leading to the
restriction of the cellular growth (Sato et al., 1993).
Peroxidases are found in the cytoplasm, but also are
associated to cell walls, mitochondries or ribosomes
(Lee, 1973), and their activity is sensitive to many stim-
uli (temperature, drought, infection). Thiyagarajah et al.
(1996) showed that parietal peroxidases were tolerant
up to 2 M NaCl in vitro. In vivo, Hagége et al. (1988)
noted the higher activity of the total soluble peroxidases
in untreated plants of Suaeda maritima with respect to
those grown with 170 mM NaCl. This suggests the
presence of a negative relationship between the growth
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and the shoot lignification degree, and corroborates our
results by the same. Similar patterns were reported by
Wang et al. (1997) in Atriplex prostrata. Flowers
(1972), showed for his part, that NaCl did not modify
the peroxidases activity in Suaeda maritima, unlike to
the sensitive plant Pisum sativum.

The mineral nutrition survey displayed the preferen-
tial transport of Na™ and CI~ to the leaves. This does
not constitute a disadvantage for A. halimus L., unlike
to what happens in salt-sensitive plants. This typical
behaviour of a halophyte has been already described
(Marcum and Murdoch, 1992; Glenn et al., 1996;
Kohl, 1997). According to Flowers et al. (1977), about
90% of the sodium found in the halophytes tissues, is
localized in the shoots. It is mainly squestred in vac-
uoles (in the adult leaves), or is removed via trichomes.
This last mechanism takes extent in the young leaves
because of a higher density of trichomes, like we have
shown. It has been reported that despite the trichomes’
formation occurs along the whole life of the leaf, it
decreases with their age (Smaoui, 1971; Osmond et al.,
1980; Freitas and Breckle, 1993a). The presence of
such structures permits the xylemic sap desalination by
accumulating important amounts of salt, reaching 50%
(Osmond et al., 1980), to 80% (Freitas and Breckle,
1993a) of the quantities transported to the shoots. In
aged leaves, owing to a low density of trichomes, the
salt is accumulated in some intercellular spaces located
in the mesophyll, participating by this way in the
osmotic adjustment and protecting the metabolic activ-
ity in the cytoplasm. In the most tolerant provenance
(El Alam), these spaces were delimited by a membrane
unlike to Amilcar in which, they were diffuse.

Increased cellular sodium amounts induced the
reduction of calcium and potassium ones. The NaCl
depressive effect on the the plant nutrition in calcium
would be due to a Na*/Ca™ competition during
absorption and transport (Le Saos, 1976; Stassart et al.,
1981), leading to the displacement of Ca** apoplasmic
fraction to the profit of Na* (Zid and Grignon, 1985).
Botella et al. (1997) reported that NaCl negatively
affected the supply of potassium in corn. This effect
was more marked with low K* concentrations.
Recently, Banuls et al. (1997) recorded, however,
that Ca*™* addition to the medium attenuated the Na*
and C1~ depressive effects by limiting their contents in
Citrus leaves and preserved selectivity for potassium,
owing to the calcium role in maintaining the cellular
membrane integrity. We also showed that 4. halimus L.
was characterized by a pronounced selectivity in favour
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of potassium, despite the inhibiting effect of Na* on its
accumulation. In fact, though the plant supply in Ca* ™
and K was disturbed, the contents of this last were
maintained to a minimal level, even at 30 g/l NaCl.

Our results indicated a NaCl stimulating effect at
optimal concentrations on the foliar PEPC activity, in
agreement with Shomer-Ilan and Waisel (1973),
Passera and Albuzio (1977) and Kore-eda et al.
(1996). On the contrary, other authors have men-
tioned the inhibitory effect of this salt (Osmond and
Greenway, 1972). Clipson (1987) and Wang et al.
(1997) noted that salt impaired the photosynthesis in
Suaeda maritima and A. prostrata, likely in relation
with increased mesophyll and stomatic resistance
(Gale and Poljakoff-Mayber, 1970; Kaplan and Gale,
1972; Longstreth and Nobel, 1979; Osmond et al.,
1980; Ayala and O’Leary, 1995). However, C,4 plants
are generally more salt-tolerant, owing to better water
use and CO, assimilation (Binet, 1989). In Aeluropus
litoralis (halophyte) and young corn leaves, NaCl-
treatment promoted significantly PEPC activity as
well as CO, fixation, modified the PEPC/Rubisco
ratio and induced the shift from C; to C, pathway in
Aeluropus litoralis (Shomer-Ilan and Waisel, 1973).
Similarly, Murata et al. (1992) showed that Na* stim-
ulated the conversion of pyruvate to PEP in a C,4 halo-
phyte: Amaranthus tricolor and suggested that this ion
would be required for a better photosynthetic activity
in C, plants. The particular structure their leaves
present, preserves the enzymes involved in photosyn-
thesis from deleterious salt effetcs. The foliar PEPC, a
cytoplasmic enzyme which is the key element in the
initial fixation of atmospheric CO, to PEP in C4 and
CAM plants, is thus synthesized in the mesophyll
cells, while Rubisco is localized in the bundle-sheath
cells (Shomer-Ilan et al., 1979).

However, and according to Osmond and Greenway
(1972), NaCl inhibited in vitro the foliar PEPC activity
in two C, plants: A. spongiosa and corn, dependent on
the modification of pH, but the activity measured
in vivo was elevated in A. spongiosa. Authors explained
this result by high substrate concentrations and the
control of ionic accumulation in leaves by trichomes
present on their surface. Another example in favor of
this model is Mesembryanthemum cristallinum, where
NaCl-treatment induces the transition from C3 toward
CAM pattern and increases PEPC activity 36-fold,
with respect to control (Kore-eda et al., 1996).

We think that peroxidases could constitute an
interesting biochemical marker of salt-tolerance in
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halophytes. Further researches would aim to the
extraction and the characterization of isoforms
involved in the plant answer to salinity.It would be
interesting also to investigate the salt-induced ultra-
structural modifications in shoots and roots. In the
leaves, this study would help to explain the vesi-
culization process in the mesophyll cells.
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Some physiological and biochemical aspects of salt tolerance in
two oleaginous halophytes: Cakile maritima and Crithmum maritimum

A. DEBEZ, K. BEN HAMED AND C. ABDELLY

INTRODUCTION

Increasing salinity levels in soils and/or irrigation
water constitute a significant environmental problem
that can lead to a loss of agricultural production in arid
and semi-arid lands in the world (Kennedy and
De Filippis, 1999). At the Mediterranean basin scale,
salt-affected lands amount to about 15 X 10° ha and
are mainly located in Northern Africa and the Near
and Middle East (Le Houérou, 1986). Salinity can
affect plant survival, biomass, plant height and plant
form. Such changes in morphology affect the capacity
of a plant to collect light, water and nutrients (Locy
et al., 1996). In fact, salt interaction with physiological
and metabolic processes in the plant is complex,
depending on salt type and dose, plant genotype and
developmental stage (Meneguzzo et al., 1999).

Halophytes, plants that have been naturally selected
to grow in saline environments (Flowers et al., 1986),
can withstand the deleterious effects by ion exclusion,
regulation of ion transport and accumulation of com-
patible cytoplasmic osmotica (Greenway and Munns,
1980). These plants show ecological (landscaping,
rehabilitatation of damaged areas, ... ) and economic
(production of oil for industrial application ... ) inter-
ests as well. Halophytes provide excellent models to
understand extreme salt-tolerance mechanisms
(Jefferies and Rudmik, 1984). They contain also valu-
able gene pools for use in crop amelioration (Shannon
and Noble, 1990). Much effort has been devoted
toward elucidating the mechanisms of plant salt-
tolerance aiming to improve the performance of crop
plants in saline soils (Binzel and Reuveni, 1994).
However, what implies salt tolerance to plants remains
unresolved.

There are some indications that salt excess can
induce conditions of oxidative stress. Yet, oxygen
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radicals (Reactive Oxygen Species) generated during
plant metabolism, need to be scavenged by antioxidant
system, so as to alleviate salt-induced oxidative injury
(Elstner, 1982; Hernandez et al., 1999). The primary
components of this antioxidant system include
carotenoids, ascorbate, glutathione and tocopherols as
well as antioxidant enzymes such as superoxide
dismutase, catalase and peroxidases (Hernandez et al.,
1999).

This chapter deals with salt tolerance in Crithmum
maritimum (Umbellifereae) and Cakile maritima
(Crucifereae), species of great commercial interest.
Indeed, these two indigenous and oleaginous halo-
phytic species appeared to be useful with regard to the
biochemical properties of oil extracted from their
seeds.

In our study, the physiological responses (growth,
water relations and photosynthesis activity) of both
species to NaCl were investigated. We also paid atten-
tion to some antioxidant enzymes changes in relation
to increasing salinity owing to their involvement in the
defence mechanisms of salt-stressed plants and thus in
their salt tolerance.

MATERIALS AND METHODS
Plant Material and Experimental Conditions

C. maritimum and C. maritima seeds collected from
their native salty ecosystem, close to the Mediterranean
sea: Korbous and Raoued, respectively. Seeds were
sown in pots (two seeds per pot) filled with inert sand
and irrigated with distilled water until germination. At
the early development stages, seedlings were watered
every day with Long Ashton nutrient solution. Two
months old C. maritimum seedlings were divided into
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6 lots of 10 plants each, and submitted to increasing
NaCl concentrations: 0, 50, 100, 150, 200, and
300 mM. NaCl doses (0, 50, 100, 200, 300, 400 and
500 mM) were progressively applied on 6-week-old
C. maritima seedlings divided into 7 lots of 18 plants
each. Salt treatment was adjusted with increasing NaCl
concentrations by 50 mM per day.

Experiments were performed in a glass greenhouse
under controlled conditions: 25 * 5°C temperature
and 60 * 10% relative humidity. Two harvests were
made: the first one at the beginning of treatment
(initial harvest) and the second (final harvest), after a
period of salt application ranging from 5 to 10 weeks,
respectively for C. maritima and C. maritimum. Once
harvested, plants were separated into leaves, stems and
roots. A part of the leaf fresh material was used for
enzyme analysis.

Growth and Water Relations Parameters

Growth parameters estimated were fresh and dry mass
(respectively FW and DW), water content (ml H,O/g
DW), leaf area (LA), leaf succulence ratio (FW/DW),
relative growth rate (RGR) and net assimilation
ratio (NAR).

In(DW, — DW
RGR = (DW, 0

At
DW, and DW, correspond to initial (at the initial har-
vesting) and final dry mass respectively. At corre-
sponds to treatment duration.

DW, — DW,

NAR = mean LA At

Enzyme Extractions and Assays

All operations were carried out at 0—4°C. Samples
were prepared for catalase and total protein analysis
by homogenizing 0.5 g of crude leaf material in an
ice-cold solution containing: 0.1 M Tris-HCI, 10 mM
KCl, 1 mM MgCl,, 0.5 M Sucrose, 3 mM cysteine
5% (v/v), TritonX-100. After filtration through four
gauze layers, the extract was centrifuged at 4°C for
20 min at 16,000 X g. The supernatant was immedi-
ately used for total protein and enzyme analysis.

All spectrophotometric analysis were conducted at
25°C on a BECKMAN UV/visible light recording
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spectrophotometer. The activity of catalase was deter-
mined by monitoring the disappearance of H,0,, by
measuring the decrease in absorbance at 240 nm of a
reaction mixture (2 ml final volume) containing M/15
phosphate buffer (pH 7), 12.5 mM H,0,, and crude
extract (Luck, 1965). For catalase, one unit of enzyme
was defined as the amount necessary to decompose
1 wmole of H,0,/min at 25°C.

Total protein content was determined by the
Bradford reagent method using bovine serum albu-
mine (BSA) as a standard (Bradford, 1976).

RESULTS
Growth

Growth of C. maritimum was estimated throughout
dry mass production of the whole plant and its differ-
ent tissues (roots and shoots). Biomass production was
not significally affected by 50-100 mM NacCl, but was
considerably reduced (—56%) at 150 mM, when com-
pared with plant controls (Figure 1). Above doses
accentuated this tendency. For instance, dry mass pro-
duction represented just 9% of the control values at
300 mM. Growth of roots and shoots were similarly
affected by salt concentrations from 150 mM NaCl.
The response to salinity displayed by C. maritima
was different to some extent from C. maritimum.
Indeed, when expressed on a fresh (Figure 2a) or a dry
mass (Figure 2b) basis, growth of the whole plant was
lower in the medium lacking salt. Exposure to NaCl at
low doses (50-100 mM) enhanced fresh and dry mass
production, therefore confirming the halophilic status
of C. maritima. At 100 mM NaCl, dry mass reached
124% of the control value (Figure 3). The growth
stimulation disappeared at 200 mM, without affecting
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Fig. 1. Effect of NaCl on growth (DW) of C. maritimum (means of
10 plants and confidence limits for p = 0.05).
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Fig. 2. Effect of NaCl on (a) growth (FW) and (b) growth (DW) of
C. maritima (means of 18 plants and confidence limits for p = 0.05).
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Fig. 3. Effect of NaCl on whole plant growth (%/control) in
C. maritima (means of 18 plants).

the biomass production level with regard to controls,
but it was significantly decreased at supra-optimal
concentrations (from 300 mM NaCl), being 57%
lower than control value at the highest NaCl dose
(500 mM). Trends in biomass production of stems
were similar to those observed for whole plant,
whereas leaves and roots dry mass did not differ from
control values up to 400 mM NaCl.

To assess whether dry mass modification resulted
from changes in production of nodes or size of intern-
odes, plant size and number of nodes in C. maritima

160
o0 mM @50 mMa100 mM @200 mM
@300 mM 0400 mM @500 mM
120
100 99 g4 100F
,_
80 4
40
0

Plant size (cm)

Fig. 4. Effect of NaCl on plant size and number of nodes (%/control)
in C. maritima (means of 18 plants).

were measured. Control plants were taller than salt-
treated ones (Figure 4). This was particularly true for
plants grown at NaCl concentrations exceeding
100 mM. Salt-treatment lead to an increase of the
number of nodes up to 200 mM NaCl. The fall
recorded at higher salt levels was less pronounced than
for plant size, indicating that the decline in plant size
was mainly due to a reduction of the cells elongation
rather than cells division.

To investigate whether roots or shoots were the
mostly affected by salinity, root/shoot DW ratio was
calculated for both species. Figure 5a shows that this
parameter increased up to the 150 mM NaCl treatment
for C. maritimum plants, indicating that shoot growth
declined in favour of roots as a result of salt
stress. This was corroborated by the increasing of
roots dry mass until 150 mM NaCl treatment, when
expressed as percent of the whole plant dry mass
(Figure 5b).

Concerning C. maritima, salinity did not modify
the resource allocation pattern within the plant tissues.
Root/shoot DW ratio did not significantly differ
among all treatments, as indicated by Figure 6a. The
fact that root growth, when expressed as percent of
whole plant dry mass production, was unaffected by
salinity (Figure 6b), confirmed the above-mentioned
results.

Plant RGR was calculated to give more information
about the growth activity in relation with increasing
salinity. Previous data relative to C. maritimum behav-
iour were supported by the progressive negative
evolution of the plant RGR from 100 mM NaCl
(Figure 7a), unlike C. maritima, which exhibited a
slight stimulation in growth activity in the limit
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(means of 18 plants and confidence limits for p = 0.05).

of NaCl optimal concentrations (0200 mM)
(Figure 7b). However, the above salt levels signifi-
cantly reduced this parameter.

Leaf Parameters

The number of leaves of C. maritimum plants submit-
ted to salt stress significantly decreased (Figure 8a).
Leaf area was also affected from 150 mM NaCl dose
(until 60% of reduction at 300 mM). As shown by
Figure 8b, salinity (50-100 mM NaCl) had a positive
effect on these two parameters in C. maritima (9% and
30% greater than control values, respectively for leaf
area and number of leaves). However, they were
severely affected at higher salt doses (—61% and
—57% respectively for leaf area and number of leaves).

On the other hand, a close relationship was found
between the whole plant growth and leaf area
for both species, C. maritimum (Figure 9a) and
C. maritima plants (Figure 9b). The leaf area could,
therefore, highly influence the evolution of plant
biomass production.
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Water Relations

Plant water relations were studied in order to relate
them with growth parameters pattern under salt stress.
In C. maritimum, shoot water content was maintained
at high levels (close to control values) despite increas-
ing salt concentrations, while it decreased from
200 mM NaCl in roots (Figure 10a). Leaf succulence
is an important feature of halophytes. The accumula-
tion of water in this compartment permits to the plant
to grow well in the presence of salt. Neither succu-
lence rating, nor leaf FW/area ratio were affected by
salt stress (Figure 10b).

For C. maritima, whole plant water status was not
significantly impaired by salinity up to 400 mM NacCl.
Leaves and roots were less affected than stems by
increasing salt levels, and were characterized by water
contents close to the control values, even at the
extreme salt dose (500 mM) (Figure 11). Leaf succu-
lence parameters also appeared to be unaffected by
enhanced salt levels in the medium (data not shown).

Our results show that the reduction in growth under
saline conditions was not clearly concomitant with an
impairment of the water status, suggesting the possi-
ble involvement of other mechanisms in the response
of both species to salt stress.
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Fig. 9. Relationship between whole plant growth and leaf area in
(a) C. maritimum plants and (b) C. maritima plants exposed to
increasing NaCl concentrations.

Photosynthesis is one of the major processes altered
by salt. Net assimilation rate (NAR), which measures
the dry mass accumulation per unit of leaf area and
per day, is an indicator of the photosynthetic activity.
NAR was stimulated up to 100 and 400 mM NaCl,
respectively for C. maritimum (Figure 12a) and
C. maritima (Figure 12b), before declining at higher
salt concentrations.

Moreover, this parameter was not strongly
correlated to whole plant growth in both species
(Figure 13). This leads to think that the both species
behaviour would be mainly determined by leaf area
rather than its photosynthetic activity, which was unaf-
fected, even at extreme NacCl levels.

Total Protein Content

Data relative to growth study indicated that 150 mM
NaCl resulted in a severe growth reduction of
C. maritimum. This did not appear to be a result of the
decrease in total protein content, which was main-
tained at higher levels than in control (Figure 14). Our
results indicate that dry matter production was more
affected than nitrogen assimilation and protein
synthesis. They also suggest that NaCl inhibited
proteolytic activity.
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Antioxidant Enzyme Activities

Catalase catalyses the dismutation of H,0, into H,O
and O,, preventing the damaging effects of H,0,
accumulation and protecting cells from oxidative
stress. Catalase activity, when expressed on a total
protein content basis, was significantly stimu-
lated in leaves of C. maritimum plants exposed to
50-100 mM NacCl (Figure 15). Higher salt doses lead
to a decline in catalase activity. This trend was more
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Fig. 12. Effect of NaCl on NAR in (a) C. maritimum and (b)
C. maritima (means of 10 plants and confidence limits for p = 0.05).
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pronounced when catalase activity was referred to leaf
fresh mass.

DISCUSSION

The both species were able to produce biomass
under all NaCl treatments, though responding some-
what differently to salinity. C. maritimum behaved like
a facultative halophyte, with a growth activity
progressively decreasing as NaCl levels raised in the
medium, unlike to what happens in their native littoral
area (salt concentrations are about 500 mM there),
where they grew well. This apparent contradiction
would be related with the sandy texture of the soil in
this region, which permits the leaching of salts, thus
avoiding their accumulation at high amounts. On the
contrary, C. maritima’s biomass production was stim-
ulated up to 100 mM NaCl and was unaffected at
200 mM. NaCl-induced depressive effect was visible
from 300 mM, owing essentially to the reduction in
cells size rather than cells division. However, the plant
was still alive at 500 mM NaCl. It is generally assumed
that shoot growth is more affected than root by salinity
(Marcelis and Van Hooijdonk, 1999). This was the case
in C. maritimum up to 150 mM.

Deleterious effects of salt stress are thought to result
partly from water stress (Wang et al., 1997). Our
results show that salinity did not affect the water status
in C. maritimum plants. Plant water content was con-
served at levels significantly close to control values,
even at the highest NaCl doses. Leaf succulence was
not particularly modified by salt treatment. Similar
trends were recorded in C. maritima. In fact, there was
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Fig. 13. Relationship between whole plant growth (DW) and net assimilation rate (NAR) in C. maritima and C. maritimum plants, exposed to

increasing NaCl concentrations as shown in Figure 12.
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not a strong relationship between growth activity and
plants water content, though several studies have indi-
cated that biomass production was highly influenced
by the plant water status in halophytes (Naidoo and
Rugunanan, 1990; Glenn and Brown, 1998; Bajji etal.,
1998). It has also been indicated that growth is strongly
related to leaf expansion and photosynthesizing area
(Arkebauer et al., 1994; Monteith, 1994). This was cor-
roborated by our data. In both species, growth reduc-
tion/stimulation was largely correlated with the
reduced/enhanced leaf area and number, in accordance
with Marcelis and Van Hooijdonk (1999).

From another side, increasing NaCl levels stimulated
leaves total protein content in C. maritimum plants up
to 150 mM, similarly to what found in cotton cultivars
exposed to the same salt concentration (Gossett et al.,
1994). Catalase activity was found to be enhanced in
salt treated C. maritimum leaves, when compared to
control. This suggests that catalase could be one key
enzyme in the salt resistance of this species. In reported

literature, catalase was considered as the most effective
antioxidant enzyme in averting cellular damage
(Scandalios, 1993). For instance, higher levels of cata-
lase in cotton leaves lead to the development of salt
tolerance in this species (Gossett et al., 1994; 1996).

However, it should be taken into consideration that
the mechanisms of protection against salt stress are
quite more complicated, depending on numerous
enzymes and the production of many antioxidant
molecules (Badiani et al., 1997).

The present work displayed some physiological and
biochemical aspects of salt tolerance in two local
halophytic species. Leaf area and antioxidative
enzymes appear to be the most implicated parameters
in this phenomenon. More detailed studies are cur-
rently progressing in our laboratory to investigate the
salt-induced effects on mineral nutrition and to better
understand the roles of the antioxidative systems in
the response to salinity.
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Salinity tolerance of Beta vulgaris ssp. maritima. Part 1. Biomass
production and osmotic adjustment

S. DAOUD, H.-W. KOYRO AND M.C. HARROUNI

INTRODUCTION

In arid and semi-arid regions saline soils are of
more frequent occurrence both under irrigated and
non-irrigated conditions (Greenway, 1962). In the
Mediterranean region alone some 15 million ha have
become seriously salt affected (Le Houerou, 1986).
This phenomenon has substantial adverse social and
economic effects in Morocco deteriorating agricultural
productivity in many irrigated perimeters (Choukr-
Allah et al., 1994). In order to overcome this problem,
it is important to domesticate promising salt-tolerant
plants that already have the requisite level of salt toler-
ance and are highly productive at high external salinity
levels, and to use appropriate new methods of agro-
management to have a high productivity (Aronson,
1986; O’Leary, 1986; Lieth and Al Massoum, 1993;
Koyro, 1997). Beta vulgaris ssp. maritima is a halo-
phyte with a real potential in Morocco since it exists all
over the country (Fennane et al., 1999) and could be
used as a cash crop. The aim of this study is to use a
gravel/hydroponic quick check system with automated
irrigation and drainage to determine the limit of salt
tolerance of the sea beet and the optimal growth con-
ditions which reflect the efficiency of the plant and lead
to maximum yield productivity under saline irrigation.

MATERIALS AND METHODS
Plant Culture

Seeds of sea beet were stored in a refrigerator for 48 h
before they were transferred into a Petri dish with wet
filter paper (0.2 mol m~ CaSQ,) for germination in a
dark growth cabinet at 25°C. Seven to 14 days after
germination, plants were potted into soil (type LD 80,

H. Lieth (ed.), Cash Crop Halophytes: Recent Studies, 41-49.
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Fa Archut, Lawkbach, Germany). After a further
2 weeks the young seedlings were transplanted into a
soilless (gravel/hydroponics) culture quick check sys-
tem (Koyro, 1999). The plants were irrigated with a
basic nutrient solution as modified by Epstein (1972).

Salinity Trials

The stepwise addition of NaCl to the basic nutrient
solution began after a period of another 2 weeks by
raising salinity of the solution in steps of 50 mol m™>
NaCl each day. There were altogether five treatments:
Control (without NaCl), 125, 250, 375 and 500 mol m ™3
NaCl. The highest salinity treatment was reached after
9 days. The trials were conducted in an environment
controlled greenhouse. Temperatures were 25 * 2°C
during the day and 15 * 2°C during the night.
Relative humidity ranged from 45% to 70%. Light
intensity was in the range of 5000 lux at plant level.
The quick check system was programmed by a timer
to water the plants every 4 h for 15 min starting at
midnight, 4 am, 8 am, 12 noon, 16 pm and 20 pm daily
and allow the saline solutions to drain freely from the
pots. Solutions were recycled and changed every
2 weeks to avoid nutrient depletion.

Harvest and Sample Preparation

The plants were harvested 3 weeks after the highest
salinity level was established. Three plants per treat-
ment were weighed individually and separated into
laminas, petioles, tap root and adventitious roots. Leaf
number and the leaf mass to area (LMA) ratio defined
as weight per surface area of leaves were determined.

The dry weight was determined by oven drying at
70°C to constant weight and expressed in percent of
fresh weight. The water content was determined by the
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difference between fresh and dry weights. Samples of
dried plants were ashed in a muffle furnace over night
at 500°C. The organic matter was calculated as the
difference between dry weight and ash weight.

Chemical and Physiological Parameters

Na and K were determined with the flame photometer
410 (FLM3b, Radiometer Copenhagen) after dissolv-
ing the ash in 2N HCL The contents of Ca and
Mg were determined in the same solution with atomic
absorption spectrometer (3110, Perkin Elmer).
Concentrations of these minerals in plant tissues are
expressed on a dry weight basis.

Sugars were analysed by HPLC (Ion chromato-
graph, Dionex) after freeze drying of the samples
(Hoffmann-Thoma et al., 2000).

Tissue osmotic potential was determined in the leaf
sap with an osmometer (Osmomat 030, Gonotec, for
details see also Gonzalez et al., 1996) based on the
theory of freezing point depression. The water poten-
tial was determined by measuring dew point depres-
sion with a Wescor apparatus without harming the
plants (Koyro, part 1 page 5 in this book).

Proline was extracted in 3% sulfosalicylacid in
an ultrasonic bath. After 10 min centrifugation at
3000 rpm, 1 ml of the solution was mixed with 1 ml
glacial acetic acid and 1 ml ninhydrin reagent and then
heated 1 h at 60°C in a water bath. The reaction
was stopped in an ice bath. 2 ml toluol were added
and mixed after the samples reached lab temperature.
The upper phase was pipetted after phase separa-
tion into a cuvette and measured at 546 nm in a
spectrophotometer.

S. Daoud, H.-W. Koyro and M.C. Harrouni

RESULTS

Growth in all parts of the plants was stimulated by the
low salinity treatment (125 mol m~3 NaCl). Further
increase in NaCl concentration reduced growth up to
60% in high salinity treatment (500 mol m~3 NaCl)
(Table 1). The limit of salt tolerance (50% growth
reduction, definition see Koyro, chapter # in this
book) was reached between 375 and 500 mol m™3
NaCl.

The root to shoot ratio increased with the increase
of salinity. It increased more than 50% suggesting that
the shoot was more affected by salinity than the roots.
The tap root to adventitious roots ratio was reduced by
more than 30% in the saline treatments compared to
the control (Table 1).

Water content in all parts of the plant was reduced
from the control to high salinity treatment. However
the reduction was not high, especially in the leaves. It
was only 21.24% and 14.73% respectively in adult and
juvenile leaves (Table 2). This relatively low reduction
in leaf water content can explain the increase in the
LMA ratio with salinity (Table 1).

The number of leaves produced was similar in the
control and low salinity treatment but was reduced
under high salinity where it was 43% less than the
control (Table 1).

The dry weight expressed as a percentage of fresh
weight (DW in Table 2) increased with salinity in the
adventitious roots and in the tap root. In the other parts
of the plant there was an increase of the dry weight
with salinity and the highest value was obtained in
375 mol m ™3 NaCl treatment (Table 2). The increase of
the dry weight in the adventitious roots and tap root was

Table 1. Growth parameters of Beta vulgaris ssp. maritima as affected by salinity, » = 3, mean + SD

Fresh weight LMA ratio
Tap root/ Adult leaf Leaf
Treatment Plant (g) Shoot (g) Root (g) Tap root (g) Adv. root (g) Root/shoot Adv.root (mg cm™2) number
Control 26.65 * 7.53 25.48 £ 17.57 131 +0.55 089029 043 +0.14 0.046 =0.007 1.99 =031 28.65*+591 1420 =% 1.62
125mol m™3 29.99 +13.52 28.14+12.66 1.85+043 102+042 0.83*020 0.065*0.012 134+051 3422*3.82 1420253
NaCl
250 molm™  18.80 * 3.18 16.28 £ 2.16 252+1.06 127*051 1.11=0.61 0.150=*0.04 1.34 £ 0.75 40.59 £ 1.63 17.33 £1.50
NaCl
375molm™3 0837+ 155 07.07+1.65 130+028 072*0.15 053+0.10 0.190*=0.07 139*+040 42.16*431 09.40= 150
NaCl
500 molm™ 10.68 £292 0943 +249 125+043 0.66=*0.09 0.59=037 0130001 139*+0.72 3976 =351 08.10=1.80

NaCl
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Table 2. Effect of salinity on the dry weight (DW expressed as % of fresh weight) and water content (WC mg mg~! dry weight) of tap root,
adventitious (adv.) roots, petiole (P) and lamina (L) of adult and juvenile leaves of control and salt treated plants of Beta vulgaris ssp.
maritima, n = 3, mean = SD

Adv. root Tap root P. adult leaf

Treatment DW wC DW wC DW WC

Control 14.65 = 1.70 05.80 *+ 0.75 15.33 £ 0.61 05.49 = 0.25 07.72 £ 0.31 12.01 = 0.52

125 mol m™3 15.29 + 2.58 05.45 + 1.25 20.10 = 2.47 03.82 *+ 0.59 08.44 = 1.31 10.94 = 1.73
NaCl

250 mol m™3 16.60 = 1.60 05.10 * 0.60 27.40 * 2.80 02.70 * 0.40 12.80 + 0.60 06.80 * 0.40
NaCl

375 mol m™? 20.00 = 0.90 04.00 * 0.20 28.50 = 0.70 02.50 = 0.10 16.90 = 0.60 04.90 * 0.20
NaCl

500 mol m™> 22.88 * 7.65 03.67 £ 1.81 30.12 £ 0.97 02.32 £ 0.11 14.50 = 1.35 06.10 + 0.63
NaCl

L. adult leaf P. juvenile leaf L. juvenile leaf

Treatment DW wC DW wC DW wC

Control 11.44 = 1.88 07.91 = 1.47 8.55 £ 0.58 10.91 * 0.81 13.56 = 1.49 06.38 = 0.79

125 mol m™3 11.58 = 1.01 07.60 £ 0.72 11.16 £ 1.06 08.09 + 0.89 14.57 £ 1.04 05.84 + 047
NaCl

250 mol m™3 15.00 = 1.30 05.70 £ 0.60 14.10 £ 1.40 06.20 * 0.80 17.80 = 2.40 04.70 = 0.80
NaCl

375 mol m™3 16.70 £ 0.60 05.00 £ 0.20 19.50 = 0.10 04.10 £ 0.00 18.10 = 1.20 04.50 = 0.40
NaCl

500 mol m™3 1391 = 1.56 06.23 + 0.83 17.44 + 2.40 04.82 + 0.86 1543 + 1.44 05.44 = 0.61
NaCl

due to the increase of organic matter (OM in Table 3)
which accumulated in the root system; but in the
shoots it can be explained by the increase of the ash
content (Ash in Table 3) with salinity. Petiole and lam-
ina of adult leaves concentrated a high amount of ash
compared to juvenile leaves. The organic matter
(% fresh weight) was much higher in tap root than in
adventitious roots. In the shoot, organic matter in juve-
nile leaves was higher than in adult leaves (Table 3).
The effect of increasing NaCl concentration in the
culture medium led to decreasing values of water
potential in leaf petioles of the sea beet. It ranged from
—2.24 MPa in the control plants to —11.48 MPa in
high salinity plants (Figure 1). In the control adventi-
tious roots had a low osmolality value compared to
other parts of the plant which had similar values. In
low-salinity treatment (125 mol m~3 NaCl) an
increase of osmolality was registered in all parts of the
plant compared with the control. Tap root, petioles of
adult and juvenile leaves had similar osmolality val-
ues. Lamina of adult and juvenile leaves had also
similar values but to some extent lower than petioles.
In the high-salinity treatment (500 mol m 3 NaCl), the

highest increase of osmolality was registered in the tap
root followed respectively by petioles and lamina of
juvenile and adult leaves. Adventitious roots had the
lowest value (Figure 2). The increase of osmolality in
all parts of the plant with the increase of salinity
matches the salt-induced increase of inorganic and
organic matter.

In all parts of sea beet, Na was the most abundant
ion and its concentration increased simultaneously
with the increase of salinity in the growing medium
while K content decreased (Figures 3-5). Sodium
accumulation in the shoot was much higher than in the
root. In high-salinity treatment (500 mol m~3 NaCl),
K content of tap root and adventitious roots was
reduced respectively by 59% and 56%, while the
reduction was more pronounced in adult leaves (79%)
and juvenile leaves (69%). The Ca concentrations
were generally much lower than the Na or K concen-
trations. The Ca content was not affected by salinity
except in the tap root, where it increased with the
increase of the saline treatment. However, adventitious
roots contained more Ca than the other parts of the
plant (Figure 6).
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Table 3. Effect of salinity on the ash (expressed as % of dry weight) and organic matter (OM % fresh weight) of tap root, adventitious (adv.)
roots, petiole (P) and lamina (L) of adult and juvenile leaves of control and salt treated plants of Beta vulgaris ssp. maritima, n = 3,

mean * SD

Adv. root

Tap root P. adult leaf

Treatment Ash oM

OM Ash oM

Control 5.80 £ 0.07 13.80 = 1.61

125 mol m™3 _ 15.51 * 1.15
NaCl

250 mol m™3
NaCl

375 molm™3
NaCl

500 mol m™3
NaCl

12.40 = 2.80 14.60 = 1.80

15.10 £ 1.00 17.00 £ 0.90

16.37 = 4.25 19.03 = 6.19

8.60 = 3.07
12.13 £ 7.58

9.60 = 1.30

8.40 * 1.10

11.75 = 3.29

14.00 = 0.14
17.78 * 3.66

21.97 £ 0.87
3534 £ 6.57

6.03 £ 0.30
551 = 1.40

24.80 = 2.70 32.70 £ 1.40 8.70 £ 0.6

26.10 = 0.90 27.30 = 0.60 12.30 = 0.40

26.59 £ 1.57 37.44 * 3.11 9.10 = 1.30

L. adult leaf

P. juvenile leaf L. juvenile leaf

Treatment Ash OM

OM Ash OM

9.11 = 1.52
9.06 = 1.00

Control 20.41 = 3.50

125 mol m™3 21.86 = 1.70
NaCl

250 mol m™3
NaCl

375 mol m™>
NaCl

500 mol m ™3
NaCl

28.10 £ 1.90 10.80 = 1.20

27.00 = 0.80 12.20 £ 0.50

31.00 £ 2.15 9.60 £ 1.09

13.18 = 4.87
2593 £ 1.96

29.00 + 2.50

2230+ 1.20

2596 + 1.73

6.65 = 2.73
1127 £2.79

12.66 = 1.54
12.94 *+ 1.263

7.41 = 0.35
827 £ 0.88

10.10 = 1.30 2430 £5.20 13.60 £ 2.70

1520 = 0.30 24.70 = 2.90 13.70 = 1.40

12.94 = 2.04 27.09 = 0.30 11.24 + 1.01

0NaCl 125NaCl 250 NaCl 375 NaCl 500 NaCl

0.00
~1.00 D
-2.00
-3.00

-4.00 i
-5.00
-6.00
~7.00
-8.00
~9.00

-10.00 =
-11.00
-12.00 =
-13.00

[MPa]

Fig. 1. Water potential (MPa) in adult leaves of controls and 4
salinity treatments (125, 250, 375 and 500 mol m~3 NaCl).The line
in the histograms indicates the water potential of the watering solu-
tion in the five treatments.

The Mg concentrations were generally lower than
the Ca concentrations but showed a similar distribu-
tion in the tissues. Mg content was reduced by high
salinity treatment in all parts of the plant except in the
tap root. The reduction was more pronounced in

[mcontrol = 125 NaCl’ 5500 NaCl]

Fig. 2. Osmolality (mmol kg™!) in adventitious roots (ar), tap root
(tr), petiole (P) and lamina (L) of juvenile (ju) and (ad) leaves of
controls, low-salinity (125 mol m~> NaCl) and high-salinity plants
(500 mol m™3 NaCl).

adventitious roots, adult and juvenile leaf petioles than
in lamina of adult and juvenile leaves (Figure 7).

In all parts of the plants, the total carbohydrate content
increased with salinity (Figure 8). Sucrose was the most
abundant organic substance followed respectively by
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Fig. 3. Na concentrations (mmol g~!) in adventitious roots (ar), tap
root (tr), petiole (P) and lamina (L) of juvenile (ju) and adult (ad)
leaves of control, low-salinity (125 mol m™3 NaCl) and high-
salinity plants (500 mol m~3 NaCl).
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Fig. 4. K concentration (mmol g~!) in adventitious roots (ar), tap
root (tr), petiole (P) and lamina (L) of juvenile (ju) and adult (ad)
leaves of control, low-salinity (125 mol m™3 NaCl) and high-
salinity plants (500 mol m~3 NaCl).

K/ Na ratio

ir Pad  Lad  Pju Lju
[acontrol m125 NaCl =500 NaCl |

Fig. 5. K/Na ratio in adventitious roots (ar), tap root (tr), petiole
(P) and lamina (L) of juvenile (ju) and adult (ad) leaves of con-
trols, low-salinity (125 mol m~3 NaCl) and high-salinity plants
(500 mol m~3 NaCl).

ar tr Pad Lad Pju Lju
[@control 125 NaCl 500 NaCl |

Fig. 6. Ca concentrations (mmol g™!) in adventitious roots (ar), tap
root (tr), petiole (P) and lamina (L) of juvenile (ju) and adult (ad)
leaves of control, low-salinity (125 mol m™3 NaCl) and high-
salinity plants (500 mol m~> NaCl).
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Fig. 7. Mg concentrations (mmol g~') in adventitious roots (ar),
tap root (tr), petiole (P) and lamina (L) of juvenile (ju) and adult
(ad) leaves of control, low-salinity (125 mol m~> NaCl) and high-
salinity plants (500 mol m~3 NaCl).
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Fig. 8. Total carbohydrates concentration (mg % DW) in adventi-
tious roots (ar), tap root (tr), petiole (P) and lamina (L) of juvenile
(ju) and (ad) leaves of controls, low-salinity (125 mol m~> NaCl)
and high-salinity (500 mol m~3 NaCl) plants.
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Fig. 9. Soluble carbohydrates and starch concentrations (% DW) in adventitious roots (ar), tap root (tr), petiole (P) and lamina (L) of juvenile
(ju) and adult (ad) leaves of control, low-salinity (125 mol m~3 NaCl) and high-salinity plants (500 mol m~* NaCl).

glucose, fructose, starch, myoinositol and raffinose
(Figure 9). In the control plants sucrose and raffinose were
in the tap root higher than in the other parts (Figure 9).
Controls showed higher proline values in leaf lamina
than in roots, but salinity caused an increase of proline
concentration in all parts of the plant (Figure 10). The

highest amount was accumulated in the tap root leading
to a reverse gradient between shoot and root. The con-
tent of proline in control leaf lamina was about 5 folds
higher than in the tap root whereas in 500 mol m™3
NaCl, proline content was 3 folds higher in the tap root
than in leaf lamina.
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Fig. 10. Proline content (% DW) in tap root, petiole and lamina of
leaves, of controls and high-salinity (500 mol m~3 NaCl) plants.

In summary the high Na concentrations in the
leaves lead mainly to the high osmolality values at
high salinity levels while the adjustment in the tap root
was reached mainly by carbohydrate and proline
accumulation.

DISCUSSION
Growth

The sea beet has the typical features of a halophytic
species since plant growth was enhanced in low
salinity (125 mol m™3 NaCl). This response can be
explained by the role of Na as an osmoticum and its
effect on cell expansion and water balance of plants
(Marschner, 1995; Marschner and Possingham, 1975).
However growth was greatly affected by high salinity
levels (Kelly et al., 1982; Harrouni et al., 1999;
Flowers and Lauchli, 1983) and shoot growth was
more reduced by salinity than root growth (Greenway
and Munns, 1980; Koyro and Huchzermeyer,
1999a). The reduction of growth at high salinity was
reported to be a reaction to ion toxicity in old leaves, to
water deficit and to shortage of carbohydrates in
the younger leaves (Koyro and Huchzermeyer, 1999b).

Osmotic Adjustment
The increase of NaCl in the culture medium generates a

decrease of the water potential and of the osmotic poten-
tial in all parts of the sea beet tissue. The difference

in osmotic potential between the nutrient solution and
the roots and between the roots and the leaves is one of
the driving forces for the uptake of water through the
soil-plant-atmosphere continuum. The osmotical
adjustment to salinity enables the sea beet to delay
wilting, to maintain its turgescence and to adjust its
shoot osmotic pressure. It is practically reached by the
accumulation of high amount of salts in the shoot
which led to an increase in the proportion of inorganic
matter in the dry weight (Gorham, 1996; Flowers and
Lauchli, 1983). Flowers and Yeo (1988) reported that
high NaCl concentrations are accumulated in large
vacuoles of leaf cells. Minerals and water content
were co-ordinated to maintain constant osmotic poten-
tial gradient between shoot tissue and the external
solution (Gleen and O’Leary, 1984; Terry et al., 1983;
Weber, 1995). The osmotic potential was generated in
the leaves of the sea beet at high-salinity levels mainly
by the accumulation of NaCl in the vacuoles and of
proline as osmoprotectant in the cytoplasm. Soluble
carbohydrates (especially) sucrose accumulation in
tap root has an effect on cellular water relations. It
contributes to a decrease in cell osmotic potential
(Koyro and Huchzermeyer, 1999b). The stimulation
of proline synthesis with salinity in different parts of
the plant and especially in the tap root confirms its
role as osmoregulatory amino acid as described by
several authors (Flowers et al., 1986; Joshi et al.,
1996; Koyro, 1997).

‘Water Content

To compensate the high value of minerals in the
growing medium adult leaves accumulated consider-
able amounts of salt which in turn enabled them to
uptake water. Salt accumulation induces leaf succu-
lence which explains the increase of the LMA ratio.
Succulence is considered an important buffer mecha-
nism against high changes in leaf water potential
under saline conditions (Flowers and Lauchli, 1983).
Mineral accumulation in adult leaves prevent the
growing ones from the effect of ion toxicity.

Mineral Relations

The specificity of the sea beet for the uptake of K, Mg
and Ca was not sufficient to balance the important con-
centration of Na under high-salinity conditions. Under
these conditions high proportions of K, Ca and Mg can
be replaced in the leaf tissue by Na (Koyro and
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Huchzermeyer, 1999b) which is essential as mineral
nutrient for the sea beet by the extent to which it can
replace potassium functions and its additional growth
stimulation effect (Marschner and Possingham, 1975;
Marschner, 1995; Koyro et al., 1999). The distribution
of Ca in the plant with increasing salinity differed
depending on the considered part of the plant. Gorham
(1996) and Marschner (1995) reported that Ca has a
role in increasing salt tolerance of plants since it main-
tains membrane integrity in the presence of high con-
centration of Na and controls selectivity of ion uptake
and transport. On the other hand, high Na concentra-
tion in the culture medium induces Ca deficiency in
the shoots as described by Gorham (1996) and
Marschner (1995). The decrease of Ca in cells at high
salinity is reported to be correlated with an inhibition
of membrane functions like ATPase activity and an
increase in passive Cl and Na transport (Koyro et al.,
1993; Koyro, 1997; Koyro et al., 1999).

CONCLUSION

The sea beet is able to survive high salinity by osmotic
adjustment and solute and ion compartmentation. The
accumulation of high amounts of salt in the shoot vac-
uole cells provides the sea beet with sufficient water to
maintain growth and development. Excess salt ions at
high-salinity level induced a toxic effect to the plants,
which ended up with a great reduction in biomass pro-
duction thus putting the limit of salt tolerance (50%
biomass production) between 375 and 500 mol m™>
NaCl. The quick check system used in this experiment
showed to be highly efficient in the screening of plants
for salt tolerance.

ACKNOWLEDGEMENTS

This work was carried out in the framework of the
Concerted Action Project “Sustainable Utilisation of
Halophytes in the Mediterranean and Subtropical Dry
Regions”. The authors would like to acknowledge the
facilities provided by the Justus-Liebig Institute of
Giessen where the experiments were undertaken. The
help of the Institute’s technical staff is fully appreci-
ated. Special thanks are to Dr. B. Huchzermeyer,
School of Veterinary Medicine, Hannover for his
support and useful discussions.

S. Daoud, H.-W. Koyro and M.C. Harrouni

REFERENCES

Aronson, J. Plants for arid lands. Royal Botanical Gardens,
Kew, 1986.

Choukr-Allah, R., Jones, G.W. and Kenny, L. The potential
economic use of halophytes for agricultural development of
Southern Morocco. In Squires, V.R. and Ayoub, A.T., editors.
Halophytes as a resource for livestock and for rehabilitation
of degraded lands. Kluwer Academic Publishers, Dordrecht,
1994; 259-61.

Epstein, E. Mineral nutrition of plants: principles and perspec-
tives. John Wiley and Sons, New York, 1972.

Fennane, M., Ibn Tattou, M. Mathez, J., Ouyahya, A. and El
Oualidi, J. Flore pratique du Maroc. Manuel de détermination
des plantes vasculaires. Pteridophytae, Gymnospermae,
Angiospermae (Lauraceae-Neuradaceae), Vol. 1. 1999; 558 pp.

Flowers, T.J., Hajibagheri, M.A. and Clipson, N.J.W. Halophytes.
Quaternary Rev Biol 1986; 61(3):313-37.

Flowers, T.J. and Lauchli, A. Sodium versus potassium: substitu-
tion and compartmentation. Encyclopaedia of plant physiol-
ogy. New series, Vol. 15B. 1983; 651-81.

Flowers, T.J. and Yeo, A.R. Ion relations of salt tolerance. In
Baker, D.A. and Hall, J.L., editors. Solute transport in plant
cells and tissues. Longmann Scientific and Technical, Essex,
England, 1988; Chap. 10.

Gleen, E.P. and O’Leary, J. Relationship between salt accumu-
lation and water content of dicotyledonous halophytes. Plant
Cell Environ 1984; 7:253-61.

Gonzalez, E., Arrese-Igor, C., Aparicio-Tejo, PM. and
Koyro, H.-W. Osmotic adjustment in different foliar struc-
tures of semileafless pea subjected to water stress. Plant
Physiol Biochem (Special Issue) 1996; 240.

Gorham, J. Mechanisms of salt tolerance of halophytes. In
Choukr-Allah, R., Malcom, C.V, and Hamdy, A., editors.
Halophytes and biosaline agriculture. Marcel Dekker, Inc.,
New York, 1996; 31-53.

Greenway, H. Plant response to saline substrates. I. Growth
and ion uptake of several varieties of Hordeum during and
after sodium chloride treatment. Aust J Biol Sci 1962; 15:
16-38.

Greenway, H. and Munns, R. Mechanism of salt tolerance in
non halophytes. Annu Rev Plant Physiol 1980; 31:149-90.
Harrouni, M.C., Daoud, S., El Alami, A., Debbagh, B., Chokr-
Allah, R. and Bengaddour, M. Responses of some halophytes
to seawater irrigation in Morocco. In Hamdy, A., Lieth, H.,
Todorovic, M. and Moschenko, M., editors. Halophyte uses

in different climates II, 1999; 57-75.

Hoffmann-Thoma, G., Van Bel, A.JE. and Ehlers, K. Ultra-
structure of minor vein phloem and assimilate export in sum-
mer and winter leaves of the symplasmically loading
evergreens Ajuga reptans L., Aucuba japonica Thunb., and
Hedera helix L. Planta. 2000 (accepted for publication).

Joshi, A.J., Bhoite, A.S. and Rejith Kumar, K.S. Effects of sea-
water on accumulation of organic and inorganic metabolites
in Aeluropus lagopoides Linn. Physiol Mol Biol Plants 1996;
2:149-52.

Kelly, D.B., Goodin, J.R. and Miller, D.R. Biology of Atriplex.
In Sen, D.N. and Rajpurohit, K.S., editors. Tasks for vegeta-
tion, Vol. 2. 1982; Chap. 5.



Salinity tolerance of Beta vulgaris ssp. maritima. I. Biomass 49

Koyro, H.-W. Ultrastructural and physiological changes in root
cells of Sorghum plants (Sorghum bicolor X S. sudanensis cv.
Sweet Sioux) induced by NaCl. J Exp Bot 1997; 48:693-706.

Koyro, H.-W. Protocol for the installation of an improved quick
check system in the I.A.V. Hassan II (Agadir, Morocco).
Third annual report: Sustainable Halophyte Utilisation in the
Mediterranean and Subtropical Dry Regions, 1999.

Koyro, H.-W. 2000. In this volume.

Koyro, H.-W. and Huchzermeyer, B. Salt and drought stress
effects on metabolic regulation in maize. In Pessarakli, editor.
Handbook of plant and crop stress, 1999a.

Koyro, H.-W. and Huchzermeyer, B. Influence of high NaCl-
salinity on growth, water and osmotic relations of the
halophyte Beta vulgaris ssp. maritima — development of a
quick check. In Hamdy, A., Lieth, H., Todorovic, M. and
Moschenko, M., editors. Halophyte uses in different climates
I. 1999b; 89-103.

Koyro, H.-W.,, Stelzer, R. and Huchzermeyer, B. ATPase activi-
ties and membrane fine structure of rhizodermal cells from
Sorghum and Spartina roots grown under mild salt stress.
Botanica Acta 1993; 106:110-19.

Koyro, H.-W.,, Wegmann, L., Lehmann, H. and Lieth, H.
Adaptation of the mangrove Laguncularia racemosa to high
NaCl salinity. In Hamdy, A., Lieth, H., Todorovic, M. and
Moschenko, M., editors. Halophyte uses in different climates
1. 1999; 43-64.

Le Houerou, H.N. Salt tolerant plants of economic value in
the Mediterranean basin. Reclamat Revegetat Res 1986;
5:319-41.

Lieth, H. and Al Masoom, A.A., editors. Towards the rational
use of high salinity tolerant plants, Vol. I of the Proc. of the
Al Ain conference 1990, T: VS Vol. 27. Kluwer Academic
Publishers, Dordrecht, 1993; 521 pp.

Marschner, H. Mineral nutrition of higher plants. Academic
Press, London, 1995; 889 pp.

Marschner, H. and Possingham, J.V. Effect of K+ and Na+
on growth of leaf discs of sugar beet and spinach.
Z Pflanzenphysiol 1975; 75:6-16.

O’Leary, JW. A critical analysis of the use of A#riplex species
as crop plants for irrigation with highly saline water. In
Ahmed, R. and San Pietto, A., editors. Prospects of biosaline
research. Publ. Botany Dept., Karachi Univ., Pakistan, 1986;
415-32.

Terry, N., Waldron, L.J. and Taylor, S.E. Environmental influ-
ences of leaf expansion. In Dale, J.E. and Milthope, FL.,
editors. The growth and functioning of leaves. Cambridge
University Press, Cambridge, 1983.

Weber, D.J. Mechanisms and reactions of halophytes to water
and salt stress. In Ajmal Khan, M. and Irwin, A. Ungar,
editors. Biology of salt tolerant plants, 1995.



Salinity tolerance of Beta vulgaris ssp. maritima. Part II.
Physiological and biochemical regulation
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INTRODUCTION

Beta vulgaris ssp. maritima (L.) occurs naturally
along the Atlantic coasts of western Europe and along
the coasts of nearly all Mediterranean countries
(Letschert, 1993). To be able to survive in these habi-
tats, the sea beet has developed mechanisms, which
enable it to overcome saline stress. Tolerance to salin-
ity is determined by a number of separate but interre-
lated mechanisms which operate at different levels of
tissue structure to control the distribution of salt and
other solutes within the plant and to maintain a gradi-
ent of water potential through the plant from the soil
to the atmosphere (Gorham, 1992). The balance
between water and salt uptake could be maintained by
reducing transpiration, but at the expense of reduced
carbon fixation and reduced growth rate (Gorham,
1996). Under salt stress, the reduction of growth is
greater than the decrease in photosynthesis
(Cheeseman, 1988). Salinity affects carbon assimila-
tion because of a smaller leaf area rather than a
reduced rate of photosynthesis (Klenke et al. in prepa-
ration). The reduction of leaf area is among the mech-
anisms salt includer species use in order to minimise
the evaporating surface (Koyro and Huchzermeyer,
1999a) and consequently increase their water content
leading to succulence. In the sea beet leaf succulence
is a consequence of salt and water accumulation which
induce changes in leaf structure, especially the
increase of the volume of the palisade and spongy
parenchyma cells (Koyro and Huchzermeyer, 1997).
The aim of our study is to investigate the physiolog-
ical parameters determining salt tolerance of the sea
beet. One approach toward understanding the mecha-
nisms of salt tolerance at the hole plant level is to fol-
low the series of physiological transformations that
exposure to salinity can generate in water relations,

H. Lieth (ed.), Cash Crop Halophytes: Recent Studies, 51-57.
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photosynthesis, transpiration and salt and metabolites
accumulation (Koyro and Huchzermeyer, 1999a).

MATERIAL AND METHODS

Beta vulgaris ssp. maritima plants used for sulfolipids,
chlorophyll a and b and gas exchange measurements
are the same ones used in the chapter of Daoud et al.
(2003 in this book).

The chlorophyll was extracted with 80% acetone
from 8 leaf discs (0.78 cm?) of fresh material (3 repli-
cates per treatment). The chlorophyll a and b con-
tents were determined by a DU-6-spectrophotometer
(BECKMAN). Sulfolipids were extracted from
plant cells with chloroform/methanol (2:1 v/v) and
quantified by thin-layer chromatography, followed by
photodensitometric scanning method (modified by
Archer et al., 1997).

Stomata frequency was determined by thin coating
with transparent “Jade” varnish. The varnish was spread
on small leaf surfaces between the secondary veins.
Both adaxial and abaxial sides of the leaf were sampled.
After drying, the thin layer was stripped of the leaf
surfaces and transferred on a glass slide into the beam
of a light microscope for the counting of the stomates.

Net photosynthesis, intracellular CO,, stomatal
resistance, stomatal conductance and transpiration,
were measured on juvenile and adult leaves using a
photosynthesis analyser LI 6200 by enclosing the leaf
in a closed chamber.

RESULTS

In juvenile leaves of the sea beet the level of sulfo-
lipids increased with the increase of salinity. In the old
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Fig. 1. Sulfolipids content in Beta vulgaris ssp. maritima watered
with different NaCl concentrations.

Jjuvenile leaves

Chia Chlb Chi a+b Chiab

[@Control @125 NaCl 01250 NaCl 01375 NaCl B1500 NaCl |

S. Daoud et al.

leaves sulfolipids content remained at higher levels,
roughly similar to those in the control young leaves
(Figure 1).

Chlorophyll a + b contents of juvenile and adult
leaves increased with the increase of salinity in the
growing medium, reached a maximum value at 250 mM
NaCl, and decreased slightly at high-salinity levels.
Nevertheless the rate of chl a +b in juvenile as
well as in adult leaves of plants at high-salinity level
(500 mM NaCl) remained higher than in the control
plants. It was 2.3 times higher in juvenile leaves and
1.4 times higher in adult leaves compared to the con-
trol. The ratio chl a/b was similar in all treatments in
adult as well as in juvenile leaves (Figure 2).

In both adult and juvenile leaves, the response of net
photosynthesis to increasing salinity was such that opti-
mum rates were reached at 250 mM NaCl. Thereafter

adult leaves

T

Chl a+b Chi a/b

lﬂc:unhol 0125 NaCl 0250 NaCl B1375 NaCl NS00 Nu.'.||

Fig. 2. Chlorophyll a (chl a) and b (chl b) concentrations (pg/cm?), chlorophyll a + b and chl a/b ratio in juvenile and adult leaves of Beta
vulgaris ssp. maritima treated without (control) or with the addition of 500 mM NaCl added to the nutrient solution.
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Fig. 3. Net photosynthesis (wmol m~2s~") of juvenile and adult leaves of Beta vulgaris ssp. maritima of controls and 4 salinity treatments

(125, 250, 375 and 500 mM NaCl).
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Fig. 6. Stomata frequency (number per unit leaf area) of adaxial and abaxial sides of juvenile and adult leaves of Beta vulgaris ssp. maritima
of control and 4 salinity treatment (125, 250, 375 and 500 mM NacCl).

Fig. 7. Typical lightmicroscopical photographs of thin layers of varnish stripped of the adaxial leaf surfaces of adult leaves: (a) control;

(b) 500 mM NaCl.

rates were reduced to 59% in juvenile leaves and to
25% in adult ones compared to the control (Figure 3).
The leaf intercellular CO, (C;) and the ratio of leaf
intercellular CO, to atmospheric CO, (C;/C,)
decreased with increasing salinity in the root medium

of the sea beet leaves. It was more affected by increas-
ing salinity in adult leaves compared to juvenile ones.
The reduction of (C;) and (C;/C,) was 45% and 40.5%
respectively in adult leaves and 32% and 29% respec-
tively in juvenile leaves (Figure 4).
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The stomatal conductance of adult leaves increased
slightly from the control to optimum growth salinity
(250 mM NaCl) and then decreased at higher salinity
(Figure 5). The reduction was about 87% compared to
the optimum. In juvenile leaves stomatal conductance
decreased progressively from the control to high salin-
ity level where the reduction was about 94%.
Transpiration of sea beet leaves in response to increas-
ing salinity paralleled the stomatal conductance
response (Figure 6).

The stomata frequency was higher in the lower side
of the leaf than in the upper side regardless the age
(Figure 7). Additionally, the stomata frequency in juve-
nile leaves was higher in all treatments compared to
adult leaves (result not shown). In adult leaves stomata
frequency increased with the increase of salinity.

The water use efficiency in both adult and juvenile
leaves increased with the increase of salinity as a
result of reduced stomatal conductance and transpira-
tion (Figure 8).

DISCUSSION
Sulfolipids and Chla + b

The effect of increasing salinity by the supply of
NaCl in the culture medium of the sea beet resulted
in growth stimulation at moderate salinity (125 and
250 mM NaCl) and a reduction of growth at higher
salinity levels (Daoud et al., in this volume). Marschner
and Possingham (1975) reported that cell expansion of

leaf disc of sugar beet and spinach in response to
increasing Na-concentration was not simply due to
water uptake but involved cell development and matu-
ration since it was combined with increases in dry
matter and chloroplast number. They also reported
that despite its stimulating effect on fresh and dry mat-
ter production and chloroplast formation Na had a
depressive effect on chlorophyll formation in sugar
beet. In experiment on sea beet Na had not a depres-
sive effect at high salinity levels since the content of
chl a + b at high salinity level was 2.3 and 1.4 folds
higher in juvenile and adult leaves respectively than in
the control plants.

Our results showed an increase of chl a + b, sulfo-
lipid contents and photosyntesis rate of the sea beet
at moderate salinity (125 and 250 mM NaCl) which
suggests a correlation between these mechanisms.
Archer et al. (1997) showed the role of sulfolipids in
photosynthesis rate. The high sulfolipid level in young
leaves, and the constant level in adult ones may con-
tribute to salt resistance in the sea beet. Archer et al.
(1997) reported that sulfolipids have more than one
function in the cell, they enter in the structure of thy-
lacoids and chloroplasts. Kuiper and Kuiper (1978)
who worked on Plantago and Stuiver et al. (1981) who
worked on sugar beet reported that high sulfolipid
levels in the roots may indicate salt resistance.

Gas Exchange Parameters

Growth and photosynthesis rate of the sea beet varied
in the same manner with increasing salinity. Optimal
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growth was reached at moderate salinity (250 mM
NaCl) and declined with the increase of salinity in the
culture medium as it is typical for non-succulent
halophytes (Marschner, 1995). At high salinity level
(500 mM NaCl) growth reduction was 63% (Daoud
et al., in this volume), while the reduction in net
photosynthesis was 59% in juvenile leaves and 25% in
adult ones. Since growth declined more than net pho-
tosynthesis the decline in photosynthesis cannot
explain alone growth inhibition at high salinity level.
Several authors have reported such results and indi-
cated that other parameters were involved in growth
reduction (Terry et al., 1983; Flowers, 1985; Koyro
and Huchzermeyer, 1999b). Koyro and Huchzermeyer
(1999b) and (Daoud et al., in this volume) reported that
there is a build up of total carbohydrates in all parts of
the sea beet plants with increasing salinity which sug-
gests that photosynthesis does not limit growth in salt
stressed sea beet. Kelly et al. (1982) suggested that the
growth reduction of Atriplex halimus at high salinity
without ceasing is an indication that most of the
enzymes of photosynthesis and other metabolic path-
ways were still functional although the degree of acti-
vation may have been affected. Flowers et al. (1986)
reported that changes in leaf morphology are of
greater significance than effects on the metabolic
processes of photosynthesis and that salinity affects
carbon assimilation per plant via smaller leaf area
rather than a reduced rate of photosynthesis. Koyro
et al. (1999) and Daoud et al. (in this volume) showed
that increasing salinity in the growing medium
resulted in an increase of Na-concentration in the
leaves of the sea beet together with the loss of K. Terry
and Ulrich (1973) reported that in the sugar beet low
K-content decreased photosynthesis through an
increase of the mesophyll resistance to CO,, and not
through stomatal diffusion resistance.

The increase in stomata frequency (number per leaf
area) of the sea beet adult leaves with the increase of
salinity was found also in the sugar beet (Hampe and
Marschner, 1982) and in Laguncularia racemosa
(Koyro et al., 1999a). The increase of stomata fre-
quency and the decrease of leaf surface area was
explained with a reduction of cell expansion in epi-
dermal cells caused by the low-water potentials in the
saline media. The increase of stomata frequency was
interpreted from the author as a way to minimise the
opening times for gas exchange. At moderate high-
water potentials in the air and/or the soil (e.g. after
rain) a high stomata frequency enables the sea beet the

S. Daoud et al.

uptake of high amounts of CO, and a reduction of
transpiration (Figure 7). At the rest of the day a low-
stomatal conductance (Figure 6) helps the plant to
minimise the water loss. This can be one explanation
for the increase of the water use efficiency and the
decrease of stomatal conduction and transpiration
with increasing salinity (Figures 6-8). A precondition
for this hypothesis is a non inhibited opening of stom-
ates, for example, by low K-concentrations in the
guard cells of the stomates. It is well known that high
sodium concentrations can inhibit the potassium
uptake into the plant. It was shown that the guard cells
of Beta maritima have much higher K and lower Na
concentrations than other epidermal cells (results not
shown). This difference between epidermal cells and
guard cells give reason to assume that the stomates are
functioning even at high-salinity levels.

Since salt transport to the shoots is to some extent
related to transpiration rate, an improvement in water
use efficiency (the amount of water transpired for a
given increase in CO, fixed, or a given increase in
fresh weight) should help to retard the accumulation
of salt in the leaves (and especially in the guard cells;
Gorham, 1996) and represent a more conservative and
efficient use of water which may contribute to plant
survival under long-term exposure to salinity.

Raising the Na-concentration in the root medium
increased the leaf mass to area ratio (leaf thickness)
and water content of the sea beet by inducing an obvi-
ous increase in the volume of the palisade and spongy
parenchyma cells (Koyro et al., 1997). Similar effects
have been reported previously on the sugar beet
(Hampe and Marschner, 1982) and Atriplex patula
(Longstreth and Nobel, 1979) in which both length
and diameter of palisade cells increased with salinity.
As a first reaction to salinity, Koyro et al. (1999b)
explained that sea beet plants showed a decrease of
leaf surface per plant. The reduction in leaf area (in
relation to the mass) is one mechanism of salt includ-
ing species to increase their water content and to
minimise the evaporating surface.

CONCLUSION

Salinity tolerance in the sea beet is controlled by sev-
eral interrelated mechanisms. The compartmentation
of NaCl in the vacuoles of shoot cells under saline con-
ditions and low Na-concentrations in the other
organelles and in the cytoplasma are a protection for
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many essential enzymatic activities. Indeed at moder-
ate salinity chlorophyll and sulfolipid contents and
consequently photosynthesis were promoted compared
to the control plants. At high-salinity levels chlorophyll
content and the rate of net photosynthesis were less
affected than growth, since there may be a build up of
carbohydrates in the tissue levels during salt stress.
Growth reduction was mainly due to the reduction in
leaf number and area. NaCl-compartmentation was
more pronounced in adult leaves which serve as depos-
itories for salts which would otherwise accumulate in
juvenile leaves. In adult leaves regulation of trans-
piration in response to salinity was achieved by the
decrease of stomata frequency leading to a decrease in
stomatal conductance and an increase in water use effi-
ciency. The reduction of stomatal conductance and
transpiration participates to maintain the level of leaf
turgescence which was done at the expense of plant
growth because the energy needed for growth was lost
to maintain high-water level in the plant.
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Effect of seawater irrigation on biomass production and ion composition of
seven halophytic species in Morocco

M.C. HARROUNI, S. DAOUD AND H.-W. KOYRO

INTRODUCTION

Morocco is faced today with an increasing demand for
water. With the frequency of drought years, the intensi-
fication of food production depends heavily on irriga-
tion and the efficient management of limited water
resources. The extension of irrigated agriculture and
the intensive use of water resources combined with
high evaporative rates, have inevitably given rise to the
problems of salinity in the soil and in underground
water. It should be noted that salinity problems have
been observed in several regions of the country and are
liable to spread as irrigation is intensified and irrigated
areas are extended (Choukr-Allah and Harrouni, 1996).
At the present time, Morocco has more than 800,000 ha
of irrigated land. And most irrigated areas show differ-
ent degrees of salinity. The standard approach to this
problem would be to increase salt tolerance of conven-
tional crop plants, but the gain in yield is generally low.
The alternative approach to the problem is to make use
of the plants that already have the requisite level of salt
tolerance, and are highly productive at high-external
salinity levels: the halophytes. It is possible to make a
reasonable use of them and to expect to find suitable
candidates for domestication among that large pool of
plants (O’Leary, 1986; Aronson, 1986). Within the past
decade, substantial progress has been made to evaluate
the potential use of halophytes as crop plants (Aronson,
1986). Halophytes represent an important potential as
they can be used for fodder, fuel, oil, wood, pulp and
fibre production. They also can be used for land recla-
mation, dune stabilisation and landscaping (Lieth and
Al Massoum, 1993a). Some of 2,500 species of halo-
phytes (gramineae, shrubs and trees), occur in saline
coastal environment and inland deserts. Increasing
attention has been paid to research and development
of halophytes and several authors proposed utilising

H. Lieth (ed.), Cash Crop Halophytes: Recent Studies, 59-70.
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undiluted seawater on a large scale for irrigation
(O’Leary and Glenn, 1984; Aronson, 1986). As a
matter of fact two thirds of the world are covered by the
oceans, this unlimited source of seawater could be used
for the irrigation of halophytes on coastal areas. The
good drainage associated with sand allows for a high
volume and/or high frequency of irrigation with seawa-
ter, thus preventing salt accumulation in the root zone
(O’Leary et al., 1985; Goodin et al., 1990). However
halophytic species have different degrees of salinity
tolerance, and a very limited number of the large pool
of halophytes tolerate seawater salinity (Lieth and Al
Massoum, 1993a). It therefore is important to select
promisable salt tolerant plants with adequate tolerance
and yield characteristics (Koyro, 1997).

The aim of this research is to determine the level of
salinity tolerance of a number of halophytic species
and to study the mechanism by which plants survive
high salinity using a quick check system in which
plants were grown in coastal sand and irrigated with
five seawater dilutions.

MATERIALS AND METHODS

Seven halophytic plants were studied with the aim of
estimating their tolerance and responses to salinity. The
screening procedure was conducted under greenhouse
conditions at IAV Hassan II, Agadir (Morocco), in a
“quick check system” (Koyro, 1999). It is an automated
irrigation and drainage system where plants were put
in 1,001 containers and regularly flooded with the
required water (Figure 1). Small pumps were used to
recycle water several times per day. The plants were
cultivated in plastic containers on coastal sand
substrate with four replicates per species. The watering
regimes were: tap water (control), 25%; 50%; 75% and
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1. Irrigation water

2. Pump

3. Control valve

4. Irrigation pipe

5. Experimental plant

6. Gravel bed

7. Ground water (buffer)

8. Overflow control

9. Outlet valve to reservoir
10. Wall plug for electricity

s

Fig. 1. Scheme of the quick check system. The arrows point to the flow direction of the seawater dilutions.

100% seawater (see Harrouni et al., 1999 for sand and
water characteristics). These dilutions were obtained
by tap water addition. Seawater was added progres-
sively at the step of 1/8th every 2 days until the
required concentration was reached. The dilutions were
fertilised with a nutrient solution containing 60 mg/I N,
6.5 mg/1 P, 40 mg/l K and traces of trace elements. The
experiment with saline treatments started on 8 August
and ended on 15 October, 1999.

The plants studied in this trial were: Aster tripolium,
Batis maritima, Halimione portulacoides, Kosteletzkya
virginica, Salsola longifolia, Tamarix aphylla and
Tamarix gallica. Some plants were propagated by
cuttings and others by seeds but all of them were regu-
larly watered with fresh water until the beginning of
the experiment. A hygro-thermometer was put in the
greenhouse for the monitoring of temperature and air
relative humidity.
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Fig. 2. Maximum and minimum air relative humidity in the green-
house during the experimental period.

At the end of the experiment the plants were har-
vested for biomass and other parameters assessment.
Root fresh weight (fw) was determined after washing
the sand through a fine sieve. Refrigerated (0°C) water
was used to avoid any water absorption by roots during
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Table 1. Characteristics of tap water and seawater dilutions prior to fertiliser addition
EC Na* cr- K* Ca*t Mg*+ N-NO3

Treatments pH (dS/m) (mg/l) (mg/l) (mg/1) (mg/1) (mg/l) (mg/l) P (mg/l)
Tap water 8.05 00.77 039.91 540.00 003.50 095.59 0011.20 Trace 1.35
25% seawater 7.70 12.10 3722.00 6452.37 116.67 098.53 0065.60 0.60 1.35
50% seawater 7.55 22.00 5201.80 8968.80 183.33 132.35 0984.00 0.30 1.25
75% seawater 7.64 30.80 8071.70  13453.20 194.44 141.18 1064.00 0.16 1.50
100% seawater 7.55 38.50 11211.0 18834.48 377.78 266.18 1976.00 0.21 2.05

Table 2. Plant survival (%) in the five treatments

25% 50% 75% 100%

Plant species Tap water seawater seawater seawater seawater

A. tripolium 100 100 100 100 100

B. maritima 100 100 100 100 100

H. portulacoides 100 100 100 100 100

K. virginica 100 100 100 100 0

S. longifolia 100 100 100 100 100

T aphylla 100 100 100 100 100

T gallica 100 100 100 100 100

Table 3. RGR (gg-1 wk-1) of halophytes grown at five seawater dilutions and the ratio: RGR
25% seawater/RGR control

0% 25% 50% 75% 100% RGR 25 : RGR 0%

B. maritime 0.22 0.40 0.45 0.39 0.40 1.78
H. portulacoides 0.28 0.36 0.39 0.33 0.30 1.27
A. tripolium 0.36 0.29 0.25 0.27 0.17 0.79
S. longifolia 0.18 0.23 0.17 0.20 0.17 1.27
T gallica 0.19 0.12 0.10 0.09 0.09 0.64
K. virginica 0.29 0.16 0.25 0.09 * 0.56
T aphylla 0.09 0.01 0.04 0.00 0.01 0.14
*Dead plant.

Table 4. Root to shoot ratio of halophytes grown at five seawater

dilutions

0% 25% 50% 75% 100%
B. maritima 0.19 0.10 0.08 0.10 0.11
H. portulacoides 0.14 0.08 0.07 0.09 0.19
A. tripolium 0.39 0.40 0.57 0.42 0.61
T gallica 0.18 0.27 0.25 0.40 0.41
T aphylla 0.29 0.63 0.40 0.48 0.65
S. longifolia 0.21 0.13 0.11 0.13 0.08
K. virginica 1.75 233 1.74 1.05 *

*Dead plant.
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Fig. 3. Dry weight of plants grown in the five seawater treatments.

the procedure which was performed soon after harvest.
Shoot and root dry weights (dw) were obtained after
oven drying at 65-70°C for at least 48 hours. The water
content (ml/g) was determined by the formula:
(fw — dw)/dw. Growth was estimated by the relative

growth rate calculated on the basis of the increase of dry
matter over the experimental period using the formula:
RGR = (Ln (final dw) — Ln (initinal dw)/time.
Samples of each part of the plants were ground in an
electric grinder and 500 mg samples were taken and
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burnt in a muffle furnace at 485°C. The ash content was
obtained by weight difference before and after calcina-
tion. Mineral composition of shoots and roots for each
species were determined from ash analyses. Na and K
contents were determined by flame photometer 410
after dissolving the ash in 2N HCI. Ca and Mg contents
were determined with an atomic absorption spectrome-
ter 3110 (Perkin Elmer). Concentrations of these miner-
als in plant tissues are expressed on a dry weight basis.
Tissue osmotic potential was determined in the leaf sap
with an osmometer (Osmomat 030) based on the theory
of freezing-point-depression. For sap extraction plant
material was frozen in Ependorf tubes, thawed at
80°C and crushed using a metal rod. The tubes were
centrifuged at 5,000 g for 10 min, the sap was then
directly used for osmotic potential determination.

EC of sand was determined with the 1/5 soil/water
extract method.

RESULTS
General Conditions

Average maximum and minimum temperatures
during the experimental period were 41.5°C and
20.5°C respectively. The absolute maximum and min-
imum temperatures were 46°C and 16°C respectively.
Air relative humidity inside the greenhouse fluctuated
quite little during the experimental period (Figure 2).
The average maximum RH was 82% with an absolute
maximum of 85% and the average minimum RH was
57% with an absolute minimum of 46%. Maximum
RH was steadier than minimum RH due to the fluctu-
ation of temperature in daytime during the experimen-
tal period. However values of both max and min RH
were within reasonable ranges.

Mineral analysis of the seawater dilutions used
for irrigation in the different saline treatments in
comparison with tap water showed that Cl, Na, Ca and
Mg concentrations increased with the increase of
seawater ratio. However, Cl had the highest values
followed by Na, Mg, K and Ca respectively. Table 1
shows the composition of tap water and the different
dilutions of seawater used in the experiment.

Plant Survival and Biomass Production

The plants studied in this experiment survived in all
treatments except K. virginica which died in full
strength seawater (Table 2).

Regarding relative growth rate (RGR), three groups
of plants can be distinguished (Table 3). A group
(4. tripolium, K. virginica, T gallica and T. aphylla)
where tap water irrigation enabled the plants to produce
maximum growth compared with the saline treatments
which reduced the growth rate. The RGR reduction
in full strength seawater was more pronounced in
T aphylla (89%) than in T gallica and A. tripolium
(about 53%). B. maritima and H. portulacoides consti-
tute the second group as RGR was higher in 50%
seawater treatment. In these species, tap water irriga-
tion resulted in a low RGR compared especially with
50% treatment. Growth of S. longifolia was enhanced
in the 25% seawater treatment. Nevertheless RGR was
not much affected in more saline treatments.

The ratio of growth in 25% seawater treatment to
growth in tap water (Table 3) showed stimulation of
growth at moderate salinity for three species. However
B. maritima had highest value at 50% seawater (its opti-
mum salinity). Among the 4 species which had the ratio
below 1, A. tripolium showed the highest ratio (0.79);
the ratio of T. aphylla and K. virginica was very low sug-
gesting the sensitivity of these species to low salinity.

Increasing salinity in the root medium showed dif-
ferent responses concerning root/shoot ratio of plants
studied (Table 4). However, the root/shoot ratio of
B. maritima and H. portulacoides decreased in treat-
ments 25% and 50% seawater and then started to
increase at higher salinity, this result indicates the stim-
ulation of shoot growth of these species at low salinity
level and its reduction at high salinity. A. tripolium,
T gallica and T aphylla showed an increase of the
ratio with salinity suggesting that the shoots are more
affected by increasing salinity than the roots. In the other
species (S. longifolia and K. virginica), roots were more
affected by increasing salinity than shoots since the
root/shoot ratio decreased with salinity (Figure 3).

Mineral Content of Halophytes

The ash produced by the plants in the different treat-
ments is shown in Figure 4. All species had their ash con-
tents increased with the increase of the proportion of
seawater in the irrigation solution and shoots accumu-
lated more ash than roots. B. maritima, S. longifolia,
H. portulacoide and A. tripolium accumulated more
inorganic matter in their leaves than the other species.
Indeed in full strength seawater B. maritima and S. longi-
folia had the highest values of ash in % dry weight
(62% and 54%) followed by H. portulacoide (43%)
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Fig. 4. Ash weight of plants grown in five sea water treatments.

A. tripolium (35%) K. virginica (31%) T. aphylla (26%)
and T, gallica (18%). In the roots of most species the ash
contents did not show any significant difference between
treatments and it was about 11% in high salinity except
for A. tripolium (18%) and B. maritima (20%).

Chemical analysis of the ash showed an accumulation
of high amount of Na in the shoots with the increase
of salinity in the growing medium, accompanied by a
reduction in K content. However some species (S. longi-
folia, H. portulacoides, B. maritima and A. tripolium)
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concentrated high amounts of Na in their shoots as
compared to the others (Figure 5). In all species the
K content was less than the Na content in the shoots as
well as in the roots, and unlike Na its concentration
decreased with the increase of salinity.

Ca and Mg were present at much lower levels than
Na and K with the exception of B. maritima in which
the shoot Ca concentration in the control was higher
than the Na concentration. In the control and 25%
seawater treatments shoots of B. maritima had the
highest level as compared with the other species, it
decreased with the increase of seawater concentration
in the root medium, a response which was observed
also in T aphylla and K. virginica. In the other species
the Ca concentration of shoot plants was similar in all
saline treatments. In all species the Mg level was low
in all parts of the plants compared with Ca and did not
show any difference between treatments (Figure 6).

The osmolality of the cell sap of the leaves of
B. maritima, S. longifolia, H. portulacoides and
A. tripolium increased with the increase of seawater con-
centration suggesting a decrease of osmotic potential
(due to ion accumulation in plant tissues) in response to
the increase of salinity in the root medium (Figure 7).
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This regulatory mechanism allows plants to main-
tain their turgidity by keeping a constant osmotic
potential gradient between their shoot tissue and the
external solution. Indeed, in these species the water
content was high (Figure 8). In B. maritima the water
content was higher in all saline treatments as com-
pared with the control except in full strength seawater
where it was hardly 18.52% lower. Salsola had its
maximum water content in the treatment with 50%
seawater. Plants in 25% and 75% seawater had respec-
tively higher and equal water content as compared
with the control. Halimione had its maximum water
content in the control and 25% seawater treatments.
A. tripolium, T aphylla and T gallica showed a
decrease in the water content with the increase of sea-
water concentration.

DISCUSSION

In all species was growth as expressed by dry weight
reduced in high seawater concentration treatments;
moreover sensitive species showed a greatly reduced
biomass. The relative growth rate was differently
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Fig. 7. Osmolality in shoots of plants grown in five sea water treatments (tap water; 25%; 50%; 75% and 100% seawater).
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affected by salinity, it decreased beyong a threshold moderate seawater concentrations (25-50% seawater),
level of salinity which varied depending on the species a response which is typical to halophytic plants
(Maas, 1987). In some species (B. maritima, H. portu- (Kelly et al., 1982; O’Leary and Glenn, 1984; Flowers

lacoides and S. longifolia) growth was stimulated by et al., 1986; Gorham, 1996; Harrouni et al., 1999).
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This stimulation can be explained by the effect of Na
on cell expansion and on water balance (Marschner,
1995). Some species (4. tripolium, T gallica,
T. aphylla and K. virginica) did not show any increase
in growth in the presence of seawater. But in contrast
to glycophytes, these species were able to complete
their life cycle at high-salt concentrations. Salinity tol-
erance is related to the ability of different plants to
generate osmotic adjustment by regulating their ion
and water uptake from culture medium and to avoid
toxicity of excess ion accumulation. The necessity to
regulate the internal concentration of ions lies in the
need to keep tissue water potentials more negative
than those in the external medium, in order to main-
tain the symplastic water content while preventing too
great an accumulation of ions, which would be meta-
bolically damaging (Flowers et al., 1986). In species
which are stimulated by low-salinity treatments, the
increase in weight was largely due to the accumulation
of minerals and water which resulted in the decrease
of osmotic potential with the increase of seawater con-
centration (Flowers, 1985). In the highly saline treat-
ments the decreased water content in the plants may
be explained by the water stress induced by excess
salts in the root zone. At high-salinity growth reduc-
tion might be caused by a reduced ability to adjust
osmotically, as a result of the saturation of solute
uptake (Munns et al., 1983), or nutrient deficiency and
ion toxicity (Koyro, 1997; Koyro and Huchzermeyer,
1999). With respect to salt tolerance, plants showed
considerable selectivity in ion accumulation. Sodium
and chloride are the ions which are most commonly
assimilated for osmotic adjustment depending on the
species (Jefferies, 1981; Gorham, 1996; Harrouni
et al., 1999; Koyro and Huchzermeyer, 1999). The
decrease of K content with salinity can be explained
by its replacement by Na in its function as osmoticum.
Marschner (1995) pointed out the essentiality of the
Na for some species in their mineral nutrition by its
additional growth enhancement effect. The presence
of high amount of Ca (ca. 96 to 266 mg/l, respectively
in the control and full strength seawater treatments)
in the growing medium may have contributed to the
increase of salt tolerance of plants, since Ca plays
an important role in maintaining membrane stability
and controlling the selectivity of plant ion uptake and
transport under saline conditions (Lauchli and
Wieneke, 1979; Marschner, 1995). In this experi-
ment’s conditions increasing seawater concentration
was paralleled with the increase of both Na and Ca,

conditions which prevent Na induced Ca deficiency
and enhance plant growth. However plant species con-
siderably differed in their sensitivity to Na induced Ca
deficiency since RGR of B. maritima, H. portula-
coides and S. longifolia was not much affected by
highly saline treatments compared with the other
plants.

CONCLUSION

The results reproduce the typical responses of halo-
phytes to saline treatments. What in general should be
pointed out is the survival of most species even in full
strength seawater and their production of substantial
biomass. Salinity stress is composed of osmotic and
ionic components, both of which could potentially
affect plant performance. The species studied in this
experiment are either fodder or fuel wood plants.
Their ability to survive and produce biomass under
reasonably high salinity shows their potential to be
used for salt affected land reclamation with saline irri-
gation given that appropriate irrigation and drainage
system is applied.
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Some physiological and biochemical aspects of salt tolerance of
Sesuvium portulacastrum

D. MESSEDI, N. SLEIMI AND C. ABDELLY

INTRODUCTION

Drought and salinity are responsible for substantial
losses of crop yield, deterioration of plant cover and
erosion of soils. Currently, desertification threatens an
important part of our planet. Indeed, according to the
United Nations, approximately one sixth of the
world’s population, 70% of all dry lands with a total
area of 3.6 billion ha, and a quarter of the total land
surface of the earth are endangered by desertification
(Jeltsch and Wiegand, 1999). In these regions, soils
are often sandy limiting plant development by salinity,
drought and mineral deficiencies. The specific plant
associations of these zones are essentially psammo-
halophyte species. Among these stress tolerant plants,
some species could be interesting for soil protection
and fixation as well as the rehabilitation of marginal
zones. Limonium delicatulum, capable to use water
efficiently by reducing its water expenditure despite
the high-evaporative power of the atmosphere, is used
to fix the Mediterranean coastal dunes of Egypt
(Batanouny et al., 1992). Other species like Cymodocea
ciliata, Schangenia aegyptiaca, Zygophyllum simplex
and Suaeda vermiculatas are very frequent in the UAE
coasts (Zahran et al., 1999). In the coastal zones, the
fluctuation of water and salinity levels influences
strongly plants distribution. Indeed, Spartina
alterniflora and more particularly S. patens dominate
in high zone over wash and provide the front line of
protection against erosion processes (Courtemanche
et al., 1999). Cakile maritima, a psammo-halophile
species, is the first that colonizes the beach at loca-
tions where the lower horizons are humid and salty.
Whereas, pioneer species like Ammophila arenaria
colonize the first mounds of sand (Mezziani, 1984). In
addition of its ecological value, C. maritima produces
oleaginous seeds (El Almi et al., 1999).

H. Lieth (ed.), Cash Crop Halophytes: Recent Studies, 711-77.
© 2003 Kluwer Academic Publishers.
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All these studies show that halophytes or psammo-
halophiles species are potentially interesting for dunes
fixation, greenification of salted marsh and valorisa-
tion of uncultivated marginal zones. As part of this
approach, we have retained a psammophile species,
Sesuvium portulacastrum. This plant, which belongs
to the Aizoaceae family, is a perennial dicotyledonous
halophyte, very frequent in the salty marshes of Latin
America (Chapman, 1960). This creeping plant seems
to present a higher vegetative multiplication potential-
ities. This property confers on this plant a higher
ability to protect and to fix soils (Lonard and Judd,
1997). The authors also showed that S. portulacastrum
is capable of tolerating salinity, higher temperatures
and mineral deficiencies. Some studies recommend
utilisation of this halophyte particularly in landscaping
(Pasternak and Nerd, 1996). Flowers are often pink
purplish and occasionally white (Lonard and Judd,
1997). Like all Aizoaceae plants, S. portulacastrum
could be used for ornamentation activities.

The general objective of the present work which is
included in screening programs for cash crop
halophytes, was to determine limits of salt tolerance of
S. portulacastrum and to identify some physiological
and biochemical criteria involved in its higher capacity
to tolerance salinity.

METHODS

Young plants of S. portulacastrum were obtained by
cuttings propagation. Stems of 3 cm length with one
node and two opposite leaves were taken from mother
plants, disinfected for 5 min in saturated hypochloric
calcium solution, rinsed abundantly with distilled
water, and then rooted in a sandy soil enriched with
organic matter and irrigated daily with tap water
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during 7 days and a nutrient solution (Hewitt, 1966)
diluted 10 times during 6 days. Rhizogenesis took
place after one week. Thereafter, seedlings were trans-
ferred to inert sand and divided into eight lots of
10 plants each. They were irrigated with a complete
nutrient solution (Hewitt, 1966) added with increasing
NaCl concentrations: 0, 100, 200, 300, 400, 600, 800
and 1000 mM. The nutrient solution also contained
iron as complex EDTA-K-Fe (Jacobson, 1951) and
micronutrients as a mixture of salts: MnCl,; CuSQOy,,
5H20, ZI'ISO4, 7H20, M07024(NH4)6, 4H20 and
H;BO; (Arnon and Hoagland, 1940).

The experiments were carried out in a greenhouse
with a 14 h photoperiod. Mean temperature and rela-
tive humidity were 30 = 5°C, 55 = 5% respectively
during the day and 16 = 2°C, 90 £ 5% at night.

Two harvests were made: the first one at the begin-
ning of the treatment (initial harvest) and the second
one after 60 days of salt stress (final harvest). At har-
vesting, plants were divided into leaves, stems and
roots. The measured parameters were fresh and dry
matter production, number of leaves, and the contents
of water, sodium, chlorides, potassium, calcium,
nitrogen and proline in the tissues. Proline was
extracted and estimated by the method suggested by
Bates et al. (1973) except that the dry matter (and not
the fresh material) was used for the extraction of this
amino acid.

RESULTS
Growth

Changes of biomass production, dry matter distribu-
tion between roots and aerial parts and number of
leaves with medium salinity are shown in Figure 1.
S. portulacastrum grew at all NaCl concentrations
(Figure la). Dry matter production was highest at a
substrate salinity between 100 and 200 mM of NaCl.
At these NaCl concentrations, biomass production
was twofold with respect to the control plants. S. por-
tulacastrum is capable to express a growth activity
even in presence of excessive NaCl concentrations of
1000 mM (58.5 g L™1). This dose of salt considerably
reduces growth but does not lead to the development
of toxicity or mineral deficiency symptoms. Changes
of the number of leaves with substrate salinity are sim-
ilar to those of the whole dry weight. They also show
that in condition of moderate saline concentrations,

D. Messedi, N. Sleimi and C. Abdelly

between 0 and 200 mM, NaCl stimulate formation and
expansion of young leaves (Figure 1b).

The depressive effect of salt appears only at NaCl
concentration exceeding 300 mM. Therefore, the
halophile character of this plant is clearly illustrated
by dry matter production and morphogenesis varia-
tions with medium salinity.

Salt effect on modifications of the dry matter
distribution between the aerial parts and roots were
evaluated by roots DW/shoots DW ratio variations.
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Fig. 1. Changes in S. portulacastrum growth with salinity of
culture medium. (a) salt effect on whole plant dry matter production;
(b) roots/shoots ratio; (c) number of leaves. Parameters of growth
were measured after 60 days of salt stress. Means of 10 repetitions.
Bars indicate * standard error (p = 0.05).
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At NaCl concentrations exceeding 300 mM, salt led to
a preferential development of roots as shown by the
increase of the roots/shoots ratio (Figure 1c). This
behaviour is often observed in plants submitted to
mineral and/or water deficiencies, suggesting that salt
reduces plant supply of some indispensable nutrients
to the plant, under condition of excessive salinity of
culture medium.

Tissues Water Contents

Salt improved the hydration of the tissues when it was
added to the nutrient solution at moderate doses,
100200 mM NaCl (Figure 2). Changes in tissues
water content are similar to those of biomass produc-
tion. This result suggests a close relationship between
plant growth and the capacity to ensure an appropriate
supplying of the tissues with water.

Mineral Composition of the Tissues

Potassium and sodium

The cultivation of plants in the presence of salt
strongly reduces K" absorption as is shown by the
decrease of potassium quantities measured in plants
submitted to salt (Figure 3). Nevertheless, plant
growth was either stimulated or less affected than
K* absorption. A considerable impoverishment of
tissues in K™ results particularly in the aerial parts.
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Fig. 3. Changes in potassium and calcium quantities absorbed dur-
ing treatment with salinity of culture medium. Means of 10 repeti-
tions. Bars indicate * standard error (p = 0.05).

In the roots, K* content was less influenced by salinity
of culture medium.

Sodium was accumulated especially in the shoots.
Leaves constitute a preferential site for Na* accumu-
lation. However, high Na™ content in the leaves was
observed in plants cultivated on 200 mM NaCl and did
not increase at the above concentrations (Figure 4).
This species seems able to regulate Na* tissues con-
centration through a higher dry matter production.

Calcium

Like K*, Ca?" absorption was systematically inhib-
ited by salt leading to a decrease of tissues content of
this nutrient. This impoverishment of Ca?* affects
exclusively the leaves that represent an important part
of plants (Figure 5). This situation could be caused by
a competition between Na* and the other cations at
the level of absorption sites and by their substitution
by Na* in the xylem vessels. Decrease of the sap flux
induced by salt seems less implied in the restriction of
the leaves Ca?* alimentation. Indeed, we noticed that
water nutrition of leaves was assured appropriately
even in conditions of excessive salinity.
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tions with salinity of culture medium. Means of 10 repetitions. Bars
indicate * standard error (p = 0.05).

Nitrogen tissues content

Cultivation of plants in presence of salt led to an
impoverishment of the leaves in reduced nitrogen.
This phenomenon appears at a low NaCl concentra-
tion (100 mM) and becomes more pronounced when
salinity in the nutrient solution increases. Thus, in
plants cultivated on 1,000 mM NaCl, reduced nitrogen
concentration represents 60% of that of the control
ones, grown in salt free medium (Figure 6). In stems
and roots, nitrogen content did not depend on medium
salinity. As leaves represent the dominant part of
plants, it seems that the decrease of nitrogen tissues
content indicates a higher salt sensitivity of nitrogen
assimilation with respect to growth. It is quite certain
that in this species nitrate assimilation takes place in
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all of its green parts, but not in the roots. Thus,
decrease of nitrate assimilation would result from
inhibition of photosynthesis and increase of mainte-
nance respiration in plants submitted to salt (Gale and
Zeroni, 1985). It seems that in other species, the
nitrate uptake by the roots is reduced when photosyn-
thetic products become limited under salt stress;
i.e. when only few carbon is available as acceptor
for nitrogen (Bouma and De Visser, 1993). As a
consequence, this leads to less amino-nitrogen.

Proline accumulation

In control plants, proline was accumulated more in the
aerial parts (particularly in the stems) than in the
roots. The salinity of the nutrient solution led to an
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Fig. 6. Salt effect on leaves and roots nitrogen contents. Means of
10 repetitions. Bars indicate = interval of security and differences
between species are significant at the p = 0.05 level.

Table 1. Effect of salt on proline tissues contents (umol g~! DW).
Means of 10 repetitions. Bars indicate * interval of security and dif-
ferences between species are significant at the p = 0.05 level

Treatments Leaves Stems Roots

Control 080.1 =153 110.2=*14.7 0454+7.7
100 mM 128.7+372 202.2+30.1 118.3+26.3
200 mM 3205275 250.6*32.0 131.8£26.4
300 mM 337.6-89.5 290.0*+304 160.7 £ 20.4
400 mM 364.6 £66.6 324.5+438 228.1 =31.8
600 mM 379.2+59.1 338.1*489 268.8+294
800 mM 471.6 =834 1849*+135 2543+ 11.7
1000 mM 4152 *+355 248.9*+50.8 375.5+38.8

increase of the content of this compatible compound
(Table 1). Proline cytosolic concentration, evaluated
by supposing that cytoplasm volume represents 5% of
total cell volume (Flowers and Yeo, 1986) increased
regularly with salinity of culture medium and reached
levels of the vacuolar ionic concentration estimated by
2 (Na* +K™).

® 2 (Na+ K) (mM)

800 4 cytoplasmic Proline (mM)

400+

200 -

800 -

400

Concentration (mM)

200

800

400 -

200 -

6 100 200 300 400 600 800 1000
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Fig. 7. Changes in cytoplasmic proline concentration with salinity
of culture. Proline concentration was evaluated by supposing that
cytoplasm volume represents 5% of total cell volume.

These results obtained in the different parts of the
plant illustrate the osmotic balance between the two
compartments of the cell. The vacuole accumulates
mineral ions (particularly Na*) while the cytoplasm
accumulates proline (Figure 7). Our results suggest
that proline is the only compatible compound implied
in the osmotic balance between the vacuole and the
cytoplasm.

CONCLUSION

Our study confirms the halophile character of
S. portulacastrum: this species requires salt to express
its maximal growth potential. The saline concentration
ensuring an optimal dry matter production is situated
between 100 and 200 mM NaCl. Nevertheless,
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S. portulacastrum maintains a good growth activity
until 400 mM NaCl. This result is different to those
obtained by Venkatesalu et al. (1994a,b) who observed
a maximal growth at 600 mM NaCl. Differences in
culture conditions and treatment duration could
explain the highest tolerance of Sesuvium observed by
Venkatesalu and collaborators. However, the signifi-
cant dry matter production obtained in Venkatesalu’s
study, in spite of a short length of treatment, and a
higher salt tolerance reveal variability at the level of
growth potential and physiological responses to salt in
this species. The exploration of this variability offers
the possibility to identify the most tolerant ecotypes
within S. portulacastrum.

This study shows that S. portulacastrum
accumulates salt particularly in its aerial parts.
Contents in Na* did never exceed 4 mM per g DW,
even with excessive salinity of the nutrient solution,
1,000 mM. This result indicates a balance between Na™*
and C1~ absorption and dry matter production leading
to a dilution of these ions. This phenomenon which has
also been observed in some glycophytes (Lachaal et al.,
1996) seems to be a characteristic of dicotyledonous
halophytes (Tal et al., 1979). Na* Accumulation in
leaves was associated with an improvement of hydra-
tion of the tissues. This result shows the capacity of this
plant to sequestrate Na* in the vacuole for osmotic
adjustment. The absence of necrosis (specific symp-
toms of apoplasmic Na* accumulation) confirms the
efficiency of the compartmentalisation systems.
Therefore, it appears that S. portulacastrum adopts two
mechanisms to protect its tissues against a toxic Na™
and Cl~ accumulation, a high growth rate combined
with an efficient salt sequestration. The aptitude of
plants to sequestrate Na* in the vacuole instead of
potassium explains the increase of the K* use effi-
ciency in plants grown in presence of salt (Table 2).
However, the inhibition of K™ and Ca?* uptake by salt
seems to limit plant growth under conditions of a
highly salted medium. Our results suggest that the
restriction of the NO;~ uptake and transport towards
the aerial parts is also responsible for the growth
inhibition under excessive saline conditions.

Finally, our results show that proline is the only
compatible compound implied in the osmotic balance
between the cytoplasm and the vacuole. This result is
in agreement with that of Heun et al. (1981) who
observed a high proline accumulation in plants of the
Aizoaceae family like Mesembryanthemum cristallinum.
Joshi (1982) while studying S. nudiflora, Salicornia
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Table 2. Changes of potassium use efficiency with
medium salinity. KUE = Dry weight quantities pro-
duced during treatment/quantities of potassium
absorbed during treatment (mg DW/pmol K*). Bars
indicate * interval of security and differences
between species are significant at the p = 0.05 level

Treatment KUE

Control 0.543 = 0.049
100 mM 1.435+0.107
200 mM 1.636 = 0.204
300 mM 1.882 +0.148
400 mM 2.284 +0.169
600 mM 2.666 = 0.288
800 mM 3.480*+0.312
1000 mM 4.616 = 0.630

brachiata and S. portulacastrum, found high accumula-
tion of proline accounting for 20-83% of the total amino
acids.
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Salt-tolerance strategy of two halophyte species:
Spartina alterniflora and Suaeda fruticosa

N. SLEIMI AND C. ABDELLY

INTRODUCTION

After their absorption from the soil, ions can be
accumulated in the root cortex or transported into the
xylem, which ensures their transport towards the
aerial parts. In the latter, ions follow the water flow up
to the transpiring leaves. There, they may be absorbed
by leaf cells, or re-exported through the phloem
towards non-transpiring organs (Pitman, 1975).
Among these ions, Na™ represents a particular case, at
least for two reasons. First, it may be present at very
high concentrations in the soil solution (a soil judged
moderately salty, or a water of irrigation considered as
fairly brackish contain NaCl 25-50 mM. Second, all
electrophysiological studies confirm the existence of
active exclusion of Na* from cytoplasm, by two types
of ATPases localised on the plasma membrane and on
the tonoplast (Jeschke and Nassery, 1981).
Biochemical studies have shown that protection of
cytosolic enzymes against excess Na* concentration is
necessary for both animals and plants. This is achieved
by excretion of cytosolic Na* in the vacuole and/or out
of the cell (Kramer, 1983). In leaves, the apoplast
volume is very small as compared to the cell volume,
and does not exceed 0.01 ml g~! FW (Smith and Fox,
1975; Zid, 1983). Therefore, it is indispensable that an
exact balance would be maintained between (i) Na*
import by xylemic flow, (ii) Na* absorption by leaf
cells associated to Na™ sequestration into vacuoles, or
(iii) Na™ recycling by the phloem or secretion out of
leaf epidermis (Greenway and Munns, 1980).
According to the destiny of the absorbed Na*,
halophytes adopt different strategies to tolerate salt.
The dicotyledonous species are capable to compart-
mentalise Na™ in their vacuoles (osmotic regulation),
or to export it in salt glands at their leaf surface. In the
latter species, the included strategy is efficient because

H. Lieth (ed.), Cash Crop Halophytes: Recent Studies, 79-85.
© 2003 Kluwer Academic Publishers.
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it is associated with a high-growth potentialities and
sequestration of inorganic ions in the vacuole.
Because of toxic effects of higher salinity in the cyto-
plasm several organic solutes with low-molecular
weight are accumulated in this compartment in order
to maintain an osmotic balance between this compart-
ment and vacuole (Pollard and Wyn Jones, 1979).
The second strategy is adopted by the excluder plants.
These plants, which exclude NaCl from their tissues,
often display low growth potentialities (Flowers et al.,
1977; Greenway and Munns, 1980; Wyn Jones, 1981;
Yeo and Flowers, 1983).

In the present study, physiological responses to salt
are studied in two fodder halophytes species. Suaeda
fruticosa, an indigenous Chenopodiaceae in Tunisia, is
quite frequent in semi-arid, arid and desertic biocli-
matic stages and well appreciated by livestock
(Le Houérou, 1996). Spartina alterniflora, a Poaceae,
is dominant in saline marsh and coastal regions in
the East of U.S.A. The physiological responses of
these species to NaCl were analysed in the framework
of the two salt tolerance strategies described above.

METHODS

Young plants of S. fruticosa and S. alterniflora were
obtained by cuttings propagation. For the first species,
stems of 5 cm length with leaves were taken from
mother plants at their natural habitat (Soliman
Sebkha, near Tunis), sterilised for 5 min in saturated
hypochloric calcium solution, rinsed abundantly with
distilled water, and then rooted in 1/5 nutritive
solution (Hewitt, 1966) and supplied with 35 mM
NaCl. Rhizogenesis took place after one month. For
S. alterniflora, seedling were obtained in the same
conditions except that the rooting of rhizome leafed
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units (5-10 cm) was achieved in inert sand irrigated
with nutrient solution. Rhizogenesis occurred after
45 =+ days.

Experiments were carried out in a greenhouse with
a 14 h photoperiod. Mean temperature and relative
humidity were respectively 25 = 5°C, 65 = 5% (day)
and 16 * 5°C, 85 = 5% (night). After a pre-treatment
phase (7 days), platelets were distributed in five lots of
10 plants. They were irrigated with nutritive solution
(Hewitt, 1966) added with 0, 100, 300, 400 or 800
mM NaCl. The medium contained also iron as com-
plex EDTA-K-Fe (Jacobson, 1951) and micronutrients
as mixture of salts: MnCl,; CuSO,, SH,0, ZnSQ,,
TH,0; M0,0,4(NH,)¢, 4H,0 and H;BO; (Arnon and
Hoagland, 1940).

Two harvests were made: the first one in the begin-
ning of treatment and the second one when clear
effects of the treatments were observable: after 45 days
for S. fruticosa and 100 days for S. alterniflora. The
plants were divided into shoots and roots. The meas-
ured parameters were dry matter production, and tissue
content in water, sodium, chlorides, potassium, cal-
cium, magnesium, nitrogen and inorganic phosphorus.
Na*, K*, Ca?* and Mg?>* were determined with an
atomic absorption spectrophotometer (Instrumentation
Laboratory 151), chloride and nitrogen respectively by
coulometrie and Kjeldahl methods (Catlove, 1963).

RESULTS
Growth

Figure 1 represents salt-induced changes in dry matter
production. In S. fruticosa, maximal dry matter pro-
duction was obtained at NaCl concentrations com-
prised between 100 and 300 mM, with a 85 fold
increase in dry weight during the 45 day treatment
(Figure 1A). S. alterniflora expressed maximal growth
when irrigated with NaCl free nutrient solution or
containing 100 mM NaCl (Figure 1B), its initial dry
weight being multiplied by 6 during 100 days of treat-
ment. The comparison of the two species (Figure 1C)
shows that S. fruticosa was more salt tolerant at mod-
erate NaCl concentrations (300 mM NaCl), but more
sensitive at the highest NaCl concentration (800 mM).

For all NaCl concentrations, shoot dry matter
amounted to 85% of the whole plant biomass. In
S. fruticosa, the dry matter allocated to roots was
diminished in the presence of salt, resulting in a
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Fig. 1. Effect of medium salinity on Suaeda fruticosa and Spartina
alterniflora growth. (a): Suaeda fruticosa dry matter after 45 day
culture. (b): Spartina alterniflora dry matter after 100 day culture.
Numbers on histograms are root to shoot ratio (DW/DW). (c):
growth of plant submitted to salinity expressed as % of that of
control plants cultivated in the absence of NaCl. Means of 10
repetitions. Bars indicate = standard error (p = 0.05).

smaller root/shoot ratio. In S. alterniflora, salt treatment
did not significantly modify dry matter distribution
between roots and shoots.

Relative growth rate (RGR) expresses dry matter
production per unit of time and per unit of dry matter
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Table 1. Changes in Relative Growth Rate (RGR) with medium
salinity. RGR = (Ln DW¢ — Ln DW,)/(T; — T;); with DW¢ final
dry weight measured at the end of treatment, DW/: initial dry weight
measured at the beginning of treatment, Ln: logarithm napierian and
(Tf — T,): treatment duration

RGR (day™})

Suaeda fruticosa Spartina alterniflora

Control (0 NaCl) 0.099 0.017
100 mM NaCl - 0.018
300 mM NaCl 0.098 0.013
400 mM NaCl 0.082 0.011
800 mM NaCl 0.031 0.003

(Table 1). This parameter eliminates differences in
biomass production related to different treatment
duration or different initial plants size. RGR values
were low as compared with those of other species, par-
ticularly annual species. For example, RGR could
reach 0.15 day ™! in Medicago species cultivated under
optimal conditions of growth (Abdelly et al., 1995).
RGR was strongly decreased in both S. fruticosa and
S. alterniflora when medium NaCl exceeded 300 mM.
Nevertheless, S. fruticosa showed higher RGR with
respect to S. alterniflora at all NaCl concentration.
Thus, the higher dry matter of S. alternifiora
measured at the final harvest and under all NaCl
concentrations did not result from a higher growth
activity during treatment but from larger initial size
and longer treatment duration. The comparison of salt
tolerance of the two studied halophytes on the basis of
the RGR also confirms that S. fruticosa is more salt
tolerant than S. alterniflora at moderate salinity levels.

Mineral Composition of Tissues

Sodium and chloride

Na* and Cl~ shoot content discriminated clearly the
two species (Figure 2). S. fruticosa showed the highest
ion concentrations, which increased with NaCl
concentration in the nutrient solution. Inversely, in
S. alterniflora, Na* and CI~ tissues contents were
remained low and did not increase (not exceeding
1.5 mmol g~! DW) in a wide range of NaCl concen-
trations in the medium (from 300 to 800 mM).

Na* and CI™ root contents were similar in the two
halophytes species. Although of weak amplitudes,
changes of ions tissues contents with medium salinity
were similar to those described in the aerial parts. One

explanation for the behaviour of S. alterniflora is its
ability to protect its organs and particularly photosyn-
thetic ones against an excessive accumulation of Na*
and CI™ by secreting these ions by leaves as
confirmed by the abundance of salt crystals on the
surface of shoots in plant grown on salty medium.
This avoidance mechanism has been described in
several plants, Agrostis stolonifera (Ahmad and
Wainwright, 1976), Leymus sabulosus and Elytrigia
Jjuncea (Gorham et al., 1985).

Potassium, calcium and magnesium

The culture of the two species in the presence of salt
led to a decrease of shoot and root in both K and
Ca’* (Figure 3). This effect was more pronounced
in S. fruticosa than in S. alterniflora. Mg?* concentra-
tion was diminished only in Sueda roots. Since
these changes in K*, Ca?* and Mg?" tissue concen-
trations were associated with a visible decrease of
their uptake rate in (mmoles per plant; Figure 4) and a
reduction of their allocation to the aerials parts (not
shown) they resulted from inhibition of ion uptake
rather than dilution of tissue ion contents by growth.
This situation could be caused by a competition
between Na® and the other cations at the level of
absorption sites and by their substitution by Na™ in the
xylem vessels.
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Fig. 2. Changes in shoot and root Na* and C1~ concentrations with
NaCl concentrations in the medium. Means of 10 repetitions. Bars
indicate = standard errors (p = 0.05).
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Nitrogen and phosphorus

The nitrogen fraction measured in this study
corresponds to reduced nitrogen, which represents the
dominant nitrogen fraction in plants tissues, generally
exceeding 90% of the total nitrogen (Mengel et
Kirkby, 1982). In S. fruticosa, NaCl treatment led to a
significant decrease of shoot content in reduced
nitrogen, particularly when plants were grown at
400-800 mM NaCl (Figure 5). The accumulation of
nitrogen was little modified in roots.

As the aerial parts represent more than 85% of the
total plant biomass, these results indicate that nitrogen
assimilation was more diminished by salt than plant
growth. This situation which happened exclusively at
higher NaCl concentrations could be caused by reduc-
tion in NO;~ absorption (C17/NO;~ antagonism) or
by specific inhibition of nitrate reductase by Na™ or
Cl™ accumulated in the cytoplasm because of a failing
of systems involved in ion compartmentalization in
conditions of excessive salinity (Papadopoulos and
Rendig, 1983; Soltani et al., 1990).

In S. alterniflora, nitrogen tissue content did not
vary with medium salinity in the aerial parts and in
roots (Figure 5). This result suggests a close relation-
ship between dry matter production and nitrogen
assimilation. The capacity of S. alterniflora to secrete
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Fig. 3. Changes in shoot and root K*, Ca?* and Mg?* concentra-
tions with NaCl concentrations. Means of 10 repetitions. Bars indi-
cate * standard errors (p = 0.05).
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Na®™ and Cl~ by the aerial parts (and probably
to exclude them by roots) insures protection of
cytoplasm against excessive accumulation of Na* and
C1™. This could favour the maintenance of metabolic
and vacuolar NO; ™ pools at higher level, and to ensure
optimal conditions to nitrate reductase activity.

The phosphorus fraction measured in this work
corresponds to the inorganic phosphate pool (Pi). In
S. fruticosa, medium salinity decreased Pi tissue
concentration, particularly in the roots. Inversely, the Pi
concentration was unaffected in S. alterniflora (Figure
5). One may hypothesise that phosphorus absorption
would be limited in Suaeda plants grown in presence of
salt, resulting probably in a higher utilization of
cell phosphorus reserves to sustain plant growth. In
S. alterniflora, phosphorus absorption would not be
inhibited by salt, and Pi storage not solicited.

Relationship between Ionic Accumulation and
Water Tissue Content

A positive relationship appeared between tissue water
and Na* contents in the shoots of S. fruticosa (Figure 6),
grown at moderate NaCl concentrations (not exceeding
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Fig. 4. Effect of NaCl concentration in the medium on potassium,
calcium and magnesium quantities absorbed by whole plants.
Means of 10 repetitions. Bars indicate *+ standard errors (p = 0.05).
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400 mM). For NaCl concentrations exceeding 400 mM
NaCl, the higher leaf Na™ content was associated with
a decrease in water content. The relation between leaf
hydration and K* concentration was less strict. This
result suggests that the osmotic adjustment was ensured
mainly by Na* whereas, K* being perhaps reserved for
more specific functions. At the highest NaCl concen-
trations in the medium, the systems responsible for Na*
uptake and compartmentalisation in cells would be
overflow, and excess accumulation of this cation in the
apoplast would result in tissue dehydration.

In S. alterniflora aerial parts, hydration is related
positively to K content and negatively with Na™ con-
tent (Figure 6). This suggests that the osmotic adjust-
ment is ensured by K* and not by Na* in this species.
This behaviour, which implies inaptitude of Spartina
leaf cells to absorb and compartmentalize Na* in vac-
uoles could lead to an accumulation of Na® in the
apoplast and to a loss of the cellular water. However,
secretion of Na® by shoot salt glands probably pre-
vents excess Na' accumulation in the apoplast, as
suggested by the maintenance of leaf hydration.

Potassium Use Efficiency

Potassium use efficiency (KUE) corresponds to
dry matter production by unit of K* consumed
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Fig. 5. Changes in shoots and roots reduced nitrogen and inorganic
phosphorus contents with medium NaCl concentrations. Means of
10 repetitions. Bars indicate *+ standard error (p = 0.05).

(mg DW/umol K*). In condition of appropriate potas-
sium nutrition (no NaCl), this parameter was signifi-
cantly higher in S. alterniflora than in S. fruticosa
(Table 2). Addition of NaCl to the nutrient solution led
to an increase of KUE. At 300 mM NacCl concentra-
tion assuring an important biomass production, KUE
was increased four times in S. fruticosa and only two
times in S. alterniflora. This specific difference was
also maintained in conditions of excessive salinity.
The improvement of the KUE reveals the capacity of
plants to use Na* instead of K* for the osmotic
adjustment and to preserve K* for specific functions
like maintenance of an appropriate ionic environment
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Fig. 6. Relationship between shoot hydration and contents in potas-
sium and sodium. Means of 10 repetitions. Bars indicate * standard
error (p = 0.05).

Table 2. Changes of potassium use efficiency (KUE) with
medium salinity. KUE = Dry weight quantity produced during
treatment/quantity of potassium absorbed during treatment
(mg DW/pmol K*). Bars indicate = standard error (p = 0.05)

S. fruticosa S. alterniflora
Control 0.37 = 0.04 0.99 £ 0.11
100 mM, NaCl - 1.43 £ 0.15
300 mM, NaCl 1.38 £0.33 1.86 = 0.23
400 mM, NaCl 1.61 = 0.17 2.04 +0.34
800 mM, NaCl 423 +0.84 3.00 = 0.43
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for the metabolic process in the cytoplasm (Leigh
et Wyn Jones, 1984). Our results suggest that the KUE
improvement in Suaeda fruticosa mainly resulted
from the capacity of this species to replace K* by Na™*
for the osmotic adjustment. S. alterniflora would be
rather able to sustain young organs growth by a higher
capacity of K™ mobilization from oldest organs.

CONCLUSION

Our results show that S. fruticosa, a dicotyledonous
halophyte, express its maximal growth potentialities at
300 mM NaCl. In S. alterniflora, a monocotyledonous
halophyte, the maximal biomass production was
obtained at 100 mM NaCl. These results are in agree-
ment with literature data (Flowers, 1972; Haines and
Dunns, 1976; Parrondo et al., 1978; Coleman, 1990),
and confirm that dicotyledonous halophytes are more
tolerant to salinity with respect to monocotyledonous
species.

Na* and C1™ accumulation in the aerial parts differs
clearly between the two halophytic species. Na* and
C1~ concentrations did not exceed 1.5 mmol g~! DW in
S. alterniflora whereas they reached 10 mmol g~! DW
in S. fruticosa. Salt tolerance of the last species is
connected mainly to its higher growth activity (values
of its RGR are 4- to 10-fold higher than those of
S. alterniflora), permitting a salt dilution by growth
sufficient to avoid an excessive accumulation in leaf
tissues. The succulence observed in S. fruticosa shoots
would indicate the augmentation of mesophyll cell
volume (Munns et al., 1983), a feature which would
favour salt dilution. As it is based on ion sequestration
in vacuoles in order to maintain hypertony with
respect of the outside medium, this strategy is called
osmotic. Our results suggest that nitrogen nutrition is
a fundamental component of this strategy. Indeed, we
observed that the failing of this strategy in plants
grown on medium containing more than 400 mM NaCl
was associated with an inhibition of nitrogen absorp-
tion and reduction.

The S. alterniflora strategy is based on its capacity to
control the NaCl accumulation in its tissues. Two mech-
anisms could be involved in this strategy, namely Na*
and C1™ secretion by leaves and exclusion by roots. We
have evaluated that about 90% of Na* and C1~ absorbed
by plants were secreted at the level of leaves (Figure 7).
This protects tissues against apoplastic accumulation of
Na* and CI™. This avoidance strategy of Spartina seems

N. Sleimi and C. Abdelly

Sodium Chlorides
NaCl, 100 mM

NaCl, 300 mM

|
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QD

[ Salt secretion
E3Salt accumulation

Fig. 7. Salt secretion by leaves of S. alterniflora expressed as % of
total Na* and C1~ uptake.

more effective than the osmotic strategy of Suaeda par-
ticularly in higher salinity conditions (800 mM NaCl).
The role of salt secretion in tolerance has been described
in several studies. Thus, S. anglica, native of strongly
salted zones, secrete 60% of the absorbed salt, whereas
other (less tolerant) halophytes such as Limonium
vulgare, Glaux maritima and Armeria maritima secrete
respectively 33%, 20% and 4% of the absorbed salt
(Rozema et al., 1981). Salt secretion by leaves, mainly
insured by salt glands (Gorham, 1996), seems to be
selective for Na* with respect to others indispensable
cations like Ca?" and K* (Pollak and Waisel, 1979).
This selective secretion of Na® assures the plant a
protection against an unbalanced nutrition (Berry and
Thomson, 1967; Berry, 1970).

Finally, the results of this study suggest that in pro-
grams for plant improvement and valorization of
salted zones, plants combining excluder character
with slow growth or includer character with a fast
growth should be preferred.
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Salt-avoidance mechanisms in the halophyte Distichlis spicata as a promising
source for improved salt resistance in crop plants

AMNON BUSTAN, MICHELE ZACCAI, YARON SITRIT,
RACHEL DAVIDOVICI AND DOV PASTERNAK

INTRODUCTION

Salinity is an escalating problem in agriculture world-
wide (Szabolics, 1989; Hamdy, 1996; Choukr-Allah,
1996). The use of recycled and saline waters to replace
fresh water in agriculture contributes, among other fac-
tors, to the aggravation of salinity problems. Most crop
plants are sensitive to salinity and poorly equipped to
cope with salt stress without suffering from impaired
growth and development, and even injury (Lauchli and
Epstein, 1990; Maas, 1990). The adverse effects of
salinity cause considerable reduction in yields, far
below the economic threshold of most crops in present
use. It can be stated quite confidently that the prevalent
future environment of agricultural crops will be much
more saline than today. Therefore, improving salt
resistance of crop plants is of major interest in agricul-
tural research. Halophytes are the ultimate candidates
to serve as a genetic source for this purpose.

SALT STRESS IN PLANTS

Saline environment causes plant responses through
several effects, among which osmotic effects, ion tox-
icity, and mineral nutrition are of principal importance
(Greenway and Munns, 1980; Lauchli and Epstein,
1990; Munns, 1993; Gorham, 1996; Jacoby, 1999).
Initially, salinity causes water deficit resulting in
osmotic stress. When exposed to salinity for long
periods or to high levels of salt, most plant species
are unable to regulate ion fluxes into interior
domains. The resulting salt buildup in the plant leads
to disturbed ion homeostasis and ion toxicity.
Osmotic adjustment is usually mediated by the
synthesis of intracellular compatible solutes (osmolytes)
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and by maintenance of ion homeostasis in the cytosol
(McCue and Hanson, 1990). Ion homeostasis is con-
trolled by selective uptake mechanisms of ions through
the plasma membrane and by ion fluxes through the
tonoplast (Maathuis, 1996). In plants, these processes
are predominantly mediated by cytosolic concentra-
tions of K™ (Wyn Jones, 1996). Under saline condi-
tions, when Na®/K™ ratio in the rhizosphere is high,
selectivity of ion uptake in root plasma membrane is
disturbed and sodium leaks into the cytosol (Lauchli,
1996). It has been concluded that the pathways for Na™
uptake in plants may involve “illicit” transfer by differ-
ent transporters which together constitute that “cation
leak” (Serrano et al., 1999). According to Amtmann
and Sanders (1998), a voltage-independent non-
selective channel comprises the dominant element of
Na™ currents in high salt conditions in higher plants.

STRATEGIES OF SALT RESISTANCE IN
PLANTS

Salt-tolerant metabolic pathways were reported for
some algae species but not for higher plants (Munns,
1993). Moreover, no differences were found between
in vitro salt-sensitivity of key enzymes from
halophytes and glycophytes (Greenway and Osmond,
1972). While high intracellular salt concentrations
(above 0.4 M) inhibit enzymes activity through a
direct damage to protein structure (Wyn Jones and
Pollard, 1983), toxic effects on cells occur at much
lower concentrations (about 0.1 M) (Jacoby, 1999),
pointing to specific toxicity targets (Serrano, 1996).
Salt-resistant plants must, therefore, either protect
sensitive metabolic pathways or avoid hazardous
levels of toxic ions in the cytosol. The production of
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compatible compounds in response to salt stress has
received much attention as a mechanism of salt toler-
ance in plants. Compatible compounds such as proline,
glycine-betaine and sugar alcohols contribute to the
maintenance of osmotic potential in the cytosol (osmo-
lites). More recent information relates compatible
compounds to the insulation of enzymes and proteins
from toxic ions and free radicals during salt stress.

Nevertheless, salt avoidance, as opposed to salt
tolerance, is the major strategy of plants, including
halophytes, to prevent ion toxicity. In order to
maintain cellular ion homeostasis under conditions of
increasing Na* leakage into the cytosol, salt-resistant
plants should employ efficient Na* efflux mecha-
nisms (Flowers et al.,, 1977; Cheeseman, 1988;
Bohnert et al., 1995; Hasegawa et al., 2000). A general
description of hypothetical Na* influx/efflux mecha-
nisms in plant cells is shown in Figure 1.

SALT AVOIDANCE

It has been proposed that in salt-resistant plants,
compartmentation of Na™ into vacuoles provide an
efficient mechanism to avert the deleterious effects of
Na* in the cytosol. Furthermore, ion accumulation in
vacuoles contribute to the maintenance of osmotic bal-
ance required to drive water into cells (Flowers, 1985;
Glenn et al., 1999). Although enhanced ion compart-
mentation has been demonstrated recently (Apse et al.,
1999) using molecular approach, the role of vacuolar
cation accumulation in salt resistance may be limited
(Hasegawa et al., 2000). Ion concentration in the vac-
uole and the size and number of vacuoles necessarily
restrict the capacity of salt compartmentation in plants.

In addition to the vacuolar compartmentation, dele-
terious salt concentration in the cytosol can be avoided
through salt buildup in cell walls, salt distribution to
older organs or tissues, and through salt glands
(Lauchli and Epstein, 1990). This type of mechanisms
may be found in many plant species, including glyco-
phytes, but their expression, efficiency, and complex-
ity tend to be much higher in halophytes. The conjoint
basis of these mechanisms is their requirement for ion
efflux machinery in the plasma membrane.

MEMBRANE Na*/H" ANTIPORTERS

Although the importance of sodium extrusion from
the cytosol was emphasized as a pivotal process in salt
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Fig. 1. Hypothetical Na* influx/efflux mechanisms in root epidermal
cells. When rhizosphere Na™ concentration increases, Na™ ions leak
into the cytosol through non-selective paths at the plasma
membrane. H*-ATPases are activated at the plasma membrane and
tonoplast to extrude protons from the cytosol, thus providing sec-
ondary ion transport. To avoid ion toxic effects and to maintain ion
homeostasis in the cytosol, Na* ions are extruded to the vacuole via
Na*/H" antiport activity at the tonoplast. Ion accumulation in the
vacuole also contributes to osmotic adjustment. When cytosolic
Na™ concentration further increases, the vacuolar capacity to accu-
mulate Na* ions is insufficient to maintain ion homeostasis and
Na*/H™" antiport is required at the plasma membrane. Na* ions
excreted to the intercellular domain may leak into adjacent cell lay-
ers and find ways to the xylem and above ground plant organs.
Alternatively, Na* ions may be secreted back to the rhizosphere.
The ratio between Na* leakage into plant tissues and Na™ secretion
from the roots may determine the difference between salt-resistant
and salt-sensitive plants. It is suggested that this latter Na*/H™*
antiport mechanism is highly efficient in root epidermal cells
among halophytes. Differences between halophytic and glycophytic
Na*/H* antiport at the level of gene sequence or gene expression,
if and when revealed, may bring about opportunities to improve salt
resistance among crop species.

resistance in plants (Munns, 1993; Gorham, 1996) the
evidence remained until recent years at the level of
physiological activity. Salt stress increased ATP- and
PP;-dependent H*-transport activity in sunflower
(Ballesteros et al., 1996) and in Spartina patens
(Wu and Seliskar, 1998) and was shown to induce
Na*/H™ antiport activity in sunflower (Ballesteros et al.,
1997). Na*/H™" antiporter activity has been detected
in vesicles derived from the plasma membrane of the
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halophyte Atriplex (Hassidim et al., 1990). The use of
molecular approaches has been proven necessary for
deeper insight into ion transport in plants (Serrano
et al., 1999; Hasegawa et al., 2000).

Among several families of Na™ transport proteins,
the Na*/H" antiporters seem as yet to be the most
promising group. In Schizosaccharomyces pombe the
major sodium extrusion system is an electro-neutral
Nat/H™ antiporter encoded by the sod2 gene (Dibrov
et al., 1997). This type of antiporter is also present in
S. serevisiae as the product of the NHAI gene (Prior
et al., 1996). Sod2/Nhal antiporters exhibit some
sequence similarity to the bacterial NhaA antiporter
(Dibrov and Fliegel, 1998). The Nhx 1/Nha2 antiporter
homologues that are present in bacteria and in animal
cells (Andre, 1995) have been proposed to encode a
vacuolar antiporter (Nass et al., 1997). Based on
homologous sequences, a gene (AtNHXI) encoding
for a vacuolar Na*/H™ antiporter was identified and
characterized in Arabidopsis (Gaxiola et al., 1999).

Over-expression of AtNHX1 in Arabidopsis resulted
in increased Na® accumulation in the vacuoles and
improved salt resistance of the plants (Apse et al.,
1999). These results should be interpreted with cau-
tion, since differences in the subcellular localization
between plant and yeast were found in few cases
(Gaxiola et al.,, 1999; Apse et al, 1999).
Compartmentation of Na* into the vacuole may con-
tribute to ion homeostasis and water balance in plant
cells, nevertheless, it may well be that the major Na*
efflux mechanism in salt-resistant plants is at the
plasma membrane.

The homeostasis of cations intracellular concentra-
tions was probably of primordial importance for most
of the primitive organisms if the assumption that life
evolved in NaCl-containing seas were correct. Hence,
the ancestors of Na* pumps have originated very early
during evolution (Serrano et al., 1999). This hypothe-
sis is strongly supported by sequence conservation
found in Na* pumps among organisms across all
living systems (Andre, 1995; Nass et al., 1997). While
terrestrial animal cells preserved the ancestral Na*
chemiosmotic circuit, the capability of Na* transport
progressively lost importance in plants that had accli-
mated to the Na*-poor land and fresh water ecosys-
tems (Serrano et al., 1999). However, it is attempting
to assume, that the molecular basis encoding for Na*
transport mechanisms is still included in the DNA of
most glycophyte species in various degrees of incom-
pleteness. This hypothesis is supported by the recent

identification and characterization of the AtSOSI
gene that encodes for a putative Na*/H™ antiporter
in Arabidopsis plasma membrane (Shi et al., 2000).
Over-expression of this gene brought about
significant increase in the salt resistance of this non-
halophyte species.

Moreover, it is logical to assume that in halophytes,
preserved ancestral Na*™ pumps would largely con-
tribute to their prominent salt resistance. Such genes
are expected to be expressed mainly at the boundary
between the saline environment and the intracellular
domain of the plant — the plasma membrane of root
cells. Physiological and anatomical findings in roots
of halophytes (e.g. invagination of plasma membrane,
and formation of “transfer cells”) may indicate for an
acute role of plasma membrane in salt resistance
(Kramer, 1983; Koyro and Stelzer, 1988; Koyro et al.,
1993; Echeverria, 2000). We believe that mechanisms
as such displayed by halophytes are more efficient and
puissant. Furthermore, the existence of some active
parts of the transport mechanism or its control may
ease the introduction and successful expression of
genes transferred from halophytes to glycophytes.

SALTGRASS (DISTICHLIS SPICATA)
AS A SOURCE OF GENES

Saltgrass (Distichlis spicata, Gramineae) is an
extremely salt-resistant plant species, native to coastal
and inland saline environments of America
(Hitchcock, 1951; Ungar, 1974), distributed from
Canada to Patagonia. Saltgrass occupies the edges
of tidal marine marshes, where salinity may exceed
40 g NaCl/L (Gallagher, 1985). Saltgrass is found also
in inland saline depressions, where it is known as
desert saltgrass. In field experiments under high
salinity levels (EC; up to 12 dS m™'), saltgrass had
considerable biomass production comparing with
other halophytes and salt-resistant species (Pasternak
et al., 1993) such as Paspalum vaginatum, Chloris
gayana and Cynodon dactylon. This may demonstrate
the ability of the species to grow well at salinity range
much higher than the agricultural threshold.

Unlike among some other halophytic plant families
(e.g. Chenopodiceae), saltgrass plants do not accumu-
late high levels of salt in leaves and stems, even when
grown under high-saline conditions. Pasternak et al.
(1993) found that ash content in saltgrass hey was
somewhat lower than that of alfalfa grown under
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Table 1. Estimated and measured salt uptake and secretion through salt glands in saltgrass plants grown in water culture
at 30 dS m™ .. Actual salt uptake was 85% less than expected at the absence of salt avoidance mechanisms in the roots

Accumulation NaCl secretion  Estimates salt
Transpiration ~ Theoretical  rate of NaClin  rate through salt  avoidance in
rate NaCl uptake plants glands the roots
kg kgFW™!-week™! 0.0030 0.0450 0.0025 0.0040 0.0385
kg-plant™!-week ™! 0.0006 0.0090 0.0005 0.0007 0.0078

similar high saline conditions, although alfalfa growth
was strongly hampered by salinity. In another study,
the degree of salt resistance among different species
of the Chloridoidae grass family, including saltgrass,
was found to be negatively correlated with the accu-
mulation of salt in leaves (Marcum, 1999). Saltgrass
was the most resistant among the studied species, with
the lowest sodium concentration in leaf sap. Salt
glands activity has been suggested as the major mech-
anism of salt disposal in saltgrass (Hansen et al., 1976;
Marcum, 1999). Nevertheless, calculations show that
this might not be the case. Indeed, salt glands may
play an important role as an alternative route to regu-
late salt levels in the leaves. Compartmentation and
distribution of Na™ within the roots should also be
considered among salt defense mechanisms of salt-
grass. Yet, it is most conceivable that salt uptake is
largely prevented by the roots through exclusion and
excretion mechanisms. As already demonstrated for
Spartina alterniflora (Bradley and Morris, 1991), a
plant species that shares the same ecological niche
with seashore saltgrass, more than 85% of the theoret-
ical amount of salt that should have passed through the
plant at the absence of salt exclusion/extrusion in the
roots — remain in the growing medium (Table 1).

The fact that saltgrass plants do not absorb other
cations and heavy metals (Prodgers and Inskeep,
1991) supports the probability that highly efficient
cation efflux systems are active in saltgrass root mem-
brane. These unique characteristics make saltgrass a
suitable model plant to study the physiological and
molecular basis of salt-avoidance mechanisms in
plants. Regardless of salt glands, saltgrass plants have
not developed other morphological or anatomical
means to cope with salt stress.

The relative simplicity of salt-avoidance mechanism
may give rise to the approach that only few genetic
modifications will be required to improve salt resist-
ance in glycophytes. It seems realistic, therefore, to
assume that some of the molecular factors regulating
saltgrass exceptional resistance to salt can be charac-
terized and transferred to other plant species.

At present, we already have good indications that
members of the Na*/H" antiporter gene family are
active in saltgrass roots. As already mentioned, align-
ment analysis of Na*/H" antiporters at the protein level
shows high conservation among distant organisms
through kingdoms. Degenerated primers were designed
from conserved regions within these genes. Using the
RT-PCR approach we were able to isolate several cDNA
fragments that were ranked together with known
Na™/H" antiporter genes. Isolated genes will be char-
acterized and their role in salt resistance will be evalu-
ated in saltgrass and in heterologous systems.
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Introduction to Part II: Chemical content of halophytes

H.LIETH

The knowledge of the chemical composition of plants
is important for many reasons. For their own structure
and function as well as for their utilisation within the
ecosystem as for human exploitation.

Halophytes require especially analytical efforts
about their biochemistry and inorganic chemistry
because much less is known about them. They contain
some inorganic chemical compounds in higher
amounts than glycophytes. This is not only true for
sodium chloride but also for a variety of other chemi-
cals which are either pollutants or potential resources
for later industrial utilisation.

The chemical composition of the plant matter used
for feed and food requires analytical investigations
quite different from the one which should explain the
salinity tolerance of the species or the tolerance and
uptake of pollutants.

This chapter contains analytical examples for both
aspects. Future analytical efforts must be encouraged
to uncover the potential of halophytes to accumulate

certain inorganic elements for industrial exploitation
to produce various organic compounds for consump-
tion by animals and men and for industrial or medical
uses. Several aspects of these analytical efforts were
documented in the books previously reported by the
members of the EU CA and published by Backhuys
Publishers as listed on page 127.

In some case decides the chemical analysis about
the usability of a potential crop species, at which time,
which part can be harvested and used and in which
way can it be utilised.

As an example we include in Table 1 the chemical
analysis of leaves and fruits of Avicennia marina, a
mangrove species which can tolerate highly saline
water (seawater). The adult foliage of this plant shows
a high salinity which reduces its value as single feed
source for animals while the fruits have a low salinity
which renders it usable as vegetable if other chemical
constituents keep it edible. This is the case as shown in
Table 1.

Table 1. Comparative chemical analyses of some halophytes with regards to their value for food and feed'

Plant material with point of origin

Fruits

Leaves

Avicennia marina

Avicennia marina Aster tripolium

Chemical parameter Units ADH UAQ AIM RAK ADH Osnabrueck
Dry matter % 46.50 46.00 44.20 40.20 33.70 12.50
Water content % 53.50 54.00 55.80 59.80 66.30 87.50
Ash % 2.10 1.95 235 5.35 8.22 1.86
Raw protein N X 6.25 % 5.54 4.87 4.26 4.09 342 1.22
Fat % 0.45 0.36 045 0.34 0.50 0.45
Carbohydrates % E2 3 sk *%K *% Ak **k
Starch % k% Aok ok *%k * %k *3%
Raw fiber % 12.20 11.00 13.70 10.50 14.50 5.30
Saccharose % <0.20 <0.20 < 0.20 <0.20 *¥ **
Glucose % 0.37 0.57 0.54 0.40 ** **
95
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Table 1. (Cont.)

Plant material with point of origin

Fruits Leaves
Avicennia marina Avicennia marina Aster tripolium

Chemical parameter Units ADH UAQ AIM RAK ADH Osnabrueck
Fructose % 0.49 0.73 0.63 0.55 *x *x
Maltose % < 0.30 <0.30 <0.30 < 0.30 ** ok
Sorbit % < 0.30 <0.30 <030 <0.30 *x **
Citric acid % * % k%K *k * %k %%k *%
Tartaric acid % dk sk *k d ¥k %k F %k
Maleic acid % ¥k ek Aok * %k Ak * %k
Ascorbic acid % ** ** ** *x *x **
Sodium mg/100g 256.00 238.00 364.00 1350.0 2214.00 301.00
Potassium mg/100g 626.00 559.00 564.00 692.00 838.00 373.00
Magnesium mg/100g 35.50 30.00 53.80 181.00 168.00 28.20
Iron (total) mg/100g 1.59 1.39 433 5.27 1.34 1.52
Phosphorus (total) mg/100g 86.00 611.00 73.00 72.00 66.00 30.00
Chloride mg/100g 410.00 370.00 610.00 2550.0 3500.00 710.00
Zinc mg/100g 1.01 0.77 0.82 0.59 247 0.48
Salt content mg/100g 651.00 605.00 925.00 3430.00 5630.00 765.00

ADH = Abu Dhabi; UAQ = Umm Al Quawain; AJM = Ajman; RAK = Ras al Kaima; AVM = Abu Dhabi (seedling with young
leaves); ATR = Aster tripolium leaves grown in 3% salinity from Osnabrueck/Germany; ** = not determined; < = below detection limit

! provided by Deutsches Institut fiir Lebensmitteltechnik e.V. Quakenbrueck.



Chemical composition variation during root decomposition in
Tagus estuary salt marshes

ANA LUISA COSTA AND ISABEL CACADOR

INTRODUCTION

In salt marshes vascular plants constitute the most
important source of available organic matter. In Tagus
estuary salt marshes 50% of the root biomass becomes
detritus (Cagador et al., unpublished data). Vascular
plant-derived detritus have been considered the major
source material from which carbon and energy flow
(Odum and de la Cruz, 1967; Moran et al., 1989).

Vascular plant material is highly heterogeneous
composed of structural, lignocellulosic components,
as well as non-lignocellulosic compounds such as sug-
ars, free amino acids, lipids and proteins. Whereas
most non-lignocellulosic material are leached and
degraded by the microorganisms within days follow-
ing deposition of plant material, lignocelluloses com-
ponents are degraded only about 10-20% in the first
month after submergence (Benner et al., 1985; Benner
and Hodson, 1985).

The percentages of lignocellulose components
(lignin, cellulose and hemicellulose) differ among
species and in tissues within the same plant. Lignin
form close associations with the cell-wall polysaccha-
rides cellulose and hemicellulose, reducing accessibil-
ity of these cell-wall constituents to microbial attack.
The inhibition of decay rates by lignin has been con-
firmed in studies of halophytes decomposition
(Hemminga and Buth, 1991; Wilson et al., 1986; Buth,
1987; Moran et al., 1989; Moran and Hodson, 1989).

In this paper the results of the litterbag studies have
been used to determine the effect of chemical compo-
sition variation on decomposition of root litter of two
dominant plant communities in two salt marshes in
Tagus estuary (Figure 1), with different abiotic condi-
tions. In Pancas temperature values range between
14.7°C and 22.6°C and in Corroios between 16.3°C
and 24.7°C. Redox potential values, in Pancas, range
between 144 and 507 mV and in Corroios between 17

H. Lieth (ed.), Cash Crop Halophytes: Recent Studies, 97-102.
© 2003 Kluwer Academic Publishers.
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Fig. 1. The Tagus estuary showing the location of the sampling
sites: Pancas and Corroios.

and 338 mV. These values were determined at 12:00 h,
in low tide during the study period.

The Tagus estuary is one of the largest estuaries on
the Atlantic coast of Europe, covering an area of
300 km? at low tide and 340 km? at extreme high tide.
The southern and eastern parts of the estuary contain
extensive intertidal mud-flat areas with the presence
of Spartina maritima (Poales: Poaceae), Halimione
portulacoides (Caryophyllales: Chenopodiaceae)
and Arthrocnemum fruticosum (Caryophyllales:
Chenopodiaceae).

MATERIALS AND METHODS

Belowground plant material of S. maritima and
H. portulacoides was collected in February 1997, with
a coring device 6.7 cm in diameter in Tagus estuary
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salt marshes, Pancas and Corroios. The samples were
washed and approximately 5 g of root material
were placed in litterbags with 450 wm mesh. The
bags were prepared for each type of root material and
were placed in an undisturbed area below the marsh
surface, 10 cm depth, between roots of each species.
Additionally three samples of each type of root mate-
rial were used as reference material.

This study was conducted from March 1997 to
September 1997. Three or more litterbags of each
species were collected at intervals of one month in
Pancas and Corroios. Plant material was removed
from the litterbags, washed with distilled water and
dried at 70°C to determine weight loss and chemical
composition (hemicellulose, cellulose and lignin con-
tent). The chemical composition was analyzed by the
standard Tappi methods. For chemical determinations
dried plant material was successively extracted with
organic solvents (dichloromethane and ethanol) and
water to remove non-lignocellulosic components.
Method adapted from Tappi 204 om-88.

The Klason lignin content (or acid insoluble lignin)
was determined by the standard method Tappi
(T 13 m-54) and results from a sulfuric acid attack to
the extractive free material.

After Klason lignin determination the obtained
filtrate was used to analyze the soluble lignin by fil-
trate absorption in the ultra-violet region 200208 nm.
Soluble lignin content was determined by the Tappi
TUM 250-91 method.

Structural polysaccharides composition (cellulose
and hemicellulose) were determined by respective
monomeric composition in a high performance liquid
chromatography (HPLC), method adapted from Tappi
(T249 cm-85).

Ana Luisa Costa and Isabel Cagador

Percent weight loss of individual components of
S. maritima and H. portulacoides was calculated by
multiplying the concentration of each component by
the fraction of original weight remaining and express-
ing this as the percent of the original content of the
component.

The Levene’s Test was used for homogeneity of
variances. The mass loss results were statistically ana-
lyzed in a three-way analysis of variance (ANOVA).
Significant differences were determined by the Tukey
HSD Post Hoc test.

After data transformation the chemical composition
results still had heterogeneous variances, so it was used
in the Kruskal-Wallis method. The data was statistically
analyzed using the Program Statistica ‘99 edition.

RESULTS AND DISCUSSION
Initial Chemical Composition

The initial chemical composition of radicular system
of H. portulacoides and S. maritima is summarized in
Table 1. The total non-lignocellulosic components
(extracted material) were 0.122 g g ! and 0.120 g g~ !
in H. portulacoides and in S. maritima, respectively.
The initial non-lignocellulosic components soluble in
dichloromethane, ethanol or water had a similar distri-
bution pattern, in that ordering of the components was
dichloromethane<ethanol<<water for both species
and sites (Figures 2—4). In Corroios, H. portulacoides
had the lowest values for the three components.

Total lignocellulose content and the individual
compounds varied between species. Total lignocellu-
lose content ranged from 76% to 86% dry weight. The

Table 1. Initial chemical composition of root system (g g~! dry weight) for each species

Total non-
Total lignocellulosic
Lignin  Cellulose Hemicellulose lignocellulose components
Pancas
H. portulacoides 0.353 0.198 0.208 0.757 0.134
(0.000)  (0.002) (0.008)
Corroios
H. portulacoides 0.387 0.180 0.193 0.760 0.107
(0.003)  (0.006) (0.007)
S. maritima 0.332 0.252 0.273 0.857 0.120
0.000)  (0.010) (0.008)

Standard deviation is in parentheses. Total non-lignocellulosic components had no replicates.
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Fig. 2. Percent non-lignocellulosic components of degrading root material of Halimione portulacoides in Corroios. The first month values cor-
responding to percent non-lignocellulosic components in reference material.
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Fig. 3. Percent non-lignocellulosic components of degrading root material of Halimione portulacoides in Pancas. The first month values cor-
responding to percent non-lignocellulosic components in reference material.
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Fig. 4. Percent non-lignocellulosic components of degrading root material of Spartina maritima in Corroios. The first month values corre-
sponding to percent non-lignocellulosic components in reference material.
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lowest value was determined in H. portulacoides,
while S. maritima had the highest value. Kuehn et al.
(2000) have found similar values (78%) for total
lignocellulose components in leaves litter of Juncus
effusus in a freshwater wetland.

The average lignin content (between the two sites), in
contrast, was higher in H. portulacoides (0.370 g g™1)
than in S. maritima (0.332 g g!). The average cellu-
lose and hemicellulose content were 0.189 g g~! and
0.201 g g~ ! in H. portulacoides and 0.252 g g~ and
0.273 g g~ in S. maritima, respectively.

These results of initial chemical composition are
similar to those determined by Buth (1987) in a Dutch
salt marsh: lignin 0.412 g g~! and cellulose 0.251 g g~!
in Halimione portulacoides and 0371 g g~! and
0.228 g g~ ! for lignin and cellulose in other species of
Spartina, respectively.

Decomposition Rates

Figure 5 shows the percentages dry weight remaining
of the S. maritima and H. portulacoides roots litter
during decomposition. The analysis of variance of the
dry weight remaining in the litterbags is presented in
Table 2. The effects of species, local and time were
significant but the overall effect interaction was not
significant. Each species differed significantly (p =
0.01) in litter remaining concentration, the local effect
was also significant (p = 0.001) and the values on
most dates differed significantly (p < 0.01) too. In
same date there were an apparently gained in weight.
This feature has been observed in several other
decomposition studies (Buth, 1987; Wilson et al.,
1986). Their suggestion is a flush of colonizing
microorganisms after some weeks of incubation.

100+
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Fig. 5. Weight loss of plant material from litterbags in Pancas and
Corroios. Bars give the standard deviation.
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Plant detritus of S. maritima and H. portulacoides
at both salt marshes were rapidly leached during the
first month of incubation (Figure 5) resulting in a
decrease of the residual mass from 50% in Pancas, in
both species to 60% in H. portulacoides and 75% in
S. maritima in Corroios.

Decompositions of S. maritima and H. portulacoides
in Corroios salt marsh were lower, 60% and 80% dry
weight, after 7 months of incubation, than in Pancas
salt marsh, 30% and 50% dry weight, respectively.
This significant difference (ANOVA, p = 0.001) in
rate of decomposition of root detritus between Pancas
and Corroios has been observed previously (Costa and
Cagador, unpublished data).

This range of belowground decay rates were greater
than the rates determined by Buth (1987) for root
material of Halimione portulacoides (about 75%
AFDW remaining) and Spartina anglica (about 85%
AFDW remaining) after 30 weeks.

Since decomposition rates were highest in
H. portulacoides and the amount of belowground bio-
mass was highest in H. portulacoides too (Cacador
et al., 1999), this species is probably of more impor-
tance quantitatively for nutrient fluxes in the estuarine
system than S. maritima.

Chemical Composition Variation

The non-lignocellulosic components did not change
appreciably with time (Figures 2—4). However the
non-lignocellulosic components, in H. portulacoides
in Pancas decreased substantially during the first
3 months of incubation, reflecting its greater overall
decomposition rate (Figure 5).

The total lignocellulose content of the two species
also did not show a substantial change with time except
in the first month of incubation for H. portulacoides

Table 2. Analysis of variance of root litter dry weight

Variable MS d.f. F p-level
Species 265.58 1 11.1649 **
Local 10556.22 1 443.7803 *okk
Time 148.43 6 6.2401 *okk
Species X Local 1945.97 1 81.8082 *xk
Species X Time 58.08 6 2.4418 *
Local X Time 72.38 6 3.0430 *
Species X Local X Time 47.54 6 1.9984 n.s.

*p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant.
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Fig. 6. Loss of lignocellulosic components (cellulose, hemicellulose
and lignin) for Halimione portulacoides in Corroios.
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Fig. 7. Loss of lignocellulosic components (cellulose, hemicellulose
and lignin) for Halimione portulacoides in Pancas.

(Figures 6 and 7). Lignocellulose content of
S. maritima, incubated in Corroios, did not change
appreciably during this time, probably reflecting its
much slower overall decomposition rate. Kuehn et al.
(2000) also did not found great changes in the struc-
tural plant polymers in a decaying macrophyte leaves
during the study period. However, they found small
differences for water-soluble and dichloromethane-
soluble components.

Lignin content had the highest values in the
residual litter of H. portulacoides (Figures 6-8) and
probably reflects the discrimination against the lignin
component of root litter during microbial decomposi-
tion (Buth, 1987; Moran and Hodson, 1989).

The two polysaccharides components of lignocellu-
lose, cellulose and hemicellulose, decreased as
decomposition progressed. The most pronounced loss
was in cellulose (about 70% of the initial value) for
H. portulacoides in Pancas (Figure 7). This preferential
utilization of the cellulose fraction of lignocellulose
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Fig. 8. Loss of lignocellulosic components (cellulose, hemicellulose
and lignin) for Spartina maritima in Corroios.

relative to the other structural components (hemicellu-
lose and lignin) has been found previously for aquatic
vascular plant material degrading in the same type of
ecosystem (Moran and Hodson, 1989).

CONCLUSIONS

The significant difference (ANOVA, p =< 0.001) in rate
of decomposition of root detritus between Pancas and
Corroios has been observed previously (Costa and
Cagador, unpublished data) and is likely due to envi-
ronmental differences between the two salt marshes,
rather than to plant-specif<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>