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ABSTRACT

The responses of Nicotiana tabacum L. var. Samsun to alterations in the nitrogen
(N) supply under saline conditions in vitro were monitored. The aim was to test the
hypothesis that nitrate-nitrogen supplementation to salt stressed plants alleviates the
deleterious effects of salt on plant growth.

Due to its capacity to be maintained under stringent environmental conditions, in
vitro shoot cultures were chosen as the system of study. Nicotiana tabacum plantlets
regenerated from callus in vitro were excised and rooted on solid MS culture
medium containing a range of concentrations of NaCl (0 - 180 mM) and N (0 - 120
mM, as NO5™-N, NH,*-N or a combination). A variety of parameters of root and
shoot growth, nutrient utilisation and nitrogen metabolism were assessed over a 35 d
period.

Plant growth on 40 mM NO;™-N + 20 mM NH,"-N (standard MS nutrients) was
inhibited by the presence of salt, with root growth being more adversely affected by
salt than stem growth. Root emergence was delayed from 6 d (0 mM NacCl) to 15 d
(180 mM NacCl). Similar suppression of growth for all parameters, except root mass
and leaf chlorophyll content, was observed when NaCl was replaced with mannitol
at equivalent osmolalities. Root mass and leaf chlorophyll were significantly
improved in plantlets supplied with mannitol. The time of root emergence was
unaffected by mannitol supply, with all roots emerging after 10 d in culture. Plantlet
growth on NH,*-N only (0 - 60 mM) was severely inhibited, even in the absence of
NaCl, and was inferior to growth on NO4™-N. Nitrate additions to salt stressed
plantlets could not match growth in control (0 mM NaCl) plantlets. When plantlets
were cultured on NO5™-N only (0 mM, 30 mM, 60 mM, 120 mM), the increase in
nitrate supply up to 60 mM resulted in a small improvement in growth on 90 mM
NaCl, but had almost no effect on growth at 180 mM NaCl. A nitrate supply of 120
mM led to growth inhibition in all parameters, even in the absence of NaCl.
Plantlet growth on isosmotic concentrations of mannitol in the presence of 0 - 120
mM NO;™-N essentially mimicked that of NaCl, except for leaf chlorophyll content
which was improved on mannitol at all NO5™-N levels.

Nitrate uptake (measured as depletion from growth medium) by plantlets grown on

0 - 180 mM NaCl was positively correlated to availability of nitrate but negatively
correlated to NaCl supply. Similar results were obtained for a mannitol supply
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except nitrate uptake was enhanced significantly on mannitol compared to NaCl.
Sodium and chloride uptake appeared unaffected by nitrate concentration. Leaf
protein content responded favourably to an increase in the NO5™-N supply up to 60
mM and, in particular, appeared to be stimulated in the presence of 180 mM NaCl.
Nitrate reductase (NR) activity was found to be inhibited drastically by salt and
NO;™-N supplementation to the salt medium had no effect on enzyme activity.

A reduction in leaf total RNA content was recorded with an increase in NaCl
concentration from 0 - 180 mM. A positive response to an increase in the NO;™-N
supply from 30 mM to 60 mM was detected in the presence of NaCl. Attempts were
made to assess the levels of mRNA for NR in response to the various NaCl and N
regimes. The plasmid pPBMC102010 containing a NR ¢cDNA insert was isolated and
purified and used in both radioactive and non-radioactive RNA slot blot
hybridisation procedures. However, due to problems of non-specific binding of the
probe, no quantification of the levels of NR mRNA in response to the various
treatments could be made.

Nitrate supplementation to plantlets of Nicotiana tabacum growing in vitro did not
appear to ameliorate the effects of salinity stress, such that growth of plantlets in the
presence of NaCl was always inferior to that in the absence of NaCl. As a large
portion of growth inhibition was found in this study to be a result of osmotic rather
than ionic effects of salt, it is questioned whether a nitrate supply would have an
ameliorating effect on plant growth under field conditions.
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1. GENERAL INTRODUCTION

The world is faced with an accelerating demand for food due to the continuing
growth in the global human population. Agricultural production will need to
increase in the range of 3% to 4% per year for the next 50 years if it is to match the
nutritional requirements of the increasing human population (Toenniessen, 1984).
As the earth’s resources are finite and there are limits to the land that may be
committed to agriculture and food production, there is a necessity to utilise more
efficiently the land that is available. In particular, there is an urgency to develop an
approach to management of saline soils such that they may become a source of
arable land. Most agricultural crops, including staple foods such as maize, wheat
and sorghum are highly sensitive to the presence of salt in the soil environment and
exhibit reduced growth and productivity when grown under saline conditions
(McWilliam, 1986; Broadbent et al., 1988; Lupotto et al., 1989; Yang et al., 1989).
Although there are many salts present in soil water which may have deleterious
effects on plant growth, sodium chloride is by far the most abundant and is
considered to be the major salt responsible for causing low productivity and yield of
plants (Levitt, 1980).

Salinity remains one of the world’s oldest and most serious environmental problems.
Excessive irrigation and inadequate drainage are the principal causes of a build-up
in soil salinity, which in turn undermine the productivity of a large portion of the
world’s irrigated lands (McWilliam, 1986). The mistakes made by the Sumarians
over 4000 years ago in the Tigris and Euphrates basin of Mesopotamia are being
repeated today in almost every major irrigation development in the world
(McWilliam, 1986). It is estimated that the global proportion of all arid and
semiarid lands affected by salt is in the region of about 15% or 950 x 109 ha., while
the proportion of irrigated land affected by salt is about 3% or 77 x 10° ha. (Epstein,
1980). While the fertility of a saline soil can be built up by good management, so it
can be destroyed by poor management. There is no single solution to the problem
of increasing salinization of soils, but a number of options have been put forward by
McWilliam (1986), including 1) improved water management to reduce the rise of
the water table and the amount of salt introduced, 2) development of systems to
drain salts away from the root zone to where they can be disposed of by evaporation,
desalination or drainage into the ocean, and 3) research to develop plants that are
more salt tolerant. However, these methods are expensive and labour intensive and,
especially in the case of 3), provide only a short-term solution to the problem.



Evidence has accumulated over the past 40 years suggesting that increased nitrogen
fertilization, in the form of nitrate, to plants growing on saline soils may result in
improved plant growth and a greater tolerance to the salt (Heinmann, 1958,
Ravikovitch and Yoles, 1971). Salinity adversely affects the processes of nitrate
assimilation into proteinaceous compounds (Helal and Mengel, 1979; Abdul-Kadir
and Paulsen, 1982; Pessarakli et al., 1989) and it is largely upon these processes that
the productivity of a plant is dependent. Increasing the fertility of a saline soil by
nitrate fertilization is an attractive option as it is relatively simple to implement.
Nonetheless, efforts to ameliorate the negative effects of salinity on plant
productivity by nitrate supplementation have been hampered. There is a lack of
understanding of the underlying mechanisms responsible for salt injury to plant
tissues which is further complicated by inadequate knowledge of the relative
contributions of the osmotic and ionic effects of salt on plant growth and
metabolism (Levitt, 1980; Flowers and Yeo, 1986). It is not understood well what
the salt effects are at the physiological, biochemical, and molecular levels and what,
if any, is the nature of their interactions. In addition, although improved growth of
salt stressed plants provided with nitrate implies a relationship between nitrate and
salinity, the underlying nature of such interactions have not been elucidated.

Many studies of the effect of nitrate nutrition on salt stressed plants have employed
the use of soil-grown (Shaviv ez al, 1990) or, more commonly, hydroponically-grown
plants (Papadopoulos and Rendig, 1983; Feigin et al., 1987; Cerda and Martinez,
1988; Lewis et al., 1989; Leidi et al., 1992) under controlled conditions. An
alternative approach to these methods is the utilisation of in vitro cell culture
systems, which represent a simplification of the complex biological systems
represented in whole plants (Dougall, 1980). This simplification is achieved by
removing many aspects of organisation of whole plants and thereby facilitating
investigations of plant growth and metabolism. The potentialities and not the actual
performance of a specific cell or cell type located in the plant may be investigated
with the conclusion that the potentialities demonstrated are those present in the
whole plant (Dougall, 1980). However, when the integrated functioning of a whole
plant is an essential component of its response to a particular situation, in vitro cell
culture systems present limitations to physiological studies as processes which occur
at the cellular level may not always correspond to those at the whole plant level. In
vitro shoot and plantlet cultures, however, represent a level of organisation that is
equated with that of the whole plant, while still retaining the advantages of an in



vitro system such as the stringent control of environmental conditions. In addition,
processes such as the emergence of roots may be monitored using shoot cultures,
which may not be accomplished in soil or hydroponic culture. This study was
designed thus to utilise an in vitro shoot culture system of Nicotiana tabacum L. var.
Samsun to investigate aspects of nitrate nutrition on growth and metabolism of salt
stressed plants. It was anticipated that the use of an in vitro system would facilitate
investigations of mechanisms operating at the physiological and molecular level in
Nicotiana tabacum. Furthermore, it was of interest whether the responses observed
with the in vitro system correlated to those reported for hydroponic culture.

The choice of N. tabacum (tobacco) as the plant of study was two-fold: firstly,
tobacco is a glycophyte, ie. it is sensitive to the presence of salt in the external
environment; secondly, tobacco has been used traditionally as a model system for
the study of many physiological processes using both soil/hydroponic culture and in
vitro culture systems. The most common nutrient medium employed today by
researchers utilising in vitro culture systems (the MS medium) was originally
formulated by Murashige and Skoog (1962) specifically for their studies on the
growth of tobacco in culture. Subsequent to this, much work on the behaviour of
plants in culture has used tobacco, with the result that the conditions required for its
growth in culture are very well established (Mantell et al., 1985).

With the knowledge that the deleterious effects of salt on plant growth may be

alleviated by the addition of nitrate, the objectives of this study were to address the

following questions:

(a)  how does the presence of salt (NaCl) in the nutrient medium affect the
growth of Nicotiana tabacum in vitro?

(b)  what are the effects of salt on some of the processes involved in the
assimilation of nitrate?

(c)  if salt does alter nitrogen assimilation in vitro, are these effects located at the
physiological level, molecular level, or both?

(d)  what is the contribution of osmotic or ionic effects of salt to the above
observations? and

(e)  how does the level of nitrate in the growth medium affect (a) through (d)?



2. REVIEW OF LITERATURE
2.1 NITRATE ASSIMILATION IN HIGHER PLANTS

The acquisition and assimilation of nitrate is fundamental to higher plant survival.
On a global scale, plants obtain approximately 100-fold more nitrogen through
nitrate assimilation than from biological assimilation of gaseous nitrogen (Guerrero
et al., 1981). As a result, nitrate assimilation is estimated to produce more than 2 x
10% megatons of organic nitrogen per year (Guerrero et al., 1981; Paul and Clark,
1988). Thus it is not surprising that the processes involved in the assimilation of
nitrate have been subject to intensive research aimed at understanding the
mechanisms involved and the regulation thereof. Nitrate assimilation essentially
involves the flux, transport and reduction of nitrate to ammonia (Beevers and
Hageman, 1969; Hewitt, 1975; Guerrero et al., 1981; Jackson et al., 1986a; Warner
and Kleinhofs, 1992). Although the mode of nitrate assimilation is effectively a
simple chemical process it is under very complex control in biological systems. The
following discussion is a brief description of some of the available evidence
regarding the uptake and reduction of nitrate and the regulatory processes involved.
The complexity of the processes involved in nitrate assimilation will become more
apparent later in this review as interactions with salt stress are discussed.

2.1.1 Nitrate uptake

Nitrate uptake across the plasmalemma and into the cytoplasm of root cells is
known to be an active process requiring metabolic energy for the transport of nitrate
ions against an electrochemical gradient (Higinbotham et al., 1967; Jackson et al.,
1986a; Glass, 1988; Siddiqi et al., 1989; Siddiqi et al., 1990). Absorption of nitrate by
plant roots has been shown to be inhibited by anaerobic conditions (Clarkson and
Warner, 1979), low temperature (Glass, 1988), and metabolic inhibitors (Rao and
Rains, 1976), suggesting the involvement of a nitrate-specific carrier protein located
in the plasma membrane. The transport of nitrate into roots is induced upon
exposure of the roots to nitrate (Jackson et al., 1986a). Low concentrations of
nitrate (5-10 uM) in the external environment are sufficient for the induction of
nitrate transport, but the continued availability thereof is required to maintain
uptake rates (Jackson et al., 1973; Deanne-Drummond, 1982; Jackson et al., 1986a).



The induction and maintenance of the nitrate transporter also appears to be
dependent upon the concentration of nitrate in the cytoplasm, and not the total
content of the root (Siddiqi et al., 1989).

Due to the induction of nitrate transport by nitrate (Minotti et al., 1968; Jackson,
1978; Bretelar and Luczak, 1982; Jackson et al., 1986a) and the fact that this
induction is prevented by inhibitors of RNA and protein synthesis (Jackson et al.,
1973), it appears highly likely that a membrane bound nitrate-specific carrier
protein exists. Omata and coworkers in studies of the alga Synechococcus, have
identified, characterised, and cloned a 45 kilodalton (kD) cell membrane
polypeptide involved in nitrate transport (Omata et al., 1986, 1989; Omata, 1991).
However, limited success has been obtained in attempts to isolate membrane
associated nitrate carrier proteins from higher plants. There are several reports
which have identified certain membrane-bound polypeptide species induced by the
presence of nitrate, but none has provided unequivocal proof that these proteins are
involved with nitrate transport. For example, McClure et al. (1987) identified a
nitrate inducible 31 kD polypeptide in tonoplast and endoplasmic reticulum
membrane vesicles isolated from maize roots, but could not identify such
polypeptides in other membrane fractions. Similarly, Dhugga et al. (1988a) isolated
polypeptides of 165, 95, 70 and 40 kD from the plasma membrane, and a 47 kD
polypeptide from the microsomal fractions of maize roots, but could not conclude
that they were involved with nitrate transport. Warner and Kleinhofs (1992) have
suggested that more sensitive techniques may be required for the detection of
nitrate carrier proteins in plant membranes.

Determination of the mechanisms involved in controlling nitrate uptake is
complicated by a number of factors. After nitrate is absorbed by the roots, varying
proportions of it may be reduced in the roots, translocated through the xylem to the
leaves and reduced there, or accumulated in the roots (Morgan et al., 1985; Jackson
et al., 1986a). When nitrate is accumulated, it is usually found to be
compartmentalised predominantly in the vacuoles of both leaves and roots (Jackson
et al., 1986a) a factor which may often complicate accurate assessments of uptake.
Efflux of nitrate ions out of the vacuole, into the cytoplasm, and back across the
plasmalemma have also been shown to occur concurrently with nitrate influx
(Jackson et al., 1986a; Lee and Clarkson, 1986). Furthermore, high root nitrate
concentrations have been demonstrated to have negative feedback effects on nitrate
influx (Siddiqi et al., 1989). The complexity of nitrate transport is increased



additionally by the possibility that nitrate may also enter roots by passive diffusion
through nitrate channels in the membrane (Glass et al., 1990; Siddiqi et al., 1990).
Although the contribution of passive influx of nitrate to total nitrate uptake is not
known, active transport systems appear to be responsible for the majority of nitrate
uptake into roots (Glass et al., 1990).

2.1.2 Nitrate reduction

Once in the plant, nitrate is reduced to nitrite via a two-electron step by the
enzyme nitrate reductase (NR) (EC 1.6.6.1) (Beevers and Hageman, 1969; Hewitt,
1975; Guerrero et al., 1981; Wray, 1986; Solomonson and Barber, 1990). In
eukaryotes, NAD(P)H serves as the electron donor for this reaction (Solomonson
and Barber, 1990; Warner and Kleinhofs, 1992). Nitrite is then rapidly converted to
ammonia by a six-electron reduction step catalysed by nitrite reductase (NiR) (EC.
1.7.7.1) (Beevers and Hageman, 1969; Hewitt, 1975; Guerrero et al., 1981; Wray,
11986 Solomonson and Barber, 1990). In this case, reduced ferrodoxin serves as the
electron donor (Solomonson and Barber, 1990; Warner and Kleinhofs, 1992). The
incorporation of ammonia into organic compounds is generally recognised to be
mediated by two enzyme reactions. Glutamine synthetase (GS) converts ammonia
to glutamine, followed by the conversion of glutamine to glutamate by glutamate
synthase (GOGAT) (Miflin and Lea, 1982). Although nitrate assimilation
subsequent to its uptake involves all of the above processes, only information
pertaining to NR will be discussed further in this review.

Nitrate reductase is a complex enzyme containing two identical subunits, three
prosthetic groups, and several partial activities (Solomonson and McCreery, 1986;
Solomonson and Barber, 1990; Warner and Kleinhofs, 1992). Although the
localisation of the NR enzyme within the cell has not yet been firmly established,
evidence suggests that it is located in the cytoplasm (Solomonson and Barber, 1990).
The prosthetic groups making up the enzyme molecule are flavin adenine
dinucleotide (FAD), cytochrome bss; and molybdenum, each in an approximately
1:1:1 ratio per subunit (Redinbaugh and Campbell, 1985; Solomonson and
McCreery, 1986; Solomonson and Barber, 1990). In addition to the NAD(P)H-
dependent reduction of nitrate, NR enzyme also catalyses a variety of partial
activities that use alternate electron donors and acceptors (Guerrero et al., 1981;
Solomonson and Barber, 1990; Warner and Kleinhofs, 1992). The diaphorase
activity uses the electron acceptors cytochrome ¢ and ferricyanide, while the nitrate-



reducing activities utilise electron donors such as reduced flavins and viologens to
catalyse the reduction of nitrate (Guerrero et al., 1981; Solomonson and Barber,
1990; Warner and Kleinhofs, 1992).

The regulation of nitrate reduction has been the focus of intense research. Nitrate
reduction by NR generally occurs in the leaves (Jackson et al., 1986a) but significant
reduction in the roots has been found in species such as cotton (Radin, 1977), bean
(Bretelar et al., 1979) and rice (Chang and Jung, 1981). Evidence has been
presented for the modulation of NR by light, oxygen, carbon dioxide and other
metabolites (Beevers and Hageman, 1969). However, the primary environmental
signal regulating nitrate assimilation is the presence of nitrate (Beevers and
Hageman, 1969; Shaner and Boyer, 1976a; Solomonson and Barber, 1990). Like
nitrate uptake, the activation of NR has been found to be substrate-inducible
(Beevers and Hageman, 1969; Jackson et al., 1973; Ward et al., 1986; Kleinhofs and
Warner, 1990). The availability of a source of energy, nitrogen, phosphorus and
sulfur has been shown also to be necessary for the induction of NR by nitrate (Zink,
1981). Furthermore, the nitrate flux to the leaves from the roots has been shown
also to be important in controlling the activation of NR activity (Shaner and Boyer,
1976a).

2.1.3 Molecular aspects of nitrate assimilation

Although much is known about the physiological aspects of nitrate assimilation,
little information is available about the molecular aspects in higher plants,
especially those concerning the nitrate transport proteins. As discussed in Section
2.1.1, the gene encoding a 45 kD cell membrane polypeptide involved in nitrate
transpoft has been characterised in Synechococcus, but investigations with higher
plants have succeeded only in the identification of membrane bound polypeptides
that appear to be induced by the presence of nitrate. It has been demonstrated by
several workers that the induction of NR activity by nitrate is due to de novo
synthesis of the enzyme (Zielke and Filner, 1971; Somers et al., 1983; Gupta and
Beevers, 1984; Small and Gray, 1984). Furthermore, the development of cDNA
probes for detecting NR mRNA have shown that the induction of NR by nitrate is at
the transcriptional level in tobacco (Nicotiana tabacum) (Calza et al., 1987:
Galangau et al., 1988a), Arabidopsis (Crawford et al., 1988), and barley (Hordeum
vulgare) (Melzer et al., 1989). The appearance of the NR enzyme also correlated
with the appearance of NR mRNA in mustard (Sinapis alba) (Mohr et al., 1992).



The addition of nitrate resulted in a rapid increase in NR mRNA levels in N-starved
barley seedlings (Melzer et al., 1989). These workers showed that after a period of
12 hours of exposure to nitrate, the NR mRNA levels in the leaves declined and
stabilised to 50% of the peak levels. The NR activity and nitrate levels of the barley
seedlings investigated by Melzer continued to increase, however, while the NR
mRNA declined, indicating that regulation of NR was not entirely due to NR
mRNA production or nitrate concentration. Tobacco also showed an increase in
NR mRNA levels on exposure to nitrate but the response in this case was slower
due to prior growth of the plants on nitrate (Galangau et al., 1988a). As it has been
suggested by Warner and Kleinhofs (1992), more research is required to determine
if transcription is the primary mechanism controlling NR activity in higher plants.

2.2 THE EFFECTS OF SALT ON HIGHER PLANTS
2.2.1 General aspects of salt stress injury in higher plants

Plants exhibit a wide range in sensitivity to the presence of salt in the external
medium. Table 2.1 summarises some of the limits of salt stress for growth of

selected glycophyte and halophyte plant species.

Table 2.1.  Limits of salt stress for growth in some glycophytes and halophytes
(Based on Levitt, 1980)

PLANT SALT CONCENTRATION OSMOTIC PRESSURE

(mM) (MPa)

Glycophytes

Citrus spp. 50 -0.252

Gossypium hirsutim 68 -0.336

(cotton)

Hordeum vulgare 240 -1.186

(barley)

Phaseolus vulgaris 100-200 -0.494 to -0.988

(bean)

Lycospersicon esculentum 63 -0.311

(tomato)



Zea mays 74 -0.366

(maize)

Triticum aestivum 60-120 -0.296 t0 -0.593
(wheat)

Nicotiana tabacum 30-60 -0.148 to0 -0.296
(tobacco)

Solanum tuberosum 34 -0.168
(potato)

Halophytes

Distichlis spicata >260 <-1.284
Atriplex nummularia >400 <-1.976
Suada depressa 685 -3.385
Atriplex halimus 283 -1.4
Glaux maritima 300 -1.482

Examination of Table 2.1 reveals that growth of very salt sensitive non-halophytic
plants such as fruit trees is inhibited by NaCl concentrations less than 100 mM,
while less sensitive nonhalophytes such as tomato (Lycospersicon esculentum), bean
(Phaseolus vulgaris), cotton (Gossypium hirsutum), and barley (Hordeum vulgare)
may survive salinity levels up to 250 mM NaCl (Greenway and Munns, 1980). In
contrast, salt tolerant (halophytic) plant species such as members of the genera
Suaeda and Atriplex may survive anywhere in the range of 0 mM to 700 mM NaCl
before exhibiting signs of salt injury (Greenway and Munns, 1980). Of particular
interest to this review is the limits of tolerance of tobacco (Nicotiana tabacum) to
saline conditions. Much of the research on tobacco under conditions of salt stress
has focused on the production of salt tolerant plants and has involved thus the
exposure of these plants to abnormally high concentrations of salt (Nabors et al.,
1980; Binzel et al., 1987, 1988). As tobacco belongs to the family Solanaceae of
which tomato and potato (Solanum tuberosum) are members, it would be expected
that tobacco would share the same sensitivity to a salt stress. Using this premise, the
limit of tobacco to salt might be predicted to be in the region of 30-60 mM NaCl and
hence classifiable as salt sensitive.

The effect exerted by a salt dissolved in soil water on higher plant growth and
metabolism is related directly to the chemical behaviour of salts in an aqueous
solution. According to the laws of osmosis (as described in Morris, 1974), when a



concentrated solution of a salt dissolved in water is separated from a dilute solution
by a semi-permeable membrane, the solvent molecules move across the membrane
to equalise the two concentrations. Such is the situation in nature where the
presence of high concentrations of salt dissolved in the soil and xylem water results
in the movement of water out of plant cells where the salt concentration is more
dilute. The removal of water from the cells results in a loss of cell turgor which may
cause the plant to dehydrate (Oertli, 1966, 1968; Greenway and Munns, 1980). An
ideal semi-permeable membrane is permeable to water only, but in nature most of
the membranes such as the plasmalemma of plant cells are selectively permeable
and thus also allow the movement of certain solutes both into and out of the cell
(Flowers and Yeo, 1986). Salts are electrolytic compounds which means that, when
dissolved in an aqueous solution, they dissociate into their component positive and
negative ions (Whitten and Gailey, 1984). In contrast, many solutes present in living
cells are non-electrolytes and thus stay intact as individual molecules when in
solution (Morris, 1974). The movement of salt ions into a cell will disrupt thus the
ionic balance of the cell. Such a disruption will have deleterious effects on plant
metabolic processes which often lead to injury and a reduction in growth.

The most common salt responsible for causing injury to plants is NaCl and thus any
further reference to salt in this review will be confined solely to NaCl, unless
otherwise stated. If a plant is to survive a salt stress, it miust employ a variety of
mechanisms to cope with the ionic and osmotic effects caused by the salt. Plants
may avoid or minimize toxic effects by excluding salt from the plant, excreting it
from glands, or translocating it to leaves that then drop off the plant (Greenway and
Munns, 1980; Levitt, 1980). Alternatively, plants may accumulate NaCl in the
leaves, thereby balancing the osmotic potential, but are then required to exclude
salts from the cytoplasm to avoid ionic interactions with metabolic processes (Levitt,
1980; Flowers and Yeo, 1986; Binzel et al., 1987). The ability of halophytic plant
species to tolerate high concentrations of salt is reported to be due to their
efficiency in synchronising ion compartmentation within leaf cells with a high rate of
ion transport into the leaves (Greenway and Munns, 1980; Flowers and Yeo, 1986).
In the halophyte Suaeda maritima, ion accumulation into leaf cells was shown to
potentially exceed the supply from the roots and there was little net increase in the
salt load in the apoplastic compartment with time of exposure to salt (Flowers and
Yeo, 1986). In addition, these authors showed that any excess in salt supply was
excreted via salt glands in the leaves. Glycophytes are unable, however, to manage
the influx of salt in such an efficient way with the result that NaCl entry exceeds
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accumulation into leaf cells and salt damage to the tissues occurs (Greenway and
Munns, 1980; Flowers and Yeo, 1986, Iraki et al., 1989).

2.2.1.1 The distinction between a secondary and a primary salt-induced stress

effect

Bernstein (1961) proposed that salt has both lonic and osmotic effects on plants
and most of the known responses to salinity are closely linked to these effects. In
terms of stress terminology, osmotic dehydration and nutrient deficiencies resulting
from salt exposure are classified as secondary salt effects, while specific toxic (ionic)
effects of salt may cause a primary injury to plants (Levitt, 1980). Primary salt injury
usually acts directly on the external plasma membrane of plant cells, or after the salt
ions have penetrated the membrane and entered the cells (Levitt, 1980). As both
osmotic and ionic effects are responsible for the reduction in growth of salt stressed
plants, and are usually both operative simultaneously throughout the duration of the
stress, it is not always possible to determine the major cause of a salt injury. In
addition, a wide variation in sensitivity to either effect exists between different plant
species (Table 2.1). Thus, a clear distinction between the various described effects
is not always possible and often leads to confusion between salt toxicity and osmotic
effects in analyses of tissue lesions caused by salinity (Levitt, 1980).

The following two sections of this review discuss the recognised aspects of salt-
induced injury to salt sensitive plants (Levitt, 1980; Abdul-Kadir, 1982; Termaat and
Munns, 1986; Cramer et al., 1987; Wilson et al., 1992). In later sections, the effects
of NaCl on specific aspects of plant nitrogen metabolism will be broached.

2.2.2 Secondary salt-induced stress effects
22.2.1  Osmotic stress
The nature of the osmotic stress
A direct and inseparable relationship exists between a salt and a water stress. The
addition of a salt to soil lowers the soil osmotic potential which interferes with a
plant’s ability to extract water from the soil (Levitt, 1980; Shannon, 1984). A salt

stress thus exposes the plant to an osmotic (water deficit) stress which invokes
dehydration and turgor losses such as are known to occur under conditions of
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drought (Levitt, 1980; Termaat and Munns, 1986). Plants exposed to a low external
osmotic potential are required to reduce the internal osmotic potential to levels
lower than that of the external medium if they are to obtain water and thus survive
the stress. It is well documented that plants counteract osmotic imbalances caused
by salt by accumulating organic or "compatible" solutes such as proline and betaine
in the cytoplasm of leaves, and by taking up and compartmentalizing Na* and CI
ions in the vacuoles (Greenway and Munns, 1980; Binzel et al., 1985, 1987). The
rapid rates of ion uptake that often occur in plants grown at high salinity can,
however, result in the buildup of high ion concentrations in the cell walls of leaves,
which would cause adverse effects to the water relations of individual leaf cells
(Greenway and Munns, 1980). The loss of turgor in root and leaf cells as a result of
a salt-induced osmotic stress contributes to the reduction in plant growth observed
in salt stressed plants (Greenway and Munns, 1980; Flowers and Yeo, 1986;
Termaat and Munns, 1986).

The plant response

Wheat (Triticum aestivum) seedlings treated with polyethylene glycol (PEG) (a
non-ionic osmoticum commonly used to simulate water stress effects in plants)
showed visual wilting within a few hours of exposure to 209% PEG followed by a
decline in tissue water content over a period of six days (Larsson et al., 1989).
Dehydration of the tissues led to a drastic decline in the relative growth rate of the
plants to about half that recorded in untreated plants. Seedlings of sour orange
(Citrus aurantium) exposed up to 48 mM NaCl and 20 mM PEG were found also to
have smaller shoot and root dry weights, fewer leaves, fewer roots and were shorter

than control plants grown in the absence of a salt-induced water stress (Zekri and
Parsons, 1990).

A reduction in water availability to osmotically stressed plants has been shown to
influence shoot growth more than root growth, resulting in reduced shoot:root ratios
in barley (Hordeum vuligare) and Egyptian clover (Trifolium alexandrinum) (Munns
and Termaat, 1986), wheat (Munns and Termaat, 1986; Larsson ef al., 1989),
sunflower (Helianthus annuus) (Robertson et al, 1990) and several other plant
species (Sharp and Davies, 1989). It has been suggested by Larsson (1992) that such
a response may be due to changes in allocation of resources such as nitrogen within
a plant. After nitrate-N is taken up by the roots, several translocation steps are
involved before it is incorporated into the tissues (Section 2.1). Any one of these

12



transport steps may be affected by an osmotic stress, leading to changes in dry
matter distribution within the plant. Luque and Bingham (1981) demonstrated that
a decrease in the osmotic potential from -0.6 MPa to -5.4 MPa of a nutrient solution
supplied to barley (Hordeum vulgare) seedlings caused a decrease in the nitrate
concentrations of roots independent of the salt species used. Wheat seedlings
treated with 20% PEG showed an inhibition of specific absorption rates of nitrate-N
by the roots and an increase in xylem and shoot nitrate concentrations (Larsson et
al., 1989). This was correlated with a decline in the activity of NR in both roots and
shoots. As a consequence of this decline, nitrate ions accumulated instead of being
reduced and incorporated into protein compounds (Larsson et al., 1989). Further
studies of osmotically stressed wheat indicated, however, that the strong inhibition
of nitrate uptake and transport from root to shoot is correlated also with a
deterioration in the plant’s water status (Larsson, 1992).

2.2.2.2 Nutrient deficiency stress

The effect of high NaCl concentrations in the external medium on the uptake and
internal concentrations of certain macronutrients has been studied extensively
(Delane et al., 1982; Lynch and Lauchli, 1984; Aslam et al., 1984; Cramer et al.,
1987; Cramer et al., 1991). It has been shown that uptake of, amongst others,
potassium, calcium, magnesium (Termaat and Munns, 1986; Cramer et al., 1991;
Jeschke et al., 1992) and nitrate (Aslam et al., 1984) is suppressed in the presence of
high concentrations of NaCl and often leads to a deficiency of these nutrients in salt-
stressed plants. Typically, such disturbances in the nutritional balance are
manifested as a reduction in plant growth.

Most workers agree that competition between NaCl and nutrient ions for uptake is
responsible for the observed suppression of nutrient absorption by salinized plants.
It was suggested by Wallace and Berry (1981) that one of the contributions to the
growth reduction observed in salt stressed plants was a nitrate deficiency induced by
high external chloride concentrations. Direct competition between nitrate and
chloride ions for uptake has been reported widely for a number of different plant
species such as Mexican wheat (Torres and Bingham, 1973), tomato (Lycospersicon
esculentum) (Kafkafi et al., 1982), melon (Cucumis melo) (Feigin et al., 1984) and
wheat (Triticun durum) (Shaviv et al, 1990) and is thus supportive of Wallace and
Berry’s observations. Similarly, potassium and calcium deficiencies in pumpkin
(Cucurbita pepo) and clover (Melilotus alba) have been shown to be due to
competition for uptake with sodium ions (Solov’ev, 1969b; Stassart et al., 1981).
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Reduced uptake of a nutrient will occur also as a result of a salt induced decrease in
growth (Patel et al., 1975). Diminished root growth due to osmotic effects of salt
leads to a decrease in the capacity of roots to obtain nutrients from the external
medium (Fogle and Munns, 1973). Thus, a nutrient deficiency may result from both
a reduction in uptake of essential nutrients and an osmotically produced decrease in
root growth.

2.2.3 Primary salt-induced stress effects
2.23.1 Direct effects

Direct toxic effects of salt are the most vague and least readily proven of all the
recognised components of salt stress (Leopold and Willing, 1984). Primary direct
salt injury is thought to be due to a specific toxic effect of salt ions on cell
membranes (Levitt, 1980; Leopold and Willing, 1984; Kurth et al., 1986). Swelling
and distortion of the plasmalemma of salt-stressed plants has been observed and is
usually found to be associated with the loss of selective permeability of the
membrane (Leopold and Willing, 1984; Kurth et al., 1986). Such permeability
changes imply injury to the lipid and/or protein component of the membranes
(Levitt, 1980) which may lead to alterations in the structural and functional integrity
of membranes.

Evidence for a specific toxic effect of salt has been demonstrated by Marschner and
Mix (1973) in studies of K* efflux from bean, barley and sugar beet leaf and root
segments. Exposure of segments to 50-100 mM NaCl resulted in a strong efflux of
K* from bean and barley, a phenomenon which was not observed in sugar beet, a
salt tolerant plant. In addition, exposure of barley roots to 200 mM mannitol had no
effect on K* retention suggesting that the observed ion efflux was not an osmotic
effect but was due specifically to the presence of NaCl ions. Leopold and Willing
(1984) noticed similar patterns in soybean leaf discs exposed to 200 mM NaCl.
Significantly higher solute leakage occurred than from discs exposed to isosmotic
concentrations of sorbitol. These workers concluded that the susceptibility of the
membranes to damage was specifically exacerbated by salt and not solely due to
osmotic effects. There have been indications of a reduction in the amount of Ca?*
bound to plasma membranes of salt stressed roots of cotton (Cramer et al., 1985)
and protoplasts of maize (Zea mays) (Lynch et al., 1987) and wheat (Bittisnich,
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1991). Sodium ions in particular appear to be responsible for the displacement of
Ca?* ions from the plasma membrane, which instantly changes the physiology and
functioning of the membrane (Lauchli, 1990). A direct effect of Na* on the plasma
membrane is thus proposed to be accountable for the disturbance in membrane
Ca?* transport systems under saline conditions (Rengel, 1992).

2.2.3.2 Indirect effects

Penetration of salt ions through the plasmalemma into the protoplast of cells may
lead to several metabolic disturbances. Such disturbances typically curb plant
growth but do not injure the plant irreversibly (Greenway and Munns, 1980; Abdul-
Kadir and Paulsen, 1982; Taleisnik, 1987; Pessarakli et al., 1989; Wilson et al., 1992).
Any one of the disorders in cellular metabolism caused by the presence of salt ions
may be expected to inhibit growth or be involved in cell injury (Levitt, 1980). Some,
or all of them, may also be interrelated. A number of metabolic processes affected
by salt have been identified and are described below.

Nucleic acid metabolism

Disturbances in nucleic acid metabolism by salt have been described. Tsenov et al.
(1973) and Kabanov (1973) showed that the total DNA and RNA content of tomato
and pea leaves was unaffected by low levels of salinity (0.2% - 0.4%) but was
decreased at higher, injurious levels (1.6%). In some cases, total DNA has been
found to be decreased while RNA has been unaltered by salinity (Tal, 1977). The
structure of the chromatin material itself has been shown to be very sensitive to
changes in the ionic environment (Riehm and Harrington, 1987, 1988). Certain
conformational transitions which appear to be due to loosening or unfolding of the
chromatin structure, such as occurs during cell division, have been observed to be
dependent on the intracellular ionic strength (Riehm and Harrington, 1988).
Changes in the intracellular salt concentration such as occur during salinity stress
may be expected thus to influence the balance of electrostatic and hydrophobic
interactions within the chromatin material (Waterborg et al., 1989). There is
evidence that the acetylation of histone proteins, to which DNA is bound, is
associated with chromatin activation for gene transcription in eukaryotes (Matthews
and Waterborg, 1985; Sterner ef al., 1987). Waterborg et al. (1989) demonstrated
that exposure of salt sensitive alfalfa (Medicago sativa) callus to 1% NaCl led to
major increases in the acetylation of several histone variants. Waterborg and his
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group proposed that the observed increase in acetylation in response to a salt stress
may serve as an in vivo reporter for alterations in the intranuclear ionic environment
and hence, possible changes in transcriptional activity at the chromatin level.

Salt-induced changes in gene expression

An approach taken by many researchers in attempts to elucidate molecular
changes induced by salt is to identify modifications in the levels of individual
proteins in salt-stressed plant tissues. The assumption inherent in such
investigations is that alterations in the pattern of protein synthesis is a result of
altered gene expression. Singh et al. (1985) reported that SDS polyacrylamide gel
electrophoresis performed on salt-adapted tobacco cells revealed an increase in
eight protein bands and a uecrease in four. These workers noticed that a 26 kD
protein increased to the greatest degree and constituted about 10% of the total
cellular protein. Ramagopal (1987) demonstrated the induction of eleven new
proteins in the roots and shoots of barley seedlings supplied with 350 mM NaCl
These proteins were all in the low molecular weight range: 20 to 24 kD for shoots,
24 to 27 kD for roots, and were unique to each tissue type. He suggested that the
induction of these proteins was regulated during the imposed stress by both
transcriptional and posttranscriptional mechanisms. Newly synthesised proteins
detected during salt shock of salt-adapted tobacco cells were shown by Singh et al.
(1985) to be unrelated to those associated with adaptation to salt. This finding
suggests that there may be differences in expression of genes induced by shock and
genes where expression is altered only after adaptation to the stress. In this respect,
investigations of barley roots exposed to 200 mM NaCl showed that the significant
increase observed in 26 and 27 kD protein levels was probably representative of a
salt shock response in protein synthesis rather than the production of proteins which

may allow barley to survive better in the presence of salt (Hurkman and Tanaka,
1987).

Much of the evidence for the induction of mRNA and control of gene expression in
plants under saline conditions has been generated by investigations of halophytic
plant species or salt tolerant phenotypes derived and selected from salt sensitive
species. Suspension cells of the halophytic grass species Distichlis spicata (salt grass)
have been shown to accumulate substantial quantities of the organic solute proline,
8-12 hours after exposure to a salt stress (Rodriguez and Heyser, 1988). As this
increase was found to be sensitive to inhibitors of transcription it was suggested by
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Rodriguez and Heyser that during the time period before proline was detected,
transcription of genes encoding enzymes of the proline biosynthesis pathway would
occur. Transient changes in the amounts of translated polypeptides were detected
over 24 hours of stress and were associated with increases and decreases in mRNA
(Zhao et al., 1989). This implied that salt grass exhibited a controlled response to
salt stress at the level of protein expression by fluctuations in relative mRNA
amounts. Studies of the facultative halophyte Mesembryanthemum crystallinum
(common ice plant) have shown that a shift in carbon metabolism from C,
photosynthesis to Crassulacean acid metabolism (CAM) occurs when the plant is
salt stressed (Winter and von Willert, 1972). Associated with this change is an
increase in the activity of phosphoenolpyruvate carboxylase (PEPCase), an enzyme
which assimilates carbon dioxide via the CAM pathway. Ostrem et al. (1987)
demonstrated that the increase in the level of PEPCase in response to a salt stress
occurred via a stress-induced increase in the steady-state level of translatable
mRNA for the enzyme. Furthermore, the increase in transcripts were shown to
occur in the first 5 days following imposition of the stress, while CAM was only fully
established after 10 days (Michalowski et al., 1989). Therefore, genetic adaptation
to the imposed stress occurred before physiological responses, implying that genetic
changes were vital to the ability of the plant to tolerate the stress.

An enhancement in gene expression at the mRNA level in salt tolerant Medicago
sativa (alfalfa) cells, derived from a salt sensitive line, has been described by
Winicov ef al. (1989). They showed that the mRNA composition differed between
HG?2-N1 (salt tolerant) and HG2 (salt sensitive) cells and selectively identified an
inducible mRNA species which appeared only in the salt tolerant line when both
cell types were grown in salt. In addition, the increases and decreases in specific
polypeptides exhibited by HG2-N1 were different to those of HG2 following 24
hours of salt stress. Hence, Winicov and coworkers suggested that, in some aspects,
the adaptive mechanisms for salt tolerance may differ from acute stress
mechanisms. Visible changes in chlorophyll levels between the two cell lines led to
further investigations of the activation of genes for photosynthesis in order to
evaluate their contribution to salt tolerance in the salt adapted cell line (Winicov
and Seemann, 1990). Elevated chlorophyll levels in HG2-N1 cells were found to be
associated with increases in the level of mRNAs coding for the large and small
subunits of ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO), and
occurred in conjunction with increases in enzyme activity. These salt-induced
changes in mRNA and protein accumulation involved with photosynthesis appeared

17



to be an important contribution to the salt tolerant capabilities of the HG2-N1 cells.
In addition, salt tolerant suspension cultures of sugarcane (Saccharum spp.) were
found to exhibit characteristic alterations in specific mRNAs and proteins which
were not detected on comparison with unadapted cells undergoing a short-term salt
stress (Ramagopal and Carr, 1991). The synthesis of the 29 salt-altered sugarcane
proteins detected appeared to be subject to a multitude of complex regulatory
mechanisms which led Ramagopal and Carr to propose that gene expression in salt
adapted sugarcane cells was subject to control at transcriptional, post-transcriptional
and post-translational levels.

Differences in levels of translatable mRNAs and polypeptides are not always
detected during comparisons of salt tolerant and salt sensitive plants. Exposure of a
salt sensitive and a salt tolerant cultivar of barley (Hordeum vulgare) to 200 mM
NaCl for 6 days caused only very small changes in the number of polypeptides and
translatable mRNAs, and did not induce or repress the synthesis of any unique gene
products (Hurkman er al., 1989). As a consequence, specific polypeptides and
translatable mRNAs related to salt tolerance in barley could not be identified.

Salt stress may be recognised as having specific effects on gene expression by
inducing the production or repression of mRNAs that code for unique polypeptide
species (Singh et al., 1985; Hurkman and Tanaka, 1987; Ramagopal, 1987; Winicov
et al., 1989). The mechanisms by which gene expression is altered by salt is likely to
be complex, however, and influenced by a number of other factors, both
physiological and environmental. Such mechanisms are still to be elucidated.

Protein metabolism

Changes in protein metabolism in response to salinity have been well documented.
It is generally recognised that protein synthesis is adversely affected by salt stress
(Helal and Mengel, 1979; Abdul-Kadir and Paulsen, 1982; Pessarakli and Tucker,
1985b, Pessarakli et al., 1989) but it is not well established whether the reduction in
synthesis is due to an increase in protein degradation (Mothes, 1956) or a
disturbance in the incorporation of amino acids into protein (Kahane and Poljakoff-
Mayber, 1968). In contrast, a stimulation of protein synthesis by salt has been
detected in some instances. For example, the incorporation of labelled N into the
protein fraction of young barley plants supplied with ’NH,SNO, was improved in
the presence of 60 and 120 mM NaCl, despite a reduction in growth and uptake of
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labelled N by the plants (Helal et al., 1975). Furthermore, salt stress has been
shown to modify the pattern of protein synthesis in cells by elevating the synthesis of
certain unique proteins while depressing others. For example, maize callus
(Ramagopal, 1986) and barley roots (Hurkman and Tanaka, 1987) exposed to NaCl
levels up to 300 mM and 200 mM respectively, exhibited both increases and
decreases in the synthesis of a number of specific low molecular weight
polypeptides. Similarly, a salinity concentration of 250 mM inhibited the synthesis
of a majority of shoot proteins in barley seedlings but induced five new shoot and six
new root proteins which were unique to each tissue (Ramagopal, 1987).

Enzyme activity

There have been numerous reports of both increases and decreases in enzyme
activity in plants exposed to saline conditions. Levitt (1980) lists a wide selection of
enzymes from a variety of plant species that have been shown to be affected by salt
‘and stresses the complex interactions which occur between them. For example,
invertase and amylase in Pennisetum typhoides have been shown to be to be
inhibited by the same level of salinity that enhanced the activity of other enzymes of
carbon metabolism such as phosphorylase, aldolase and sucrose synthetase (Huber
et al.,, 1974). Certain responses may be species dependent. For example, nitrate
reductase has been found to increase in activity in bean and corn (Alina and
Klyshev, 1975; Sankhla and Huber, 1975) but decrease in tomato and cucumber
(Martinez and Cerda, 1989). Alterations in protein synthesis may in many cases be
responsible for observed changes in enzyme activity., Miteva et al. (1992), for
example, have recently demonstrated that a decrease in activity of RubisCO in salt
stressed barley leaves was due to the inhibition of synthesis of the RubisCO protein.

Metabolic energy supply

It has been suggested that the supply of metabolic energy may be the basic
limitation to plant growth under conditions of a salinity stress (Nieman et al., 1988:;
Wilson et al., 1992). A plant growing in a saline environment is required to maintain
a state of inequilibrium with its environment in order to survive and achieves it by
maintaining intracellular ion concentrations that are lower than that of the external
medium, and which support normal cellular functioning (Greenway and Munns,
1980). The accumulation and compartmentalisation of solutes required to balance
the osmotic pressure of the cytoplasm has been shown to result in the expenditure of
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energy that would otherwise be available for growth (Nieman, 1962; Gale, 1975). A
variety of glycophytic plants grown in saline environments exhibit increased
respiration in roots (Beevers, 1961) and shoots (Nieman, 1962; Livne and Levin,
1967; Gale, 1975) and have been reported to possess decreased ATP pools in roots
(Roberts et al., 1985; Peterson et al., 1987) and leaves (Nieman et al,, 1988). In
addition, it has been demonstrated recently that salt stress reduced the level of ATP
in mature and not growing leaves of beans, suggesting that the observed decline in
plant growth was due to a diminished ability of mature leaves to supply essential
metabolites to the growing regions of the plant (Wilson et al., 1992).

Several contradictory reports exist concerning the respiratory activity of salt stressed
plants. A decrease in the respiration rate of many crop plants such as wheat (Sarin
and Rao, 1958), cotton (Boyer, 1965) and glycophytes in general (Pokrovskaia,
1958) has been detected. In contrast, an increase in respiration of bean leaves
(Nieman, 1962), peas (Livne and Levin, 1967) and a variety of other plants (Gale,
1975) has been also shown. Alterations in the metabolic pathways of respiration
such as an increase in the pentose phosphate pathway (Goris, 1969) at the expense
of glycolysis (Sokolova and Azimov, 1974) have been proposed as contributing
factors to a decrease in respiration during a period of salt stress. On the other hand,
an increased demand for energy, derived from the oxidation of carbohydrates, and
required for the uptake and compartmentation of salt ions is believed to be the
cause of the increase in respiration in salt stressed plants (Peterson et al., 1987).
This has been supported by a reduction in the ATP pool size in maize root tips
(Roberts et al., 1985; Peterson ef al., 1987) and bean leaves (Wilson et al., 1992).

It has been known for some time that salinity depresses photosynthesis, the most
obvious indication thereof being a decrease in chlorophyll content of
photosynthetically active tissues (Greenway and Munns, 1980). Salinity levels of 100
mM applied to tomato plants caused a decrease in carbon assimilation which was
related to a decrease in net photosynthesis and carbon reallocation to heterotrophic
organs (Taleisnik, 1987). Pods of chickpea (Cicer arietinum) supplied with 100 mM
NaCl were shown also to exhibit reductions in photosynthetic carbon assimilation
(Murumkar and Chavan, 1986). The photosynthetic capacity of a plant is related to
the activity of ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) and was
demonstrated by Seemann and Sharkey (1986) to be reduced in bean plants upon
exposure to a salt stress. Similarly, Taleisnik (1987) also indicated a decrease in
RubisCO activity in salt stressed tomato. Seeman and Sharkey showed that the
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reduction in RubisCO activity in salt stressed beans was related to a reduction in the
pool size of its substrate, ribulose-1,5-bisphosphate. In contrast, Miteva et al. (1992)
indicated that a decrease in RubisCO activity in salt stressed barley leaves was due
to a pronounced inhibition of the synthesis of the RubisCO protein.

2.3 NITRATE ASSIMILATION IN SALT STRESSED PLANTS

As indicated in Section 2.2, salt is responsible for causing a wide range of osmotic
and ionic effects on plant growth and metabolism. The processes of nitrogen
metabolism, fundamental to higher plant growth and productivity, are known to be
adversely affected by salinity and a substantial number of investigations relating to
the effects of salt on nitrogen assimilation have been performed (Section 2.1).
However, due to the difficulties often encountered during attempts to distinguish
between osmotic and ionic effects, it is not always possible to determine which of
the two effects is responsible for causing disturbances in nitrogen metabolism. The
following discussion presents some of the evidence regarding the effects of salt
stress on nitrate assimilation and where possible, indicates the contribution of
osmotic and ionic effects.

2.3.1 Nitrate uptake

Controversial results have been reported for the effects of salinity on nitrate
uptake and assimilation. No alteration in nitrate uptake was detected by Helal and
Mengel (1979) in barley seedlings exposed to 80 mM salt. Luque and Bingham
(1981) also detected little or no effect on nitrate uptake in barley supplied with
NaCl, CaCl,, and Na,SO, at isosmotic potentials. Those authors related this
response to a specific effect of CI" on NOj" transport which they proposed was
connected via a decrease in malate by Cl". Recent work has disclosed that the
addition of NaCl to a nutrient solution supplied to young ryegrass (Lolium perenne)
did not significantly affect either uptake or reduction of nitrate and was proposed to
be due to the ability of the plant to rapidly adjust osmotically to the applied stress
(Ourry et al., 1992). In contrast, several reports have confirmed an adverse effect of
salinity on nitrate uptake. Helal et al. (1975) proposed that the impairment of
nitrate uptake by salinized barley seedlings was not a specific effect but was related
to the overall weakened metabolism of the plants on exposure to salt. Later
investigations by Aslam et al. (1984) showed that the major effect of salt in barley
was on the activity of the nitrate transporter. The induction of the nitrate
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transporter by nitrate appeared to be affected very little but the uptake of nitrate
was inhibited severely by salt. The absolute concentration of the salt ions (100 mM
and 200 mM) also appeared to be more inhibitory to nitrate uptake than the
osmolarity of the solution, suggesting a specific effect of the salt ions on the activity
of the nitrate transporter. The lack of a distinct inhibitory effect of salt on the rest
of the processes of nitrate assimilation led Aslam and coworkers to propose that the
susceptibility to injury of the nitrate transporter, and not the nitrate uptake system,
may be an important factor to plant survival during a salt stress. Experiments
conducted to assess the recovery of nitrate transport after exposure of barley
seedlings to a salinity stress provided evidence as to the possible mechanisms of salt
injury to the nitrate transport system (Klobus et al., 1988). It was demonstrated by
Klobus and coworkers that recovery of nitrate uptake after a salt stress was
prevented by inhibitors of protein, RNA and fatty acid synthesis, and an absence of
nitrate. Those workers suggested that salt ions had caused damage to the putative
nitrate transporter and a resynthesis thereof may be required for recovery of nitrate
uptake. '

2.3.2 Nitrate reductase activity

Evidence pertaining to the effect of salinity on NR activity has indicated a variety
of responses in a number of plant species. Aslam et al. (1984) showed that the in
situ rate of nitrate reduction in barley seedlings was marginally affected by the
presence of salt. They suggested that NR activity was protected from salt injury in
the cytoplasm by preferential injury to the nitrate transporter and the
compartmentalization of salt ions in the vacuole. An increase in NR activity was
observed by Luque and Bingham (1981) and appeared to be related to the chloride
concentration of the nutrient medium. These authors suggested that chloride had a
specific positive effect on nitrate transport, although these observations are
questionable due to the known antagonism between chloride and nitrate for uptake
(Kafkafi, 1982; Feigin et al., 1987; Cerda and Martinez, 1988; Shaviv, 1990).

A number of explanations have been offered for the observed decline in NR activity
exhibited by many plants upon exposure to a salt stress. As discussed in Section
2.2.1, the presence of salt in the external medium may lead to an osmotic stress in
plant tissues as well as a nitrogen deficiency due to antagonism of nitrate uptake by
chloride. NR enzyme is highly sensitive to an osmotic stress (Larsson et al., 1989)
and also requires the presence of nitrate for induction of its activity (Section 2.1.2).
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Investigations suggest that both effects are responsible for causing a reduction in
NR activity in salinity stressed plants. Salt stressed wheat plants exhibiting a
decrease in NR activity showed no accumulation of nitrate in shoots, evidence which
strongly supported an inhibition of nitrate uptake by chloride (Abdul-Kadir and
Paulsen, 1982). On the other hand, those workers demonstrated also the
accumulation of proline in shoots, which is a typical response of osmotically stressed
plants (Section 2.2.2). Abdul-Kadir and Paulsen (1982) concluded that the osmotic
effects of salt and antagonism of nitrate uptake by chloride were responsible for
causing a decline in NR activity in salt stressed wheat. Martinez and Cerda (1989)
disclosed an inhibition of nitrate uptake by chloride in leaves of tomato and
cucumber (Cucumis sativus) plants and recognised that the resultant low
concentration of nitrate in the cytoplasm could contribute to the low observed NR
activity. However, Martinez and Cerda found that the low leaf nitrate content was
not always the main factor limiting the maintenance of NR activity under saline
conditions. Those authors suggested that salt may inhibit the flux of nitrate into the
cytoplasm from its storage pool in the vacuole, thus reducing the capacity of the
plant to utilize stored nitrogen for growth processes. The reduction in NR activity
was suggested to be due to specific ionic effects of salt and may have been a major
contribution to the reduction in growth observed in those plants. Examination of
the effects of salt on NR activity of a drought tolerant variety of sorghum allowed
the separation of water stress (osmotic) effects from salt stress effects (Krishna Rao
and Gnanam, 1990). Although the contribution of an osmotic effect could not be
entirely ruled out, due to the drought tolerant nature of the plant and its reported
ability to exclude sodium, Krishna Rao and Gnanam concluded that the observed
reduction of NR activity was due primarily to a specific toxic effect of the chloride
ion.

2.3.3 Protein synthesis

Due to the changes in nitrate uptake and NR activity observed in plants exposed to
saline conditions, it is to be expected that protein synthesis, the final process of
nitrogen assimilation, would exhibit also alterations under saline conditions. As
discussed in Section 2.2.3.2, it is generally accepted that total protein synthesis is
affected adversely by a salt stress (Helal and Mengel, 1979; Abdul-Kadir and
Paulsen, 1982; Pessarakli and Tucker, 1985a) and frequently contributes to a decline
in growth and productivity of a plant. A reduction in protein synthesis is associated
usually with an accumulation of nitrate, ammonium and free amino acids in the
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cytoplasm (Udovenko et al., 1971; Pessarakli and Tucker, 1985a). Protein
biosynthesis is subject, however, to complex regulation by other biochemical
pathways in the plant, and is dependent also on a variety of environmental and
physiological conditions. The reaction of protein synthesis to a salt stress may be
influenced therefore by a variety of factors from which it may be mutually
indistinguishable.

Some early work by Helal et al. (1975) demonstrated that an increase in protein
synthesis occurred in barley plants on exposure to 60 mM and 120 mM NaCl,
despite a reduction in growth rate. Those authors advocated that the negative
influence of NaCl on plant growth was due to a detrimental effect of salt on
metabolic pathways other than protein biosynthesis. In contrast, later work on
barley by Helal and Mengel (1979) revealed that salinization (80 mM) impaired the
incorporation of labelled 19N into protein, and was associated with an accumulation
of labelled inorganic nitrogen. Those workers attributed the contradiction in results
to the dependence of the metabolic response to salinity on other factors such as
growth rate, age of the plant and availability of nutrients. The response of protein
synthesis to salinity was dependent in that study on the potassium status of the
tissues as an enhancement of nitrogen uptake and incorporation into protein
occurred with potassium supplementation. A comparison of protein synthesis of
three cultivars of bean under salt stress conditions revealed that different plant
cultivars may behave differently under salt stress conditions (Pessarakli et al., 1989).
Although the crude protein and total protein content of all cultivars was decreased
significantly under stress conditions, a range of responses to the stress was observed
between the various cultivars.

The effects of salt on the pattern of protein synthesis has been discussed previously
in Section 2.2.3.2 where it was revealed that salt stress resulted in the increase in the
net synthesis of some proteins and a decrease in the synthesis of others. This may or
may not be concomitant with the induction of unique stress proteins. These
alterations in protein production appear to be critical to the ability of a plant to
tolerate conditions of salinity stress, and seem to be regulated coordinately
throughout the duration of the stress (Ramagopal, 1986; Hurkman and Tanaka,
1987). Unique protein changes during germination of barley suggested that
expression of root, shoot and embryonic tissue-specific proteins played an important
role in growth and development of salt tolerant and salt sensitive barley genotypes
(Ramagopal, 1988). During salt stress of maize callus it was observed that the initial

24



phase of stress (up to one week) was characterised by a strong inhibition of protein
synthesis and amino acid uptake, representing a shock response to sudden exposure
to the stress (Ramagopal, 1986). At a later stage, after a week, protein synthesis
continued but at a declining rate and coincided with the specific expression of
certain de novo proteins. Furthermore, Ramagopal demonstrated that the
expression of those proteins also occurred when NaCl was replaced with isosmotic
concentrations of mannitol and suggested that ionic and osmotic stresses induced by
salt generate a common signal which controls the expression of these proteins.
Ramagopal proposed that those proteins were important to the development of salt
tolerance of the cells.

2.4 INTERACTIONS BETWEEN NITROGEN NUTRITION AND SALT STRESS
EFFECTS

Changes in nitrogen metabolism induced by excess salt are accepted commonly as
one of the most important factors responsible for abnormal plant metabolism under
conditions of salt stress. It was proposed a number of years ago that increased
nitrate fertilization to salt stressed plants may help to overcome the negative effects
of salinity (Heinmann, 1958; Ravikovitch and Porath, 1967). In support of this it
was noted later that when nitrate levels supplied to plants under saline conditions
were greater than the optimum supply under non-saline conditions, the plants
exhibited a greater tolerance to salt (Ravikovitch and Yoles, 1971). More recently,
Lewis ef al. (1989) demonstrated that nitrate supplementation to salt stressed maize
resulted in vigorous growth of these plants under saline conditions.

Although nitrate is the predominant form of nitrogen nutrition available to plants,
ammonium ions present in the external environment are also available for
assimilation and be used directly for protein biosynthesis. Plant growth in mixed
nitrate /ammonium nutrient solutions under controlled conditions is usually superior
to that on nitrate alone (Hageman and Reed, 1969; Hageman, 1984; Pessarakli and
Tucker, 1985b; Shaviv, 1990). Plants usually utilise nitrate preferentially to
ammonium (Scherer and MacKown, 1987) and nitrate uptake from a mixed solution
is often greater than from nitrate alone (Below and Gentry, 1987; Bock, 1987,
Scherer and MacKown, 1987). Nitrate and ammonium nutrition studies have shown
that the form of nitrogen supplied exerts a pronounced effect on the growth and
chemical composition of a plant (Maynard and Baker, 1969; Maizlish et al., 1980;
Novoa and Loomis, 1981; Greef and Kullmann, 1992). The observed antagonism
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between ions such as nitrate and chloride forms the basis for the hypothesis that
nitrate fertilization can reduce the deleterious effects of salinity on plant growth but
the factors involved in this apparent salinity-fertility relationship are not well
understood.

2.4.1 The influence of the nitrogen source on growth and metabolism of salt
stressed plants

2.4.1.1  Plant growth and productivity

The form of nitrogen supplied to salt stressed plants, either as nitrate (NO5™-N)
only, ammonium (NH4*-N) only, or as a combination, has a pronounced effect on
the growth response of the plant. Peanut plants grown in hydroponic culture in the
presence of 50 mM NaCl reacted favourably to the addition of KNO; up to 7 mM by
exhibiting a significant enhancement in growth (Silberbush et al, 1988). Shoot dry
weight production was more stimulated by NO;™ than root dry weight but the
addition of NO5" lead to an increase in root length and root diameter such that they
were similar to those in the absence of salt at the same NO;™ concentration. Similar
results were obtained when the plants were supplied with NH,* as sole nitrogen
source, even at NaCl concentrations up to 100 mM (Leidi et al., 1992). Nitrate
additions of up to 20 mM were shown also to have positive effects on the fruit yield
of tomato and melon plants exposed to maximum salinity concentrations of 110 mM
(Feigin et al., 1987). Maize plants fed with 4 mM KNO; showed no reduction in dry
mass and only a very slight reduction in fresh mass when exposed to S0 mM Na(Cl,
although, their ammonium-fed counterparts were severely inhibited by salinity, even
at levels as low as 20 mM (Lewis et al., 1989). The greater sensitivity exhibited by
maize to salinity when supplied with NH,* as sole nitrogen source is reflected by
other plant species. Ammonium-grown wheat (Lewis et al., 1989) and cotton (Leidi
et al., 1991; Leidi et al., 1992) supplied with NaCl were shown to produce less
biomass than those supplied with NO5™. The larger growth inhibition caused by
salinity in NH,*-fed plants has been proposed to be the result of a combination of
several factors. As NH,* is exclusively assimilated in the roots (Blacquiere, 1987;
Van Beusichem et al, 1988; Lewis et al., 1989), it is metabolically more expensive to
roots than NOj™ as it necessitates the diversion of large quantities of carbon to the
roots to provide carbon skeletons for the products of nitrogen assimilation
(Blacquiére, 1987). As the energy supply for growth is limited in salt stressed plants
(Section 2.2.3.2), such a diversion may result in insufficient energy and carbon
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availability for root growth (Leidi et al., 1992). The similarity in growth of salt
stressed peanut plants supplied with either NO3™ or NH,* is thought to reflect a
higher capacity of peanuts to assimilate NH,* in the roots (Leidi et al, 1992).

There is much evidence which indicates superior growth of plants under normal
(unstressed) conditions when supplied with mixed NO;/NH,™ nutrition (Hageman,
1984; Pessarakli and Tucker, 1985b; Bock, 1986; Olsen, 1986b). Little is knowmn,
however, about how the proportion of NO;:NH,* supplied to salt stressed plants
affects growth and productivity. An increase in the supply of NO;” + NH,* (1:2) to
salinized tomato and cucumber plants resulted in an increase in the shoot and root
dry weights although tomato was more positively affected by the mixed nutrition
than cucumber, which grew better when the nitrogen source was NO;™ alone (Cerda
and Martinez, 1988). Shoot dry weights of peanut plants supplied with NO5™ +
NH,* in a 1:1 ratio not only did not change when the nitrogen concentration was
increased from 2 to 6 mM, but were unaltered when the NaCl supply was increased
from 0 to 50 mM (Silberbush and Lips, 1988). In this instance, the reproductive
organs of the plant displayed a greater sensitivity to the salt stress than the
vegetative structures. When salt stressed wheat plants were supplied with mixed
NO;/NH,™ nutrition in ratios of 3:1 and 1:1, larger grain yields were obtained than
when plants were supplied with NO5" alone (Shaviv ef al, 1990). In addition, grain
dry matter in plants supplied with the 1:1 nitrogen mixture was equal to, or greater
than that in plants grown in non-salinized soil supplied with NO5™ only.

24.1.2 Nitrogen assimilation

An alteration in the dry matter production in response to nitrogen supply must
reflect changes in the process of assimilation of nitrogen into proteinaceous
compounds. Limited information is available, however, regarding the effect of
levels and forms of nitrogen on patterns of nitrogen uptake, NR activity and protein
production in the presence of salt. When peanut plants grown in the presence of 50
mM NaCl were supplied with increasing KNO; levels up to 9 mM, an increase in the
shoot and root nitrogen concentrations were detected (Silberbush er al, 1988). A
stimulation of NR activity by increased NO5" supply was also detected in the same
study. Leidi et al. (1992) showed, however, that an increase in the NaCl supply to
cotton and peanut plants caused little change to the concentration of nitrogen in all
plant parts, irrespective of the nitrogen source. When the NOy™ supply was
increased to tomato plants, an associated increase in NOy™ uptake was found to be
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dependent on the level of salinity supplied to the plants (Papadopolous and Rendig,
1983). At low salinity levels (10 mM) a significant increase in NOj™ uptake was
observed with an increase in NO5™ supply up to 1.2 mM but at salinity levels of 50
mM and 95 mM, NO;™ uptake was inhibited significantly regardless of NO5™ supply.
Papadopoulos and Rendig observed that the NO5™ and salinity supply had the same
effect on leaf nitrogen concentrations as obtained for NO5™ uptake.

Martinez and Cerda (1989) compared the effect of NaCl and nitrogen source on
NR activity of tomato and cucumber leaves. These workers showed that at high
levels (15 mM) of nitrogen, supplied as NO5™ only or NO;~ + NH,* (1:2), NR
activity decreased when the NaCl concentration was increased, an effect which was
not observed at low nitrogen concentrations. Thus, an increase in the nitrogen
concentration, regardless of form, led to an increase in inhibition of NR activity by
salinity. It was noted also during the above investigations that when plants were
exclusively supplied with NOj", the enzyme activity was 5-6 times greater than when
they were supplied with a mixed source of nitrogen. Furthermore, when Martinez
and Cerda analysed the accumulation of leaf NO5~ they demonstrated that
irrespective of the salinity treatments, leaf NO;™ contents were always higher when
the plants were fed with NO;™ than with NO;™ + NH,*. Salinity treatment did
cause a significant decrease in leaf NO5™ content, but only when NO;" was the sole
nitrogen source.

Protein synthesis in plants supplied with different forms of nitrogen has been shown
to be altered under conditions of saliriity stress (Abdul-Kadir and Paulsen, 1982;
Pessarakli and Tucker, 1985b; Pessarakli et al, 1989; Shaviv, 1990). When equal
quantities of NO;-N or NH,*-N were supplied individually to three bean cultivars
under normal (non-saline) conditions, it was noticed that the plants absorbed more
NO;™-N than NH4+-N (Pessarakli et al,, 1989). This was associated with a higher
protein content in NO5" fed than NH,* fed beans. When the same bean cultivars
supplied with varying amounts of NO;~ or NH,* were exposed to a salt stress,
nitrogen metabolism and protein synthesis was significantly inhibited, regardless of
the source of nitrogen (Pessarakli et al., 1989). Both the crude protein and protein-
N contents of all three cultivars were severely depressed by salt, with shoot protein
being more adversely affected than that of the root. This result appeared to indicate
that under conditions of a salt stress, NO;™ incorporation into protein was more
severely affected than NH,* incorporation. Shaviv et al. (1990) have shown that
although the total nitrogen content of grain was found to decrease with an increase
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in NaCl supply to wheat, higher seed nitrogen contents were obtained when the
plants were treated with mixed NO5*/NH,™ nutrition than with NO;™ alone. An
alteration in the NO3"/NH,* ratio from 3:1 to 1:1 led to an increase in grain
nitrogen content. Furthermore, the relative increase in grain nitrogen content
induced by the 1:1 treatment became more pronounced as the salinity level was
raised, and often reached levels greater than non-salinized plants treated with NOy’
only. Shaviv and coworkers commented on the potential for obtaining higher grain
protein yields from salt stressed wheat by controlling the proportion of NO4y-NH,*
supply to these plants.

2.42 The effect of the nitrogen supply on uptake of Na* and CI ions

An increase in the NO,™ supply from 1 mM to 9 mM caused a concomitant
decrease in the Na* and Cl- concentration of shoots, but not roots, of peanuts
salinized with 50 mM NaCl (Silberbush et af., 1988). Similarly, the Cl- content of
tomato plants supplied with 10 mM, 35 mM and 70 mM Cl- was depressed by
increasing the NO;™ concentration from 7.5 mM to 20 mM (Kafkafi et al., 1982).
Melon plants exposed to high concentrations of NO;3™ (20 mM) also contained low
concentrations of Cl- when supplied with NaCl up to 90 mM (Feigin et al, 1987).
Leaves of salt stressed cucumber and tomato plants exhibited reduced CI-, but not
Na* contents when supplied with NO;" levels up to 15 mM (Cerda and Martinez,
1988). In addition, this beneficial NO;~ effect ou tomato and cucumber tended to
decrease as the NaCl concentration was increased from 4 to 100 mM. As reflected
by growth and nitrogen metabolism, plants supplied with a mixed nitrogen nutrition
often behave differently to those supplied with a single nitrogen source (Section
2.