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Abstract
The studies described in this thesis were concerned with evaluating the salt tolerance 
mechanisms of Plantago maritima (L.). This species, a perennial herb, is found growing 
in various habitats including saline coastal environments where it can withstand soil 
salinity concentrations of up to 300mM NaCl. Three populations of Plantago maritima 
were studied: an upper saltmarsh, a lower saltmarsh and a sea-cliff population. The 
comparison of populations from different habitats, and presumably different in vivo saline 
conditions, was hypothesised to lend itself to the determination of the salt tolerance 
mechanisms of this species. Growth, ion accumulation, ion efflux and non-structural 
carbohydrate concentrations were investigated for Plantago maritima plants grown in up 
to six different NaCl treatments over one and nine weeks. Growth was measured in terms 
of weekly fresh weight, leaf length, root length and final dry weight and water content. 
Shoot and root ion contents and ion efflux were determined by flame photometry, while 
soluble and insoluble carbohydrate contents were determined using High Performance 
Liquid Chromatograohy and enzyme analysis respectively.

In terms of growth, plants from all three populations of P. maritima displayed 
significantly decreased fresh weight with increasing NaCl treatment. Water content also 
significantly decreased which was a mechanism of concentrating the inorganic ions in the 
cells enabling further water uptake from the growth medium. A decreased shoot:root 
ratio was seen in response to increased salinity and this, along with an increase in leaf 
succulence was also taken as indicative of salt tolerance in this species. Population 
differences were observed in that the sea-cliff population did not survive nine-weeks 
exposure to the highest NaCl treatment and the leaves of this population were 
significantly smaller than the leaves of the saltmarsh populations. This reduced leaf 
length was a genetic feature of this population, however, and was not related to the salt 
concentrations of the external medium.

Increasing external NaCl treatment significantly increased shoot and root inorganic ion 
concentrations, with significant transport of sodium from the roots to the shoots taking 
place. Conversely, potassium ion concentrations decreased in both shoots and roots with 
increased external NaCl, although sufficient potassium to maintain healthy growth was 
retained in the tissues. The efflux of inorganic ions onto the leaf surface was measured 
and it is proposed that, although this is a passive process, it is a mechanism of salt 
tolerance in P. maritima. Significantly more sodium than potassium was effluxed onto 
the leaf even when the leaves contained more potassium than sodium. The retention of 
potassium in the leaves is also seen as a salt tolerance mechanism of this species. No 
population differences were seen with respect to both ion accumulation and ion efflux.

The sugar alcohol sorbitol has previously been proposed as a compatible metabolite and 
possible osmolyte in Plantago  species, as increasing amounts of sorbitol have been 
shown to accumulate in shoots and roots in response to increased external and tissue 
sodium ion concentrations. Sorbitol was found to be a major photosynthate in the 
populations of P. maritima studied here. However, no significant accumulation of 
sorbitol in response to external NaCl concentrations was found for shoots or roots of 
plants from any population. Sorbitol did not significantly accumulate in the shoots in 
response to increased shoot sodium ion concentration and the carbohydrate was not



proposed to have a role in osmotic adjustment in this organ. The accum ulation of 
inorganic ions was shown to have been the major contributor to the osmotic adjustment 
of the shoots for all three populations of Plantago m aritim a. There was, however, a 
significant increase in root sorbitol concentration of the two saltmarsh populations, in 
response to root sodium ion concentration. This would suggest sorbitol to have a role as 
a com patible m etabolite and possible osmolyte in this organ. Significantly higher 
amounts of sorbitol were accum ulated in the saltm arsh species than in the sea-cliff 
species and it is proposed that this reduced sorbitol accumulation is partly responsible for 
the lower salt-tolerance displayed by the sea-cliff population.

In conclusion, Plantago maritima  is a salt tolerant species which is proposed to have 
different salt tolerant mechanisms in the shoots than in the roots. D ecreased water 
content, increased sodium ion efflux and a decreased shoot:root ratio are involved in salt 
tolerance of the shoots. Increasing concentrations of inorganic ions, and not sorbitol, are 
responsible for osm otic adjustm ent in the shoot with sorbitol having a role as a 
compatible metabolite. Sorbitol accumulation in the roots in response to increasing NaCl 
concentrations is, however, proposed as being important in osmotic adjustment and root 
recovery after alleviation of salinity stress. The lack of any significant differences 
between populations in terms of ion accumulation and sorbitol accumulation in the shoots 
could suggest that Plantago maritima has some genetically pre-determined tolerance of 
high salt levels (up to 300mM NaCl).
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Chapter 1 -  Introduction

1.1 - Salinity in agriculture

Environm ental stress is the major factor lim iting plant productivity (Hare et a i ,  

1998), although it must be remembered that an environment which is stressful for one 

plant may not be stressful for another. Abiotic stresses causing a decrease in cellular 

w ater i.e. drought, high soil salinity and tem perature extrem es, nevertheless, are 

responsible for the greatest agricultural losses (Hare et al., 1998). Soil salinity, 

particularly due to high NaCl concentrations, can be considered as the single most 

widespread soil toxicity problem facing production of many crop species (Dionisio- 

Sese & Tobita, 2000). For many crop plant species, increases in soil salinity levels 

result in decreased yields, even though salinity is not incompatible with life as at least 

one half of the total plant productivity of the biosphere is found in the ocean (Rains, 

1972). The question is one of degree i.e. whether the salt level is excessive or not. 

Plants are found living in saline deserts, an environm ent where water is a limiting 

factor, as well as moist salt marshes, an environm ent with unlim ited amounts of 

water. Thus the effect of salt on plant growth and survival is not always coupled with 

restrictions in water supply. The regulation of salt as well as water is however, almost 

always necessary in a saline environment (Rains, 1972).

The response of plants to saline environm ents is o f interest to people of many 

disciplines. In agriculture the problem of salinity becomes more severe every year as 

non-saline soils and waters become more intensively exploited. Projected human 

population growth rates for the next thirty years (8 billion by the year 2020 (Miflin, 

2000)) will require an increase in food production equal to 20% in developed 

countries and 60% in developing countries to m aintain present levels o f food 

consum ption (USSL, 1999). Increasing dem ands for plant products for food, 

chemicals and energy will require that many of the arid and semi-arid regions of the 

world be used for crop plant production (Ramage, 1980). The problems of excess soil 

salinity and the potential use of brackish water for irrigation have thus created a need 

for salt tolerant crops. The acquisition of the characteristics of salt tolerance would 

increase yields of plants grown for food or income by increasing the acreage of land 

that could be dedicated to growing economically important crops (Shannon, 1984). In 

Pakistan alone, there are 5.8 million hectares of salt-affected land which could be 

economically utilised and made productive by growing salt tolerant crops (Mahmood 

et al., 1996). Globally there are an estimated 77 million hectares of salt-affected land 

due to man-made practices and a further 32 million hectares as a result of geological 

and geographical reasons, aridity and high evaporation (Reynolds, 1998), with a
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further 10 milHon hectares lost each year because of saline conditions (Blumwald, 

1999).

A saline soil contains enough soluble salts in the soil profile (mostly either calcium or 

sodium) to decrease the growth of most crop plants. Therefore, there is a need to 

remove salt to yield a successful crop. Soil salinity is a world-wide phenomenon but, 

in general, salinity problems are most serious in countries having areas where arid or 

semi-arid climates exist as rainfall is not sufficient to transport salts from the root 

zone (Carter, 1975).

Long & Baker (1986), divided saline terrestrial environm ents into three distinct 

categories according to the basis of their salination: (1). coastal halomorphic soils, 

(2). naturally halomorphic inland soils and (3). soils salinised through irrigation.

Coastal halomorphic soils

These include salt marshes, brackish marshes and mangrove swamps. Soil salinity is 

caused by seawater inundation and consequently the predominant ions are Na"̂  and Cl" 

H owever the presence of high concentrations of Mg^"  ̂ and S O / ' which may be 

inhibitory to plant growth should not be overlooked (Long & Baker, 1986). Coastal 

saltmarshes are exposed to air for the majority of the time but they are subjected to 

periodic flooding as a result of tidal fluctuations and are thus dynamic environments 

(Adam, 1990). Owing to the relatively high concentrations of sodium in the saltmarsh 

soils, aggregation of soil particles is prevented which results in a poorly structured 

soil (M cNamee & Jeffrey, 1976). A poorly aggregated soil impedes drainage and 

slows down the penetration of tidal and rain water which can mean that tidal water 

may influence the top few centimetres of soil only (M cNamee & Jeffrey, 1976). 

Evaporation of w ater from the soil surface can also greatly decrease the water 

potential of the soil. In a study of Bull Island saltmarsh, Co. Dublin, Ireland, for 

example, the water potential of the soil fell to nearly -S.OMpa during the summer 

months, which corresponds to a salinity roughly twice that of sea-water (M cNamee & 

Jeffrey, 1976). Plants subjected to the water-logging conditions frequently found in a 

saltmarsh also have to contend with anaerobic soil conditions, which can bring 

quantities of iron and manganese into solution that may be sufficient to kill sensitive 

plants (Crawford, 1989).

Naturally halomorphic inland soils

These are most abundant in arid and semi-arid regions of the world where there are 

high evaporation rates and capillary action draws salts upwards towards the surface 

(Long & Baker, 1986). While salinity is not necessarily associated with aridity, in 

many deserts the salt factor may be of larger ecological significance than the water
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factor (Luttge & Smith, 1984). Dryland salinity poses a major threat to many rural 

industries. In Australia, for example, farmer surveys show that 2.5 million hectares of 

productive land are affected by soil salinity with the number expected to increase six

fold in the coming decades (CSIRO, 1999). In this instance the loss to agricultural 

production is estim ated to be in excess of $130 m illion, in conjunction with high 

impacts on biodiversity.

Soils salinised through irrigation

M any of the problem s of increasing soil salinity are com pounded by irrigation 

practises that lead to secondary salination. Salinity has been a part of irrigated 

agriculture for millennia because, under some conditions, even the best quality water 

may lead to salt accum ulation in the soil to a level detrim ental to m ost crops 

(Shalhevet, 1993). In modem agriculture the tendency is to apply water in the most 

efficient and economic way i.e. the amount of water applied = the amount of water 

lost via evapotranspiration. Therefore, if no excess w ater is applied for leaching, 

between irrigations salts accumulate in the soil profile (Shainberg, 1975). If leaching 

and drainage are adequate, however, water with dissolved salts at 500-1000ppm can 

be used on all but the most sensitive agricultural plants (Levitt, 1980). The problem 

of secondary salination usually represents the loss of once productive agricultural 

land. While only 15% of the world's cultivated land is irrigated, it accounts for 35- 

40% of the global food harvest. In the United States alone yield reductions due to 

salinity occur on an estim ated 30% of all irrigated land while world-w ide, crop 

production is limited by approximately 50% (USSL, 1999)

1.2 - Breeding for salinity tolerance 

1.2.1 - Conventional breeding methods

The concept of breeding plants with increased salt tolerance for growth in the salt 

affected regions of the world is not a new one. As early as 1940 Lyon wrote (in a 

paper on tomato tolerance of sodium sulphate), that ‘it may be possible and desirable 

to select and breed plants for tolerance to saline conditions’ (cited in Epstein et a l ,  

(1980)). Since the 1960's the genetic approach to the problem  of salinity tolerance 

has gained ground and many breeding programs have been put into place to look at 

the effect of salinity on many crop species. Attempts have also been made to enhance 

existing salt tolerance and to introduce salt tolerance to certain crops.

The purpose of plant breeding is to increase or stabilise yields of desirable plant parts 

or products. Yield and traits that stabilise yield are characteristics under genetic 

control. The phenotype of a plant is the result of all the genes of the plant interacting
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with each other and the environment. The quality and quantity of plant growth is 
affected by both the environment and the hereditary potentialities of the plant (see 
Figure 1.1). A successful variety is one which has a genotype balanced to 
accommodate the particular genetic characteristics of the variety e.g. height, leaf 
width, chlorophyll content or salt tolerance (Ramage, 1980). A salt tolerant variety 
will be of little use if it does not produce an acceptable yield of desirable plant parts 
or products. Therefore, in breeding for such a complex character as salt tolerance, 
selecting a most favourable background genotype will probably be much more 
important than selecting the character itself (Ramage, 1980).

Wild relatives of some crops are reported to be more salt tolerant than cultivated 
varieties while for other crops the situation is reversed e.g. both Daucus carota 
(carrot) and Apium graveolens (celery) have a halophilic ancestry (see Bailey, 1942 
cited in Everard et a l,  (1994)) and in the cultivation and breeding of these species, 
salt tolerance has been inadvertently bred into the cultivated variety. The four wild 
species of tomato {Lycopersicon peruvianum, L. cheesmanii, L. pennellii and L. 
pimpenelifolium) are more salt tolerant than the cultivated tomato (L. esculentum) and 
have been used as sources of genes in breeding for improved salt tolerance in the 
cultivated tomato (Taha et al., 2000). However, many families that contain important 
crop species have not evolved salt tolerance e.g. Rosaceae and Rutaceae (Jeffries & 
Rudmik, 1984). If genetic information for a complex trait such as salt tolerance is 
absent or only partially present the potential for crop improvement using conventional 
breeding techniques is limited (Rains et al., 1980). Most crop plants with the 
exception of barley and sugar beet fall into this category (Jeffries & Rudmik, 1984). 
Wild barley and Middle Eastern landraces of barley have already proven to be a 
fruitful source of genes for crop improvement (Ellis et al., 2000). Phenotypic markers 
have not been used successfully in any concerted breeding effort, one problem being 
that salt tolerance is a complex trait governed by a number of genes and the 
importance and expression of each is dependent on its interaction with other salt 
tolerance genes and the external salt concentration (Shannon, 1985). Candidate crops 
for improvement through conventional breeding methods are those that presently 
exhibit some degree of salt tolerance e.g. tomato, potato, barley, sugar beet.

However, regardless of the advent of modem biotechnological methods, attempts to 
enhance salt tolerance in traditional crops have only been marginally successful. This 
is because the links between physiology and biochemistry and the genetics of certain 
processes have not been established (Miflin, 2000) and also because of the difficulty 
in the genetic dissection of salt tolerance, a multi-genic trait (Jain & Selvaraj, 1997; 
Gisbert et al., 2000). The effort might be better spent either on the domestication of 
naturally salt tolerant plants rather than on improving salt resistance of conventional
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Hereditary Potentialities Environmental Factors

These impose Hmits within which 
the environment can produce 
modifications in structure and 

function

Precipitation, temperature, soil 
water and other factors affecting 

transpiration and other plant 
processes

Physiological Processes and Conditions

W ater absorption, ascent of sap, water 
potential, carbohydrate metabolism 

▼

Quality and quantity o f growth

Size of cells, morphology, succulence, types 
and amounts of various compounds

F igure  1.1: The quality and quantity of plant growth is influenced and controlled by 
the plants environm ent and hereditary potentialities, operating through physiological 
processes and conditions. (From Kramer, 1980).



crops (Noble & Rogers, 1992; Flowers & Yeo, 1995) or on investigating the factors 
that influence salt tolerance in naturally salt tolerant plants and attempting to 
‘recreate’ such tolerance mechanisms in crop plants e.g. the synthesis of organic 
osmotica in plants which would not normally produce such compounds (Noble & 
Rogers, 1992).

1.2.2 -  An alternative approach

Aside from conventional breeding methods, another avenue of breeding for salinity 
tolerance is the investigation of naturally salt tolerant plants. Plant communities 
within the intertidal zone of coastal ecosystems provide a model to study the growth 
of plants in saline conditions. Plants from such zones grow and reproduce over a 
range of salinities. Attempts have been made to examine variation in physiological 
traits in individuals of different species in relation to salt tolerance. This is useful as 
(1). a whole range of responses to salinity are shown and (2). physiological traits that 
appear selective can be used in a breeding programme (Jeffries & Rudmik, 1984). 
Algal genera such as Dunaliella, which includes many extreme salt-loving species 
and higher plants such as Mesembryanthemum crystallinum have provided substantial 
insights into the response of salt tolerant species to stress, which when compared 
directly with non-salt tolerant plants, has lead to greater comprehension of salt 
tolerance mechanisms (Hasegawa et a i ,  (2000) and references therein). Plant 
molecular models, such as Arabidopsis thaliana, while not in itself a salt tolerant 
plant, have allowed investigation of the molecular and cellular processes involved in 
salt tolerance including the insertion of genes controlling organic solute accumulation 
(Hayashi et a i,  1997).

The accumulation of organic solutes is seen as an adaptive mechanism of many salt 
tolerant plants allowing continued growth and survival in adverse conditions and 
genetic engineering to increase levels of some of these organic solutes appears to be a 
promising approach in efforts to increase the ability of plants to tolerate 
environmental stresses (Sakamoto & Murata, 2000). Transgenic tobacco plants have 
been engineered with the ability to produce mannitol (Tarczynski et a l ,  1993; 
Karakas et al., 1997), fructans (Pilon-Smits et al., 1995) and enzymes involved in 
trehalose synthesis (Romero et al., 1997) and glycinebetaine synthesis (Hayashi et a l, 
1997). The transgenic plants accumulate these compounds and appear to have 
improved resistance to various stresses e.g. a positive correlation exists between the 
accumulation of betaine and the acquisition of salt tolerance in Zea mays and cold 
tolerance in Hordeum vulgare (Sakamoto & Murata, 2000). However, many 
questions still remain to be answered such as whether osmolyte levels are reliable
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indicators of stress tolerance in breeding programmes, or whether the maximum 
absolute concentration of compatible solutes are always adequate to account for 
significant stress tolerance (Hare et a l, 1998). An understanding of the role of these 
compounds in plants which naturally accumulate them would be important in 
elucidating the role of these compatible solutes in stress situations. The introduction 
of genes modulating cation transport into the plant may be another avenue of 
exploration. Yeast genes that modulate cation transport were introduced into 
transgenic tomato plants and salt tolerance improved (Gisbert et al., 2000), while 
Arabidopsis thaliana showed improved salt tolerance when genes increasing the 
activity of a protein involved in ion selection were introduced (Blumwald, 1999). 
Again, however, further research is needed to fully elucidate the roles of such genes 
in salt tolerance.

The use of salt tolerant and salt-loving plants grown in highly saline environments for 
crop production is another avenue available and the potential for economic biomass 
production is clear. One example of a newly domesticated salt tolerant plant is 
Salicornia bigelovii Torr (S0S7) (cited in Zurayk & Baalbaki, (1996)) which is 
grown as a fodder crop. Other examples of the uses of salt tolerant plants are 
Puccinellia maritima (Jeffries & Rudmik, 1984) which is grown in western Australia 
and Inula crithmoides (Zurayk & Baalbaki, 1996) which is grown in the Lebanon, 
both of which are used as fodder. Sesbania rostrata (Fabaceae), is a another salt- 
tolerant plant which has been suggested as having a future use as a forage crop or 
green manure in salt-affected lands (Mahmood, 1998), while Kosteletzkya virginica 
(L.) (sea-mallow -  Malvaceae), has been suggested as a grain crop for seawater based 
agriculture as it produces relatively large seed with good nutritive value and 
production and flowering is enhanced by salinity (Blits & Gallagher, 1990).

1.3 - Growth in saline environments 

1.3.1 -  Physiological effects

The consequences of salinising the soil or culture solution in which a plant is growing 
are well known. Eventually, if enough salt is added, growth will decline and the plant 
will die be it salt tolerant or not (Flowers et al., 1977). What is generally much less 
clear, is the cause of any effect on growth (Flowers et al., 1991). Plants, when 
exposed to saline environments, must contend with three basic physiological 
problems: (1). maintaining favourable water relations despite decreasing soil water 
potential (2). coping with potentially toxic concentrations of ions and (3). obtaining 
sufficient nutrient ions despite the predominance of other non-nutritive ions in the
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external media (Greenway & Munns, 1980; Rains et al., 1980; Flowers, 1985; 
Gorham et al., 1985).

Water stress due to decreased soil water potential

Water stress is a general condition, in that it can be caused by a number of factors, 
and it can be expected that the adaptations of plants to salinity may show features 
similar to those of drought adaptation (Luttge & Smith, 1984). The quantity of water 
an organism uses dictates the power of separation needed between solute (inorganic 
ions) and solvent (water) (Yeo, 1998). Gas exchange in plants is correlated with 
water loss as the concentration of water vapour in the leaf is greater than the water 
vapour concentration in the air surrounding the leaf: a rapidly transpiring rice plant 
can change it’s leaf water ten times an hour in full daylight -  1000% it’s body weight 
(Yeo, 1998). Plants are, therefore, rarely fully hydrated and plants have to replace 
this water from a soil solution over which they have little control.

The availability of water is described by the term water potential ('P) which is a 
quantitative expression of the free energy associated with water and can be used as a 
measure of the water stress a plant is experiencing (Taiz & Zeiger, 1998). The water 
potential of a plant is comprised of three main parts: the osmotic potential ( 'F J , which 
relates to the solute status of the cell and is lowered by the addition of solutes to the 
water, the pressure potential ('Fp), which relates to the turgor of the cell and is reduced 
by negative pressure and raised by positive pressure, and the gravity potential ('Fg) 
relating to the effect of gravity on the free energy of water and which depends on 
height. The accepted relationship between these potentials is given as:

In soils there is also a term, describing the matric potential of the soil, which in 
plants is largely ignored as it remains insignificant until the tissue is badly dehydrated 
(Hsaio et al., 1976). The gravitational component of the total water potential is often 
ignored also, as it is negligible when vertical distances are small (less than 5 metres) 
(Taiz & Zeiger, 1998). Therefore, when dealing with water transport in plants at the 
cellular level, only 'F„ and are considered.

Water enters the plant by osmosis, an energetically spontaneous process i.e. water 
moves down a chemical potential gradient, from a region of high chemical potential 
(outside the plant) to a region of low chemical potential (inside the plant) (Taiz & 
Zeiger, 1998). As water moves into the plant cells from the external medium, the cell 
wall exerts a resistance pressure on the expanding protoplasm and the turgor potential 
increases. This results in a increase in the total cell water potential and the difference 
between the cellular and external water potentials is reduced, eventually reaching

7



equilibrium and water uptake stops. W ater can also move out of the plant cell if the 

external T  is more negative than the cell 'F. This will lower the osmotic potential of 

the cell as, when the cell ^  is lowered, to maintain substantial turgor the other 

com ponents of this cell water potential must also be lowered (Hsaio et a l ,  1976). 

Herein lies the challenge facing plants growing in saline environments.

One of the first problems encountered by a plant in a saline soil is dehydration due to 

a lowered external w ater potential. Seawater has a solute potential of between -2 .0  

and -S.OMPa (M cNamee & Jeffrey, 1976; Long & Baker, 1986), which means that 

any plant subjected to inundation by seawater m ust be capable of achieving an 

internal w ater potential more negative than this in order to maintain water uptake 

(Long & Baker, 1986). Plants growing in saline soils can have tissue water potentials 

in the range -2 .0  to -S.OMPa for healthy, unwilted leaves (Jeffries et al., 1979), while 

in crop plants leaf water potentials o f -1 .2  to -1 .6M Pa are only found in wilted leaves 

(Crawford, 1989). The environm ental salinity range encountered by saltmarsh 

species has been reported as varying between -0 .3M Pa for upper saltmarsh plants to 

twice sea-w ater for middle saltmarsh plants (Jeffrey, 1987), for plants from Bull 

Island saltmarsh. North County Dublin and also in N orfolk (UK). O ther coastal 

environm ents, e.g. sea-cliffs, have been less extensively monitored for soil salinity 

levels but as the only exposure to salinity is mostly through sea-spray, and although it 

is hard to estimate the effect of evaporation and rainfall, it could be assumed that soil 

salinities would, perhaps be higher (i.e less negative) than those of the saltmarsh. 

Reported soil salinity values for a sea-cliff in Cornwall have ranged from -0.09M Pa 

to -0 .2M Pa (Malloch, 1971).

During severe stress, osmotic adjustment by decreasing the osmotic potential, reduces 

the amount of cellular dehydration as water potential declines (Karakas et al., 1997). 

A lowered internal (osmotic) potential can be achieved in one of two ways: (i) 

dehydration of the tissue which would concentrate the existing tissue solutes or (ii) 

raising the solute content of the cells either by uptake of inorganic ions or internal 

production of osm otically active solutes (Hsaio et al., 1976). A lthough solute 

accum ulation represents a mechanism for m aintaining a positive turgor potential 

(generally required for stomatal opening and expansion growth (Zhang et a l ,  1998)), 

the accumulation of excessive amounts of inorganic ions can lead to further problems 

for the plant (see section 1.3.4). Munns et al., (1983) are of the opinion that growth 

responses of plants from saline environments are dom inated by water relations and 

that most of the differences in salt tolerance seen between plants can be related to the 

ability to accumulate sufficient inorganic ions for osmoregulation. An important 

param eter of the w ater relations of plant cells is the high elastic nature of the cell 

walls which m eans that volum e changes involved in responding to fluctuating
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external water potential are small, which in turn means that internal osmotic 

potentials, and therefore internal ionic concentrations do not need to change much and 

much of the changes are in the turgor potential (Dainty, 1979).

If salt stress were due to decreased water availability only, in the absence of ion 

uptake the effect of salinity should be the same as that of water stress. Studies 

comparing the effect of equiosmolar concentrations of polyethylene glycol (PEG) and 

saline solutions on growth, ion accumulation and water potential of salt tolerant plants 

have shown that responses of plants to PEG were similar to those of plants grown in 

saline solutions indicating that most of the effects can be ascribed to low osmotic 

potentials and not salinity per  se (Jeffries et a i ,  1979). Conversely, studies on non
salt tolerant species (e.g. red kidney bean plants, Lagerwerff & Eagle, (1961); 

Hordeum vulgare cv. Arimar Storey & Wyn-Jones, (1978)) have shown that the 

addition of NaCl to the rooting medium is more damaging to the plant than is the 

addition of PEG to an equiosmolar concentration. Therefore salinity must induce an 

additional stress effect besides that of lowered water potential alone.

Specific ion toxicity

According to the definition of Berstein & Hayward, (1958), ion toxicity refers to ‘any 

inhibition in growth or function which appears related to the excessive accumulation 

of a specific ion’. However, these authors also state that it is hard to distinguish 

between toxic effects and specific ion effects and many authors treat such effects as 

one and the same. Halomorphic soils may contain 1,000-10,000 times the 

concentration of sodium and chloride ions necessary for plant growth (Long & Baker, 
1986). While chloride is an essential micronutrient for all plants, being involved in 

the oxygen-evolving system of photosynthesis (Marschner, 1995), sodium is not 
believed to be an essential micronutrient for the majority of plants, although it has 

been shown to be essential for a range of plants, mainly those with C4 photosynthesis 

(Long & Baker, 1986). NaCl affects a wide variety of membrane functions including 

selective permeability (Shalhevet, 1993), transport of organic and inorganic solutes 

and polysaccharide secretion across the plasma membrane (Long & Baker, 1986). 
Studies o f the effect of NaCl and equiosmolar sorbitol solutions on membrane 

leakiness in soybean leaf discs, have shown that the susceptibility of membranes to 

damage was specifically due to inorganic ions and not due solely to osmotic effects 

(Leopold & Willing, 1984). Sodium and chloride ions have also been found to inhibit 
translation of mRNA in salt sensitive Triticum aestivum and Pisum sativum as well as 

in salt tolerant Beta vulgaris and Atriplex nummularia. This was clearly an ion effect, 
not merely a water effect, as translation was not perturbed by addition of organic 

osmotica (Gibson et a i ,  1984). Studies investigating a specific toxic effect of salt
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have used comparisons between different salts e.g. NaCl, CaClj and organic osmotica 
to confirm that specific ions are toxic to plants. In a study of membrane leakiness in 
soybean, Leopold & Willing, (1984) found that exposure to different cations caused 
differences in the amount of membrane leakage with ammonium ions followed by 
sodium ions causing the most damage. However, the relative toxicity of specific ions 
remains unclear and may vary among plant species (Jain & Selvaraj, 1997).

Ion imbalance

Ion imbalance specifically results from disturbed ionic ratios in the cells after 
predominant accumulation of salt ions, NaCl being the most widely encountered 
example (Luttge & Smith, 1984). Elevated sodium and chloride ion concentrations 
may, therefore, influence the uptake of other ions. High concentrations of sodium 
have been shown to decrease the uptake of potassium ions in some plants e.g. Atriplex 
canescens (Glenn et al., 1992) and many other members of the Chenopodiaceae 
(Reimann & Breckle, 1993) but increase potassium uptake in other plants e.g. 
Triglochin maritima (Jeschke, 1984; Jeffries & Rudmik, 1990). Inhibition of 
potassium ion uptake by high sodium levels, could produce potassium deficiency 
symptoms in plants even though the rooting medium may contain sufficient potassium 
for normal growth (Marschner, 1995). A decreased nitrogen uptake with increasing 
external NaCl has also been reported for bean plants (Berstein & Hayward, 1958) and 
Plantago maritima (Sheehy-Skeffington & Jeffrey, 1988), while Levitt, (1980) and 
references therein, provide evidence for depression in uptake of Mg^^, Ca^^, and 
inorganic P by plants grown in increasing NaCl concentrations. The reduction in Câ "̂  
levels is probably caused by displacement of Ca^  ̂ by Na"̂  at the ion binding sites in 
plant cells which results in impaired membrane function preventing further Ca^^ 
influx, but stimulating Na"^influx (Jain & Selvaraj, 1997). The depression of Câ "̂  
uptake by increased soil sodium ion concentrations can have severe effects on plant 
growth as Ca^^ ions have limited within-plant mobility and therefore cannot be easily 
re-translocated from mature tissues to supply the needs of developing tissues, where 
they are required in high amounts (Brown et a l, 1999). However, care must be taken 
if assuming a mineral deficiency is the sole cause of salt injury as, for example, a 
reduced uptake of may occur in the absence of injury in some salt-grown plants as 
Na"̂  is replacing the as a nutrient (Levitt, 1980).

As the chemical properties of sodium and potassium ions are remarkably similar, the 
problem of potassium deficiency in plants grown in saline media should be taken into 
consideration. Potassium is an essential micronutrient in plants being involved in 
charge balancing in the cytoplasm, activation of crucial enzymatic reactions and 
contributing to the cell turgor (Marschner, 1995; Maathius & Sanders, 1996). In
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contrast, as already stated, sodium is only essential for a number of species with C 4  

photosynthesis where it functions as a micronutrient in the translocation o f pyruvate 

across the chloroplast membrane (Brownwell & Crossland, 1972). A large excess of 

sodium over potassium is not therefore beneficial. The precise transport system  for 

sodium uptake into the cell is still unknown (Sakamoto & Murata, 2000), although 

many potassium ion transport system s have som e affinity for sodium ions (Levitt, 

1980; Niu et a i ,  1995; Maathius & Sanders, 1996). Sodium  in the cytoplasm also 

com petes for potassium binding sites and hence inhibits m etabolic processes that 

depend on potassium (Marschner, 1995).

M ost authors agree that decreasing water potential, ion toxicity and ion imbalance 

combined, result in the majority o f the effects and responses seen when plants are 

subjected to increasing concentrations o f NaCl in the rooting medium. Some of the 

salinity effects o f high sodium ion concentrations can be ameliorated by the presence 

of other elements in the growth medium e.g. calcium and nitrogen. Maintenance o f a 

constant NaVCa^"  ̂ ratio in the rooting m edium  partially protects against salinity  

damage (Long & Baker, 1986; Shalhevet, 1993). Cramer et al., (1988) monitored 

root extension rates in salt-stressed maize and showed that in the presence o f 75mM  

NaCl, lOmM Câ "̂  in the growth medium com pletely reversed the effects o f NaCl i.e. 

there was no inhibition o f root extension, compared with almost immediate inhibition 

in the absence o f calcium. The relative leakage of solutes from soybean leaf discs 

exposed to NaCl was reduced with the addition of CaClj to the bathing solution, 

although only at CaCl2  concentrations below lOOmM (Leopold & W illing, 1984). 

Câ "̂  can facilitate higher K'̂ /Na'̂  selectivity and therefore appears to have a major role 

in ion transport into the plants and subsequent ion effects (Jain & Selvaraj, 1997; 

Sakamoto & Murata, 2000). Nitrogen can also ameliorate the presence o f high 

concentrations o f inorganic ions e.g. the addition o f nitrogen up to 28m gr‘, to a saline 

growth medium, increased growth in saltmarsh and inland populations o f Plantago  

maritima (Sheehy-Skeffington & Jeffrey, 1988).

Another hypothesis on the causal effect o f increasing external salt concentrations on 

growth has been developed over the past 25 years. Several authors have suggested 

that information concerning the root environment is signalled to the shoot through 

transport o f plant growth regulators from root to shoot (Itai & Vaadia, 1965). Lemer 

& Amzallag, (1994), contend from studies on Sorghum bicolor, that the effects o f salt 

on plant growth are not caused directly by increasing concentrations o f sodium and 

chloride ions within the plant cells, but are caused by changes in the concentrations of 

plant growth regulators namely giberrellic acid and cytokinin. Absisic acid is also the 

subject of much debate as a regulator o f plant growth by influencing stomatal and 

hormonal behaviour (Itai & Vaadia, 1965; Zhang & Davies, 1987; Zhang et al., 1987)
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and by regulating ion entry into the shoots by causing a reduction of ion transport 
across the cortex of the root to the xylem and thus into the shoots (Jennings, 1976).

1.3.2 - Halophytes and glycophytes

Plants have evolved a number of adaptive mechanisms to cope with the presence of 
salt in their natural growth environment. The most significant of these mechanisms is 
actual tolerance by the plant of high levels of salt within its tissues (Flowers et a l,  
1977). This ‘true tolerance’ has been found to provide the greatest tolerance of salt 
and is characteristic of most plants inhabiting extremely saline environments (Rains et 
a i,  1980).

Although in reality there is a continuous range of salt tolerance in plants, in general, 
plants that are able to grow and complete their life-cycle in the presence of high levels 
of salt (300mM+) are termed halophytes ("salt plant") and those lacking such 
tolerance are termed glycophytes ("sweet plant") (Flowers et a i ,  1977). Many 
definitions of halophytes and glycophytes have been proposed but for the purposes of 
this thesis the above definition will be used. The optimal concentration of sodium 
chloride for growth of halophytes in culture solution ranges from 20-500mM although 
this can vary with age, humidity, day length, light intensity and the strength of the 
culture solution (Flowers et a i,  1911 \ Lerner & Amzallag, 1994). In discussing 
halophytes, it should be noted that some species actually require high levels of salt for 
optimum growth, so called ‘obligate halophytes’. However, although some species 
have a salt requirement for optimum growth e.g. Atriplex vesicaria, Suaeda aegyptica, 
Salicomia sp., many salt marsh species can be grown under garden cultivation, a fact 
noted as early as 1903 (Schimper (1903) cited in Adam, (1990)). A simple definition 
of a halophyte would therefore be any plant which survives to complete it’s life-cycle 
at high salinities but which does not necessarily show any obligate requirement for the 
very high ion concentrations in which it can survive (Jennings, 1968; Flowers et a l, 
1977).

Both sodium and chloride ions are readily taken up by halophytes and glycophytes. 
Most dicotyledonous halophytes e.g. members of the Chenopodiaceae (Popp, 1983), 
absorb sodium ions, transport these ions to the leaves and either excrete the excess 
ions through salt glands or bladder hairs, or tolerate them until the concentration is too 
high and cells start to die (Gorham et al., 1980). On average more than 90% of the 
sodium ions in halophytes is in the shoots, and at least 80% of this is in the leaves 
(Flowers et al., 1977). Some plants e.g. Aster tripolium, Triglochin maritima, can rid 
themselves of excess salt by shedding old salt-rich leaves (Albert, 1975). 
G lycophytes e.g. Oryza sativa (D ionisio-Sese & Tobita, 2000) and some
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monocotyledenous halophytes e.g. Puccinellia airoides, Agrostis stolonifera, Festuca 
rubra (Popp, 1983; Hodson et a l ,  1985), are leaf-excluders, only allowing small 
amounts of sodium to reach the leaves, most being retained in the roots and stems 
(Flowers et a l,  1977; Gorham et al., 1980; Greenway & Munns, 1980). A review by 
Volkmar et a l,  (1998) of the physiological responses of plants to salinity concluded 
that the difference between halophytes and glycophytes in their ability to 
compartmentalise inorganic ions in the leaves is the main characteristic separating the 
two groups of plants. As well as ion exclusion at the leaf level conferring a degree of 
salt tolerance to plants, ion exclusion at the root level also occurs as seen with Apium 
graveolens (celery) plants: when grown in increasing concentrations of salt, the 
internal root ion content does not increase suggesting that this plant is an ion excluder 
(Stoop et al., 1996). Ion exclusion at the root level is also seen in certain varieties of 
Oryza sativa (rice), the most salt-tolerant varieties being the ones with the lowest root 
sodium ion concentrations (Dionisio-Sese & Tobita, 2000).

The ability to tolerate high external NaCl concentrations is not unique to halophytes 
as in glycophytes the capacity for tolerance of high external salt levels is also seen as 
long as the imposition of stress is gradual e.g. pre-treatment with NaCl for three 
weeks enabled Sorghum bicolor plants to withstand 300mM NaCl in the growth 
medium, which is lethal to unadapted plants (Seligmann et al., 1993). A primary 
difference between halophytes and glycophytes appears to be, therefore, the ability of 
the former to survive salt shock i.e. exposure to high levels of salt in a short space of 
time. This gives the halophytes an advantage as it allows the establishment of a 
metabolic steady state for growth in a saline environment more rapidly than in the 
glycophytes (Hassidim et al., 1990; Hasegawa et al., 2000). That halophytes can 
withstand salt shock was demonstrated by a study on Suaeda maritima exposed in one 
step to 200mM NaCl. The plants responded quickly to this increase in salinity (a 
matter of a few days) and osmotic adjustment took place in the form of increased ion 
accumulation, increased fresh weight and altered growth rate (Clipson, 1987). 
Although no comparative study with a glycophyte species was conducted at the same 
time, from this study it would appear that the relative success of this halophyte, and 
perhaps halophytes in general, in a saline environment may be a result of the ability to 
respond rapidly to increased salt in the growth environment.

The accumulation of high concentrations of inorganic ions within the plant tissues is a 
form of osmotic adjustment which may help the plant withstand salt stress and water 
deficit by maintaining sufficient turgor for growth to proceed (Rodriguez et al., 1997). 
However, halophytes seem to lack any unique metabolic machinery that is insensitive 
to, or activated by, high NaCl concentrations (Flowers et al., 1977; Niu et a l, 1995). 
For example, in a comparative in vitro study of Suaeda maritima (halophyte) and
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Pisum sativum  (glycophyte), enzym es from both species were equally as sensitive to 

NaCl (Flowers, 1972). Isolated enzym es from other halophytes have subsequently 

been found to have reduced activities in the presence o f NaCl (see Table 3 in Flowers 

et a l ,  1977). Instead, plants ultimately survive and grow in saline environments 

because o f osm otic adjustment through intracellular compartmentation o f ions and 

accumulation o f  organic solutes (H asegaw a et al., 2000). The accumulation of  

inorganic ions in response to decreased water potentials may be beneficial to the plant 

as there is evidence that plants previously exposed to periods o f water stress show an 

improved capacity to tolerate subsequent periods o f water stress e.g. sorghum, maize, 

wheat (Morgan, (1984) and references therein).

1.3.3 - Growth responses and adaptations

Coupled with the ionic stresses inherent in growth in saline conditions, water stresses 

due to increased salt concentrations also affect the overall growth o f plants (see 

section 1.3.1). Vascular halophytes show a wide diversity in growth responses to 

salinity. Som e o f the most tolerant halophytes e.g. members o f the Chenopodiaceae 

require NaCl concentrations o f between 100 and 200m M  NaCl for optimum growth 

(Glenn & O'Leary, 1984), and in som e crop species, genotypes which decreased 

relatively little in growth with increasing NaCl performed poorly at low  NaCl 

concentrations e.g. in sugar beet, the ‘salt-sensitive’ varieties yielded more than the 

‘salt-tolerant’ varieties at low salinity (Munns et al., 1983).

As external water declines with increasing salinity there is less water available for 

uptake by the plant roots. Water stress develops over tim e and changes in 

m orphology becom e apparent. The first change is most likely a slow ing down of 

shoot and leaf growth (Hsaio, 1973; Kramer, 1980) which is brought about by a 

reduction in turgor pressure (Jain & Selvaraj, 1997). Inhibition o f leaf expansion 

reduces carbon and energy consumption, leaving a greater amount o f photoassimilate 

to be diverted into root growth (Taiz & Zeiger, 1998). These processes can perhaps 

lead to an decreased shoot:root ratio as salinity increases. A decreased shoot:root 

ratio has been seen as an adaptive m echanism to external stress as this effectively  

reduces the amount o f biomass participating in evapotranspiration and/or increases 

the amount o f biomass involved in water uptake. The overall effect is a reduction in 

water lost to the atmosphere relative to the amount o f water taken up from the soil and 

this has been emphasised as having a critical role in the stress tolerance o f plants 

(Hare et al., 1998).

With further declines in tissue water potential, cell division may decrease and stomata 

may close  causing a decrease in transpiration and CO 2 assim ilation. There is
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evidence that salt accumulation can interfere directly with photosynthesis in non- 
halophytes e.g. Phaseolus vulgaris and Oryza sativa (Robinson et al., 1997), but in 
halophytes, this inhibition is unlikely to occur at realistic salt concentrations 
(Flanagan & Jeffries, 1988). Munns, (1993) cited numerous experiments involving 
crop species, where decreasing turgor and photosynthesis along with increasing 
accumulation of inorganic ions were not responsible for the decreased plant growth 
seen in saline environments. It was proposed by Munns, (1993) that there is a two- 
phase growth responses to increasing salinity: growth is initially inhibited by (i) 
cellular responses to the osmotic effects of external salts i.e. decreased water 
availability rather than specific ion effects (phase 1) and (ii) growth is further 
inhibited by accumulation of salt in the leaves which senesce causing reductions in 
photosynthesis and further decreases in growth (phase 2) i.e. there are short-term and 
long term effects of salinity and both combine to reduce overall growth. It was 
further proposed that all species respond identically to salt in the short-term (phase 1) 
and relative tolerances are related to the response of species to long-term (phase 2) 
salt exposure (Munns, 1993). If this bi-phasic model were true, it would have 
implications for breeding programmes and rapid screening methods as the more salt- 
tolerant varieties would take time to distinguish from the more salt-sensitive varieties.

A number of structural changes often occur with increasing salinities: (i) increasing 
succulence (ii) changes in the number and size of stomata (iii) thickening of the 
cuticle (iv) earlier occurrence of lignification and (v) changes in the number and 
diameter of the xylem vessels (Stroganov (1962) and Waisel (1972) cited in 
Poljakoff-Mayber & Gale, (1975)). Stomata can play an important role in salt 
tolerance and there is some evidence from studies with the glandless Aster tripolium, 
that two alternative adaptations occur in the stomata of halophytes, either (i) the guard 
cells utilise Na^ instead of to achieve normal regulation of turgor or (ii) the guard 
cells continue to use and are able to limit their intake of Na^ perhaps via ‘top 
down’ control of transpiration which would decrease the amount of sodium delivered 
to the shoots (Robinson et a l,  1997).

Xeromorphic responses are also displayed by many halophytes in response to 
increased salinity. An extreme example of xeromorphy is in Salicomia  spp., where 
the leaves are reduced to scales and the major photosynthetic organ is the stem (Long 
& Baker, 1986). Other xeromorphic features include thickened cuticles and rolled 
leaves with the stomata confined to the upper surface e.g. Ammophila arenaria and an 
increase in cell wall thickness and total leaf thickness e.g. in Olea europea (L.) 
(Bongi & Loreto, 1989) and in halophytic members of Poaceae, Cyperaceae and 
Juncaceae (Luttge & Smith, 1984). Many halophytes, however, do not show any
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xerophytic adaptations e.g. plants from saltmarsh habitats often have thin cuticles and 

sunken stomata which do not restrict transpiration (Crawford, 1989).

N evertheless, the dom inant structural feature shared by many halophytes and 

xerophytes is succulence (Luttge & Smith, 1984). The development of succulence is 

a feature of many halophytic plant species when exposed to increased levels of NaCl 

in their growth environm ent e.g. A triplex hastata (Black, 1958). This succulent 

response is brought about by a water increase in response to increased salinity, which 

is a near-universal feature of halophytes (Glenn & O 'Leary, 1984; Long & Baker, 

1986). Cell expansion in both shoots and roots can be inhibited by salinity by 

changes in hydraulic conductivity and cell wall extensibility (Neumann, 1997) and a 

decreased number of cells, due to an inhibition of cell division by salt (Jennings, 

1968), can be com pensated for by increasing the size of the cells, also a succulence 

response (Black, 1958). Succulence is seen as a mechanism for regulating cell ion 

concentrations in that inorganic ion concentrations are ‘diluted’ preventing excess 

build-up to toxic levels (Jennings, 1968; Jennings, 1976). However, in a study of 19 

plant genera, (Glenn & O'Leary, 1984) found that increased succulence correlated to a 

decrease in tissue w ater content which they attributed to regulation of osmotic 

potentials through dehydration and concentration of internal ions. Jennings (1976), 

however, has cautioned against the use of water content per unit dry weight as a 

measure of succulence as a decrease in dry weight can bring about an apparent 

increase in succulence when measured this way without any increase in leaf thickness. 

Nevertheless, the development of succulence is a feature o f many plant species when 

exposed to high NaCl levels in their growth environment and functionally, succulence 

requires the storage of both water and osmotically active solutes such as inorganic 

ions or organic metabolites or both.

Some plants possess salt glands or bladder hairs, both o f which enable the plant to 

reduce its internal ion concentration by active secretion e.g. Zoysia  sp. (turfgrass) 

possess salt glands (M arcum  et a l ,  1998) and some members of the Atriplex  genus 

possess bladder hairs (Jeschke & Stelter, 1983). Bladder hairs are highly vacuolated 

and can help to regulate leaf ion concentrations as they are seen to rupture during leaf 

ageing (Jeschke & Stelter, 1983). In the case of the turfgrass, salinity tolerance was 

positively correlated w ith salt secretion and salt gland density and negatively 

correlated with shoot saline levels (M arcum  et a l ,  1998). The occurrence of salt- 

excreting glands is also known in the Gramineae, Prim ulaceae, Plum baginaceae, 

C henopodiaceae and in the mangrove fam ilies A vicineaceae and A canthaceae 

(Crawford, 1989). A comparative study of four halophyte species which possess salt 

glands (Limonium vulgare, Spartina anglica, Glaux maritima and Armeria maritima), 

found the species which inhabit the more saline areas showed the highest secretion
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rate further emphasising the importance of these structures in salt tolerance (Rozema 

et a l ,  1981). Most secretion processes favour the excretion of sodium over potassium 

(Jennings, 1968; Rozem a et al., 1981), another indication of the im portance of salt 

glands in salinity tolerance. Some plants which do not possess salt glands can 

regulate their internal ion concentrations by excluding these ions from  young, 

developing leaves and preferentially accumulating them in older leaves which can 

then be excised (Albert, 1975; Cheeseman, 1988).

1.3.4 - A water and sodium problem

Higher plants do not expose their cellular metabolism to the external environment. If 

external saline solutions flowed unchecked into the plant and there was no export 

from the leaves, sodium and chloride ion concentrations in the leaves would be 30-70 

times greater than that of the external solution, when in reality leaves contain 

m aximum three times the concentration of external ions (M unns et al., 1983). 

Nevertheless, in the presence of high external concentrations of potentially harmful 

salts and under conditions of adverse water relations as found in a saline environment 

a suitable internal cellular environment must be provided in order to maintain growth 

and survival (Rains, 1972).

The high ion content of saline soils gives rise to a soil with a lowered water potential 

so that in order for water to continue being taken up by the root system, plants in 

saline conditions have to maintain an internal osm otic potential low er than the 

external w ater potential. The accum ulation of excess ions (m ainly sodium) by 

halophytes, often to concentrations higher than those found in sea water, may have a 

positive function in osmotic adjustm ent as this helps to lower the p lan ts’ water 

potential thus enabling maintenance of a high internal water content (Flowers et al., 

1977; Adam, 1990). However, this creates an internal problem  in the plant cells. 

W hile certain classes of enzymes e.g. those localised in the apoplast or catabolic 

enzymes active in dying cells, are salt tolerant irrespective of the salt tolerance of the 

host plant (Yeo, 1998), halophyte enzymes in vitro and in vivo for the most part, are 

no less sensitive to NaCl than those of non-halophytes (Flowers, 1972; Greenway & 

Osmond, 1972; Flowers et a l ,  1977). Thus, any excess of sodium ions in the cell 

cytoplasm would be disastrous for plant metabolism. Halophytes are faced with the 

problem of having to accumulate sufficient solutes to maintain internal cell turgor and 

water flow while at the same time preventing inhibition of cell metabolism by excess 

salt in the cytoplasm. W here then do the salt ions accumulate?

The answer appears to lie with compartmentation (Flowers et al., 1977; Cheeseman, 

1988). The mechanism of salt tolerance is consistent with a model where sodium and
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chloride are compartmentalised in the vacuole, isolated from the metabolic machinery 

of the cell i.e. there is differential accumulation of sodium ions in the vacuole (as seen 

using x-ray m icroanalysis on halophyte species e.g. Suaeda m aritim a  (Gorham & 

Wyn Jones, 1983) and Atriplex spongiosa (Storey et a l ,  1983). It has been estimated 

that cytoplasmic ion concentrations are approximately one-third to one-half those of 

the vacuole (Flowers et al., 1977). This partitioning of ions between vacuole and 

cytoplasm, allows maintenance of a low sodium cytoplasm and prevents interference 

with normal enzyme activities. Two plant cell membranes, the plasma membrane and 

the tonoplast, play a vital role in compartmentation. The plasm a membrane plays a 

pivotal role in minimising salt stress as it is the primary barrier between the cytoplasm 

and external cellular compartments e.g. the xylem vessels, or the root environment 

(Prins, 1995). Plasma membrane ion channels and other transport systems (pumps 

and carriers) are involved in both sodium ion influx and efflux processes (see Niu et 

al., (1995) for details). The tonoplast is also crucial in sodium ion compartmentation, 

m inim ising the cytoplasm ic sodium concentration, thus decreasing the osmotic 

potential of the cell (Prins, 1995). In a number of plant species, e.g. the halotolerant 

alga, Dunaliella salina  (Katz et al., 1992), and the halophyte Atriplex nummularia 

(Hassidim et al., 1990), this m echanism  involves a sodium  inducible NaVH"^ 

antiporter which, along with a low ion channel conductance from the vacuole in the 

direction of the cytoplasm (Prins, 1995), assures effective sequestering of sodium ions 

in the vacuole (M aathius & Prins, 1990a; M aathius & Prins, 1990b). W ith 

com parative studies between Plantago media  (salt-sensitive) and Plantago maritima 

(salt-tolerant), a sodium inducible NaVH"^ antiporter has been found to exist in roots 

of Plantago maritima  also, although activity of this antiporter was confined to the 

tonoplast and was absent from the plasm a m em brane (Staal et al., 1991). This 

sequestration of sodium  ions reduces cytoplasm ic sodium  concentrations and 

decreases the osmotic potential of the cell, both of which are important mechanisms 

in the defence o f Plantago maritima  against salt stress (Jeschke, 1984). The 

im portance of the NaVH"^ antiporter in conferring salinity resistance was recently 

confirm ed by genetic engineering using Arabidopsis thaliana. This plant showed 

increased salt tolerance when engineered to have increased NaVH^ antiport activity 

and could, presumably, be used as a model for increasing the activity of this antiport 

in crop plants where activity is naturally low (Blumwald, 1999).

An increasing concentration of vacuolar sodium ions would create a gradient in water 

potential across the tonoplast. As the tonoplast is not supported by the cell wall and 

thus cannot withstand any potential differences across it, the turgor potential and 

therefore the osmotic potential have to be the same in the cytoplasm and the vacuole 

(Dainty, 1979; Luttge & Smith, 1984). There must therefore be some mechanism to
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equalise the water potentials of the cytoplasm and the vacuole. One mechanism is the 
accumulation of a ‘compatible solute’ in the cytoplasm of the plant cell (Stewart et 
a l,  1979) which is considered to be a ubiquitous mechanism for allowing continued 
survival and growth in adverse conditions (Sakamoto & Murata, 2000). While energy 
is expended by plants in m aintaining ion gradients favourable for ion 
compartmentation (Volkmar er a/., 1998), the accumulation of such organic solutes 
also poses a question of the diversion of carbon from growth (Adam, 1990). Yeo, 
(1983) considered that the quantity of carbohydrate involved in vacuolar adjustment 
was of an order which would ‘compete seriously with growth’.

Osmotic adjustment in plants, in response to increased external salt concentrations, 
requires the regulation of the intracellular levels of several carbon compounds 
(carbohydrates, sugar alcohols and organic acids) and nitrogenous compounds (amino 
acids, quaternary ammonium compounds) many of which are assumed to be 
compartmentalised in the cytoplasm, whereas inorganic ions, mainly sodium and 
potassium, are sequestered in the vacuole or distributed between vacuole and 
cytoplasm (Rodriguez et al., 1997). Both of these mechanisms involve using energy 
which could otherwise be used for growth and the salt tolerance of a plant is, 
therefore, a question of balancing resources enabling continued sequestration of ions, 
synthesis of organic osmotica and maintaining growth processes.

1.3.5 - Compatible metabolites

Evidence for compatible metabolites (reviewed by Hellebust, (1976)) has been in 
existence for years. The term ‘compatible solute’ was introduced originally to 
describe the function of polyols (sugar alcohols) in the yeast Saccharomyces rouxii 
(Brown & Simpson, 1972) and was loosely defined as a solute ‘which at high 
concentrations allows an enzyme to function effectively’. The cell synthesises 
compatible solutes for the purpose of osmotic adjustment, hopefully generating 
appropriate solute potentials so that turgidity can be maintained (Jennings & Burke, 
1990). The term ‘compatible solute’ is simply that; it has a physiological meaning but 
does not explain anything about the functioning of such compounds (Bohnert & Shen, 
1999). Allocation of carbon to osmotic adjustment, therefore, is a mechanism (albeit 
expensive) that allows continued plant growth and development under periods of 
water deficit. Compatible solutes are not restricted to higher plants. Fungi and algae 
also accumulate solutes in response to increasing levels of external salt (for reviews 
see Lewis, 1984b; Jennings & Burke, 1990). In fungi, as in higher plants, the 
compatible solutes do not affect enzyme activity when at high concentrations and the 
metabolic pathways leading to their synthesis and catabolism are important in energy
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dissipation through substrate cycling (Jennings & Burke, 1990). Com patible 

m etabolites do not necessarily have to be accum ulated internally in plants cells to 

have a role in alleviation of stress effects. Exogenous application of glycinebetaine, a 

known compatible solute, to leaves or roots has been shown to increase tolerance to 

various stresses in natural and non-natural accum ulators (Agboma et a i ,  1997; 

Sakamoto & Murata, 2000), further emphasising the importance of such compounds 

in stress tolerance.

Solutes involved in osmotic adjustment are typically sugars, sugar alcohols, amino 

acids, inorganic ions and organic acids (Morgan, 1984). They are of low molecular 

weight, highly soluble and do not inhibit enzyme reactions at high concentrations 

(Jeffries et a l ,  1979). These compounds are typically uncharged at neutral pH and 

are of high solubility in water (Samaras et al., 1995). W hile perturbing solutes such 

as inorganic ions readily enter the hydration sphere o f proteins thus favouring 

unfolding, compatible solutes tend to be excluded from these hydration spheres and 

thus stabilise folded protein structures (Sam aras et ah, 1995). H owever, the 

biochemical mechanisms through which compatible solutes protect are still unknown 

(Bohnert & Shen, 1999). Com pounds which have been shown to increase in 

concentration in response to an external water stress and thus function as compatible 

metabolites include: quaternary ammonium compounds (Q AC’s) {e.g. glycinebetaine, 

choline-o-sulphate, prolinebetaine), amino acids {e.g. proline, alanine, taurine), sugars 

{e.g. sucrose) and sugar alcohols {e.g. mannitol, sorbitol, galactitol). According to 

Jeffries & Rudmik, (1984) there are two major groups o f plants that accumulate 

compatible metabolites in response to external salinity concentrations: (1). plants that 

produce high levels of soluble carbohydrates and/or polyols but no nitrogen solute 

e.g. Plantago maritima  and (2). plants that produce nitrogenous compounds under 

saline conditions e.g. members of the Chenopodiaceae. Jeffries & Rudmik, (1984) 

tentatively associated plants which accumulate soluble carbohydrates in response to 

increased salinity with brackish or freshwater conditions, or else the plants rooting 

system grew below the layer of saline sediment frequently found close to the surface 

in saltmarshes. Plants which accumulated nitrogenous com pounds in response to 

increased saline conditions, on the other hand, were associated with saline habitats 

only. Correlations between altered nitrogen metabolism and increased salt tolerance 

when plants are exposed to saline conditions have been reported e.g. halophytes have 

been found to contain high levels of betaine and exogenously applied betaine may 

enhance salt tolerance (Rains et al., 1980). The accumulation of betaine can occupy 

up to 17% of the leaf nitrogen at high salt levels (study on Suaeda monoica, (Storey et 

al., 1977) thus highlighting the importance of nitrogen supply to these plants. Similar
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results have been reported for proline and other quaternary am monium compounds 

(Storey et a l ,  1977).

Traditionally, stress physiologists have used three criteria for identifying potential 

osm olytes: (i) an increase in cellular abundance of the molecule in question in 

response to a decline in extracellular water potential (ii) appropriate physicochemical 

properties of the molecule when studied in vitro and (iii) comparative physiology as a 

tool to gain insight into w hether these osm olytes confer protection against 

physiological stress (Hare et a i ,  1998). Advances in enzyme purification techniques 

together with plant molecular genetics have shown that activities of enzymes involved 

in the synthesis of potential com patible m etabolites often increase after stress is 

induced, thus strengthening the argument that compatible metabolite production plays 

a crucial role in stress m itigation e.g. m annitol dehydrogenase in celery which 

converts mannitol to mannose in response to increased external salt concentrations 

(Stoop et al., 1996; Gucci et a i ,  1998). Further evidence for the role o f compatible 

metabolites in stress tolerance comes from experiments with transgenic plants where 

genes involved in compatible metabolite synthesis are inserted into host plants and the 

tolerance of such plants to a specific stress is enhanced. Many of the studies where 

this has occurred have used tobacco as the transformed plant and, to date, tobacco has 

been transform ed to synthesise fructan and trehalose ( both involved in drought 

tolerance) (Pilon-Smits et al., 1995; Romero et al., 1997), betaine (salt tolerance) 

(Gibon et al., 1997), and mannitol (salt tolerance (Tarczynski, 1992 cited in (Stoop et 

al., 1996)).

W hile compatible solutes may not be metabolically harmful, it is not safe to assume 

they are metabolically inactive. In many cell culture experiments, sugar alcohols are 

media supplements with an array of purposes and exogenously applied polyols can be 

incorporated into the carbohydrate fractions of the plants involved even if they would 

not normally produce these compounds (Steinitz, 1999). Jennings & Burke, (1990) 

state that, in fungi, com patible m etabolites ‘in addition to their role as osmotic 

com pounds, can be part of an ‘overflow m echanism ’ and can contribute to any 

‘energy spilling’ metabolism during grow th’. The overflow mechanism is initiated in 

conditions of excess carbon substrate availability and is a mechanism by which excess 

reducing equivalents are removed, while the energy spilling reactions occur in 

conditions of limited carbon availability and are m echanisms of producing carbon 

skeletons without net production of ATP, energy being dissipated through production 

of compatible metabolites (Jennings & Burke, 1990).

There may be a significant relationship between plant fam ily and the type of 

compatible solute accumulated. Storey & Wyn Jones, (1977) and Storey et al., (1977)
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have shown that glycinebetaine accum ulation is a feature o f m em bers of the 

Chenopodiaceae, A m aranthaceae, many G ram ineae and some m em bers o f the 

Solanaceae and the Compositae especially when exposed to conditions of low soil 

water potential. It is suggested that in these families betaine is employed as a non

toxic osmoticum when decreased osmotic potentials are required. There also appears 

to be a strong relationship between taxonom y and the type o f sugar alcohol 

accumulated and the presence or absence of a polyol can sometimes be used as a 

taxonomic m arker (Bieleski, 1982) e.g. sorbitol in the Rosaceae, mannitol in the 

O leaceae (Lewis & Smith, 1967), Apaiaceae and Rubiaceae (Keller, 1989) and 

dulcitol in the Celastraceae (Lewis & Smith, 1967).

1.3.5.1 -  Sugar alcohols

Sugar alcohols or polyols (polyhydric alcohols) are primary photosynthetic products 

in many higher plant species representing major constituents of the carbohydrate 

fraction (Popp & Smirnoff, 1995). Chemically, physically and biologically the sugar 

alcohols closely resemble the sugars to the extent that some of them are sweet to taste 

(Bieleski, 1982). With reference to the higher plants, Ziegler, (1975), identified three 

groups of plants based on the composition of sugars in their sieve-tube sap: (i) species 

with sucrose as the predom inant sugar e.g. Fabaceae, (ii) species which have 

considerable amounts of oligosaccharides as well as sucrose in their sieve tubes e.g. 

Myrtaceae, Olaceae and (iii) species which contain large quantities of sugar alcohols 

(polyols) in addition to sucrose and oligosaccharides e.g. Rosaceae, Plantaginaceae. 

Polyols contribute significantly to the worlds carbon economy as major constituents 

of marine phytoplankton and macroalgae as well as fungi (Loescher, 1987), and it has 

been estim ated that approximately 30% of the annual global primary productivity 

goes through polyols instead of sugars (Bieleski, 1982).

In most living organisms it is assumed that the first stage of polyol metabolism is 

direct oxidation to sugars but preliminary phosphorylation to a sugar phosphate may 

also occur; thus polyols are produced by direct reduction of sugars, either aldoses or 

ketoses, or sugar phosphates (Lewis & Smith, 1967; Keller, 1989). W hen produced 

from an aldose, the reduction process does not create a new symmetric centre so only 

one polyol is formed. However, reduction of a ketose gives a new symmetric centre 

and two polyols are possible e.g. D-fructose can yield either D-mannitol or D-glucitol 

(sorbitol) or a mix of both depending on the enzyme involved (Bieleski, 1982).

Polyols have been proposed as having a range of functions in higher plants: they are 

primary photosynthetic products, they may serve as carbon storage and translocation 

com pounds, aid in osmotic adjustm ent (role as com patible m etabolites), act as
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hydroxyl radical scavengers, cryoprotectants or heat protectants (Keller, 1989; Popp 

& Smirnoff, 1995). A lditols are more reduced than sugars and are, therefore, 

convenient com pounds for short or long term storage of both potential reducing 

power and carbon (Lewis, 1984b). There is a chemical advantage of polyol synthesis 

over sucrose synthesis as a store of energy. The production of sucrose from glucose 

and fructose, consumes three high energy phosphates, while in the conversion of a 

hexose to an alditol, four high energy phosphates are consum ed. In sucrose 

utilisation, either none or only one of these high energy phosphates is conserved. In 

the conversion of an alditol to a sugar (shown to be glucose, fructose and sucrose in 

the case of apple tissue), three high energy equivalents are recovered making alditols 

thermodynamically better than sucrose as stores of energy (Lewis, 1984b). As well as 

being found in higher plants, polyols are also common in algae, lichens and fungi, 

their occurrence in the latter being so frequent as to lead Lewis & Smith (1967) to 

name them as one of the principal carbohydrates of the basidiomycetes, ascomycetes 

and fungi im perfecti. M any have trivial names which give an indication of the 

species from which they were first isolated: sorbitol (D-glucitol), was nam ed for 

Sorbus sp., pinitol for Pinus  sp. and sequoyitol for the sequoias (Lewis & Smith, 

1967; Popp & Smirnoff, 1995). Some species accumulate polyols in minute amounts 

and in these species sugar alcohol metabolism plays a role in non-photosynthesising 

tissues and at specific developmental stages such as embryo and seed development 

(Steinitz, 1999).

There are two polyol forms depending on the carbon atom arrangem ent: acyclic 

polyols - carbon atoms in a straight chain {e.g. hexitols) or cyclic polyols -  carbon 

atoms in a circle (e.g. inositols). These two classes o f carbohydrates differ 

structurally and biosynthetically but they may function physiologically in a similar 

way (Lewis, 1984b). The acyclic polyols, also known as alditols, are named 

according to the num ber of carbon atoms they contain and are form ed by the 

reduction of sugars; one alditol is produced from each aldose while two alditols are 

related to each ketose, while the cyclic polyols are distinguished based on the number 

of hydroxyl groups attached to the ring (Lewis, 1984a; Popp & Smirnoff, 1995). The 

decisive difference between acyclic and cyclic polyols is that acyclic polyols are 

primary photosynthetic products (Moing et a i ,  1992). To date 17 alditols have been 

identified that occur naturally in higher plants the most common ones being mannitol, 

glucitol (sorbitol) and galactitol (dulcitol) (Keller, 1989), all of which are hexitols and 

differ only in their optical isom erism  and have identical general and chem ical 

properties (Bieleski, 1982). While it is hard to say which polyol form is more widely 

distributed, mannitol, an acyclic polyol, has been reported in more than 100 higher 

plant families, including many important horticultural and agronomic crops (Stoop et
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al., 1996) and in more than 85 species of basidiom ycetes (Lewis & Smith, 1967). 

M annitol comprises a significant portion of the soluble carbohydrate in species of 

O leaceae {e.g. olive), Apiaceae {e.g. carrot and celery) and Rubiaceae {e.g. coffee), 

and is found in and/or m etabolised by species of B rassicaceae {e.g. cabbage), 

Curcurbitaceae {e.g. squash and pumpkin) and Fabaceae {e.g. pea and bean) (Stoop et 

a i ,  1996). The site of synthesis of the alditols has been identified as the cytoplasm 

(Lewis, 1984b). There are four important features of alditol metabolism: (i) alditols 

are often synthesised in amounts greater than sucrose, (ii) like sucrose, alditols are 

synthesised outside the chloroplast, (iii) like sucrose, they are synthesised via their 

phosphates involving specific phosphatases and (iv) the enzym es m ost likely to be 

involved in alditol synthesis are N A D PH-dependent aldose phosphate reductases 

(Lewis, 1984b; Popp & Smirnoff, 1995).

Polyol accumulation has been reported in relation to drought, salinity and temperature 

extremes in higher plants, algae and fungi (Lewis & Smith, 1967; Bieleski, 1982). 

W hile accumulation could ultimately be due to decreased sink demand in plants due 

to growth inhibition, polyols are considered to have a role as com patible solutes as 

they are highly hydroxylated molecules that may mimic the structure of water and 

m aintain an artificial sphere of hydration around m acrom olecules thus protecting 

against water and salt stresses (S toop et al., 1996). Polyol accumulation in algae 

increases and decreases in response to hyper- and hypo-osmotic solutions much more 

rapidly than in higher plants and in this instance they have a clear role as osmotic 

solutes (Kirst, 1989). Many parasitic angiosperms accumulate polyols and it has been 

proposed that they contribute to the maintenance of low internal water potentials to 

drive water movement from the host plant (Richter & Popp, 1992), while in symbiotic 

and parasitic fungal/plant associations, rapid synthesis o f polyols by a fungus from 

host carbohydrates may be important in promoting the flow of carbohydrates into the 

fungal m ycelium (Lewis & Smith, 1967). H owever, very little is known about 

regulation of polyol accumulation in higher plants during w ater deficit and it is 

difficult to assess, particularly for acyclic polyols, to what extent alterations in growth 

and source-sink relations as opposed to increased rate of synthesis are responsible for 

accumulation (Popp & Smirnoff, 1995). A study with Plantago m ajor  leaf discs 

exposed to PEG (polyethylene glycol) showed increased accum ulation of sorbitol 

with increasing water deficiency. This response in leaf discs would suggest that the 

response is specific to water deficit and is not caused by alterations in source-sink 

relationships (Popp & Smirnoff, 1995).

Some of the polyols which have been attributed a role as compatible metabolites and 

the species in which they occur naturally are: mannitol, conferring salt tolerance in 

Apium graveolens  (S toop  et al., 1996), pinitol, conferring salt tolerance in the
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facultative halophyte M esembryanthemum crytallinum  (Adam, 1990) and drought 

stress in the tropical grain-legume pigeonpea {Cajanus cajan), (K eller & Ludlow, 

1993) and sorbitol, conferring w ater stress tolerance in various m em bers of the 

Rosaceae {e.g. apple, peach, apricot, plum, pear) and salt tolerance in members of the 

Plantaginaceae {Plantago maritima (Ahmad et a l ,  1979; Briens & Lahrer, 1983), 

Plantago coronopus (Briens & Lahrer, 1983)).

1.3.5.2 -  Sorbitol

Sorbitol is an six-carbon acyclic polyol commonly found in algae, fungi and higher 

plants {e.g. Rosaceae and Plantaginaceae). The carbohydrate was first isolated from 

Sorbus aucuparia, a member of the Rosaceae in 1872, and since that time many 

studies have demonstrated the general occurrence of sorbitol in this and other families 

(Bieleski, 1982). Sorbitol is found in apple {M alus dom estica  sp.) and apricot 

{Prunus salinica) leaves where it is a major final product of photosynthesis (Bieleski 

& Redgwell, 1977), and in coconut {Cocus nucifera) and com  {Zea mays) (see (Wang 

et al., 1996) and references therein). In mature apple and apricot leaves, sorbitol 

synthesis may account for more than half the newly-fixed COj found in soluble sugars 

(M oing et a i ,  1992). Within the Rosaceae, there is a definite pattern of sorbitol 

accumulation: members of the Spiridaeoideae, Pyroideae and Prunoideae all contain 

sorbitol (Bieleski, 1982). As a general rule of thum b, woody m em bers of the 

Rosaceae contain sorbitol while the herbaceous members produce sucrose as their 

main sugar.

Redgwell and Bieleski (1978) (cited in Lewis, (1984b)), studied the kinetics of 

labelling of components of the hexose-phosphate and free sugar fractions of apricot 

leaves and concluded that their data were consistent with the pathway:

fructose  -  6 -  phosphate sorbitol -  6 -  phosphate —> sorbitol

The inclusion of glucose 6-phosphate as the im m ediate precursor of sorbitol 6- 

phosphate is not inconsistent with their data (Lewis, 1984b). Indeed, in mature peach 

and apple leaves, the precursor of sorbitol biosynthesis is known to be glucose 6- 

phosphate (M oing et al., 1992; W ang et al., 1996). In apple leaves, glucose 6- 

phosphate represents a branch point in m etabolism  leading through aldose-6- 

phosphate reductase to sorbitol (Negm & Loescher, 1981). The biosynthetic pathway 

for mannitol has been established in Apium  graveolens  (wild celery) and a similar 

pathway has been proposed for the formation of sorbitol in apple leaves (Popp & 

Smirnoff, 1995). The pathway is as follows: triose phosphate is exported from the 

chloroplast to the cytoplasm, converted to glucose-6-phosphate then to sorbitol-6-
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phosphate and finally to sorbitol and inorganic phosphate. The main enzymes 

involved in the first step are either a NADPH-aldose*6-phosphate reductase or a 

N AD P-sorbitol-6-phosphate dehydrogenase and in the second step a sorbitol-6- 

phosphate phosphatase (Loescher er a/., 1982; Keller, 1989; Popp & Smirnoff, 1995) 

and references therein. Evidence that sorbitol 6-phosphate is an intermediate in the 

synthesis o f free sorbitol cam e with the discovery of a sorbitol-6-phosphate 

phosphatase in extracts of apple leaves (Grant & ap Rees, 1981). The structure of 

sorbitol and the pathway of sorbitol synthesis are illustrated in Figure 1.2(a)&(b) 

respectively.

D evelopm ental and physiological studies on the enzym es involved in sorbitol 

synthesis and degradation appear to conclude that synthesis and catabolism of sorbitol 

probably proceed via different pathways and use different enzymes in vivo (Loescher 

et a l ,  1982). When a tissue develops from sink to source i.e. developing leaves 

become mature leaves, there is a marked increase in sorbitol dehydrogenase activity 

coinciding with an decrease in aldose-6-phosphate reductase activity, which would 

suggest that im ported sorbitol may be converted to fructose and used for growth 

(Keller, 1989). In Rosacean tissues NAD-dependent sorbitol dehydrogenase seems to 

be the major catabolic enzyme that converts sorbitol directly to fructose with such a 

high K^ for fructose that this reaction is considered virtually irreversible (Keller, 

1989). The catabolic pathways of sorbitol in peach involve sorbitol dehydrogenase 

(NAD-dependent or NADP-dependent) or sorbitol oxidase in sink tissues (Moing et 

al., 1992). These enzymes are absent from mature peach leaves, which would suggest 

that the fate of sorbitol in leaves is either translocation or storage (Moing et al., 1992). 

The labelling experiments of Grant & ap Rees (1981) with apple seedlings, show the 

fate of photosynthetically produced sorbitol to be primarily storage with translocation 

of sorbitol from leaves to root tissues (suspected due to the low synthesis of sorbitol 

in the stems and roots of apple seedlings).

1.3.6 -  Salinity and respiration

Whole plant respiration may be divided into two categories: growth and maintenance. 

Growth respiration (Rg) supplies the energy for the synthesis o f new dry matter from 

carbohydrates and minerals, while maintenance respiration (R„) is concerned with the 

permanent turnover of certain organic compounds, the maintenance of ionic gradients 

and processes involved in physiological adaptation to a changing or harsh 

environm ent (Penning de Vries, 1975; Thomley, 1977; Amthor, 1989; Gary, 1989). 

A third component of respiration has also been defined, the energy requirement for 

ion uptake (Veen, 1980; De Visser et al., 1992) and ion transport across membranes.
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F igure 1.2 (a)& (b): (a) The structure of sorbitol (b) schem atic diagram
showing the synthesis of sorbitol from two triose phosphates. The enzymes 
involved are (1) an aldolase, (2) fructose 1,6-bisphosphatase, (3) hexose 
phosphate isom erase, (4) N A D PH -aldose-6-phosphate reductase and (5) 
sorbitol-6-phosphate phosphatase.



which has been estimated to be 6-lOmg glucose per g dry weight per day (Penning de 
Vries, 1975).

An increase in has been proposed in response to stress factors e.g. high 
temperature, salt, oxygen, and measurement of this respiratory increase may provide a 
measure of the cost to the plant of adaptation in terms of expenditure of assimilated 
carbon (Penning de Vries, 1975; Gale & Zeroni, 1985). Plants may divert their 
carbohydrates to the formation of adaptive structures e.g. thorns, or carbohydrates 
may be oxidised by respiration to meet energy requirements e.g. formation of organic 
solutes for osmotic adjustment or active secretion of excess salts against an 
electrochemical gradient (Gale & Zeroni, 1985). Studies of respiration with plants 
such as Xanthium strumariem, Phaseolus vulgaris, Zea mays and Atriplex halimus 
exposed to low salt levels have shown a relationship between increased maintenance 
respiration, decreased dry weight and salt tolerance (Schwarz & Gale, 1981; Gale & 
Zeroni, 1985). Jennings, (1976) report on a study of leaf respiration in Atriplex 
species exposed to salinity where the increase in respiration appears to be specific to 
sodium ion accumulation and not to substrate limitations. Sodium ions may, 
therefore, exert a specific effect on respiration which will have consequences for the 
plant as a whole.

1.4 -  Plantago maritima

Plantago maritima is a member of the Plantaginaceae, a family of 260 species mainly 
herbs. Located along sea-shores and salt marshes, Plantago maritima has a frequent, 
widespread distribution also being found inland, on mountains, rocks and lake-shores 
in the West and North of Ireland (Webb et a l, 1996) (see Figure 1.3 for distribution in 
Britain and Ireland). Plantago maritima is a perennial herb with a basal aggregation 
of leaves. Flowers are structured into inflorescences in spikes (see Plate 1.1) and the 
fruit is a capsule with two seeds (Watson & Dallwitz, 1995 onwards). In a study of 
Plantago maritima populations in Britain, five growth habit types ranging from 
decumbent (flattened) (habit 1) to erect (habit 5) were described by Gregor, (1946) 
and while improving growth conditions increased the proportion of erect types at the 
expense of other growth types, there was an overlap in growth types even at the 
extremes of habitat. Plants from the coastal regions are likely to be the least 
pubescent, with hairs scattered sparsely on the margins while plants from inland 
populations show greatest pubescence (Gregor, 1939). However, a study of Plantago 
m aritim a  from a sea-cliff in the Orkney Isles showed that at the cliff edge an 
extremely hairy form was found in abundance relative to other forms (Crawford,
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Figure 1.3: The distribution of Plantago maritima in Great Britain and Ireland (from 

Atlas of the British Flora (Perring & Walters, 1976).



Plate 1.1: Plantago maritima in flower. The plant was from the upper saltmarsh 

population of Plantago maritima on Bull Island Co. Dublin.



1989). The hairiness of Plantago m aritim a  leaves relative to habitat, appears 

therefore to be a variable feature of this species.

An adaptive feature of Plantago maritima  to changing environmental conditions is 

seen in some degree of phenotypic plasticity in leaf shape and leaf length. Phenotypic 

plasticity has been defined by Kuiper (1983), as ‘the ability of individual plants to 

alter some characters to m aintain them selves in the changing env ironm ent’. 

According to W ebb et ah, (1996) ‘plants (of Plantago maritima) from the seaward 

side of salt marshes have small leaves of circular cross-section whilst those from the 

landward side are usually larger and flat in cross-section.’ M cNam ee & Jeffrey, 

(1976), state that when exposed to increasing salt, Plantago maritima  sheds its outer 

leaves and ‘replaces them with shorter, often more cylindrical leaves’. This change in 

morphology is thought to be directly salt-induced and is considered a mechanism of 

salt tolerance resulting from increased succulence of the leaves (Jennings, 1968) and a 

decreased leaf area which would reduce evapotranspiration and conserve water. A 

study by Gregor (1956), cited in Bradshaw, (1965), describes a dw arf population of 

Plantago maritima  some individuals of which were growing in situ  in depressions 

which afforded some protection from the wind and were, consequently, taller than the 

plants growing in a more exposed area. This difference in height disappeared, 

however, upon cultivation. Plantago m aritima  therefore appears capable of rapid 

phenotypic change in response to adverse environmental conditions.

Compared with other members of the Plantaginaceae, Plantago maritima  displays 

more salt tolerant characteristics. It can withstand environmental NaCl concentrations 

of up to 300mM  (Staal et a l ,  1991) and may show growth stim ulation in low 

(<75mM) levels of NaCl (Erdei & Kuiper, 1979), while members such as Plantago 

media and Plantago lanceolata display reduced growth in salt concentrations as low 

as 25mM NaCl (Erdei & Kuiper, 1979; M aathius & Prins, 1990a). As inhabitants of 

saline sediments, the rates of germination of seeds of halophytes are low and seedling 

survival is poor (Jeffries & Rudmik, 1990). A small breeding total was reported by 

G regor in 1946 with reference to a Plantago m aritim a  population from a coastal 

habitat in Britain, but was not considered to be associated with a weak population. 

One way of resolving this problem of low seed-set is the developm ent of clonal 

propagation in the establishment of individuals in sediment. Such a mechanism of 

reproduction has been suggested for many perennial primary saltmarsh colonists e.g. 

Plantago maritima, Triglochin m aritim a, Puccinellia maritima, Spartina anglica. 

(Jeffries & Rudmik, 1990).

Along with other members of the Plantaginaceae, Plantago m aritim a  is reported to 

accumulate the polyol sorbitol in increased am ounts in response to external salt
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concentrations (Ahmad et al., 1979; Stewart et al., 1979; Briens & Lahrer, 1983). 

Sorbitol has been assigned a role as a com patib le m etabolite  and possible 

osmoprotectant in this species.

1.5 - Overall aims

This thesis aims to investigate the responses of Plantago maritima  to increasing NaCl 

concentrations, in terms of growth, ion relations and carbohydrate status . Particular 

em phasis is placed on the accum ulation o f the polyhydric alcohol, sorbitol, in 

response to increasing salinity as this compound is proposed to have an osmotic role 

in Plantago maritima  enabling continued survival in high salt stress conditions. The 

effect o f sorbitol accum ulation on respiration is also investigated  to test the 

hypothesis that increased organic solute accumulation results in increased respiration. 

Results gained from growth data (Chapter 2), ion data (Chapter 3) and carbohydrate 

data (Chapter 4) and comparisons of same between the three populations of Plantago 

maritima, may help in elucidating the salt tolerance mechanisms of this species.
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Chapter 2 -  Growth of three Plantago maritima populations 
in varying NaCl concentrations.

2.1 -  Introduction

Many of the studies of the effects of salinity on plants have been at the whole-plant 

level and have concentrated on the effects o f salt concentration on growth. Jennings, 

(1968) states ‘it is the ability to tolerate high concentrations of NaCl such that growth 

is unaffected, that distinguishes halophytes from other p lan ts’. Jennings, (1976) 

revises this definition and defines halophytes as ‘native flora of saline habitats’ while 

Flowers et al., (1977) prefer to define a halophyte as ‘plants that survive to complete 

their life cycles at high salinities’. Presumably in this latter definition of a halophyte, 

growth may or may not be affected. Thus when referring to growth responses, there 

is no universal definition of a halophyte.

Greenway & M unns, (1980) suggested that on the basis of growth responses to 

salinity, it is possible to recognise four groups of plants: (i) very salt-sensitive non- 

halophytes with a steep decline in growth with increasing salinity, (ii) non-halophytes 

and halophytes with a decrease in growth with increasing salinity and very little 

growth above 200-300m M  external chloride, (iii) halophytes with no growth 

stimulation but a small decrease in growth with increasing salinity up to 300-500mM 

external chloride after which a steep decline in growth occurs and (iv) halophytes 

showing growth stim ulation with increasing external salt concentration of up to 

200mM after which growth declines at higher salt concentrations. However, such 

classifications, although interesting, are not rigid in their definition as there is a 

continuum of plant growth responses to external salt conditions. D ifferent genotypes 

of a single species may show different responses, while responses to increased salinity 

may be mediated by addition/presence of other nutrients (most notably calcium (Jain 

& Selvaraj, 1997; Sakamoto & M urata, 2000) and nitrogen (Sheehy-Skeffington & 

Jeffrey, 1985)), an increase in culture solution strength {e.g. studies on Sorghum  

(Amzallag, 1997)) or an increase in humidity level (Jeschke, 1984). However, from 

studies on the specificity of growth responses to increasing salinity, all true 

halophytes appear to respond positively to NaCl (Flowers et al., 1977).

With increasing external salinity, changes in biomass partitioning can occur. Under 

sufficient nutrient supply, biomass is predominantly directed to the shoot (Hare et al., 

1998). In contrast, under osmotic stress e.g. increased salinity, a lower rate of overall 

biomass production is often associated with increased biomass allocation to the root 

(Hare et al., 1998). For many species, this decreased shoot:root ratio is very often the
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first step enabling continued growth in saHne conditions. By decreasing the ratio of 
above-ground biomass to below-ground biomass, plants are able to reduce water loss 
via evapotranspiration while increasing their capacity for water uptake (Hsaio, 1973; 
Poljakoff-Mayber, 1975). An increase in succulence of plants has also been directly 
related to continued growth in increasingly saline media (Jennings, 1968; Jennings, 
1976) and has been found for species such as Atriplex hastata (Black, 1958) and 
Phaseolus vulgaris (Jennings, 1976). The increase in cell water content in response to 
salt can be seen as an adaptive mechanism potentially ‘d ilu ting’ the ion 
concentrations, which could otherwise reach toxic levels in the cell. A decrease in 
tissue water content in response to increasing external salinity has also been seen as 
an adaptive mechanism concentrating the internal ions thus helping to lower the 
osmotic potential of the tissue which enables continued water uptake from the growth 
medium (Hsaio et a l,  1976; Glenn & O'Leary, 1984). Many halophytes display some 
degree of phenotypic plasticity which has been proposed as a method of enabling 
species to cope with environmental heterogeneity (Jeffries & Rudmik, 1984). 
Plantago maritima is no exception with leaf shape changing along an environmental 
salt gradient i.e. leaves have reduced length and are cylindrical in shape when plants 
are grown in high salt concentrations compared with longer, more flattened leaves 
when plants are grown in reduced salt concentrations (McNamee & Jeffrey, 1976). 
Such a change in leaf shape in response to increasing external NaCl concentrations is 
also found for Triglochin maritima and Puccinellia maritima (Jeffries & Rudmik, 
1990) and phenotypic plasticity enables the plants to accommodate gradual shifts in 
salinity.

In some species with no salt glands and little development of succulence, salt may be 
accumulated to high levels in leaf cells and the shedding and replacement of such salt
laden organs with new growth may be a means of controlling salt content of a species 
(Adam, 1990). In this respect, plants with rosette leaf patterns that are able to 
continually replace their leaves throughout growth e.g. Plantago maritima. A ster  
tripolium , Triglochin maritima  may be representative examples (Albert, 1975; 
Gorham et al., 1980).

Aims: The aim of these experiments was to investigate the growth responses of three 
populations of Plantago maritima growing in contrasting habitat types. It was hoped 
this would enable elucidation of some of the adaptive mechanisms employed by this 
species which enable it to grow in increased concentrations of NaCl. Population 
differences, especially between the sea-cliff population and the two saltmarsh 
populations, were expected based on the natural exposure of these populations to salt.
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2.2 -  Materials & Methods

2.2.1 -  Seed collection

Inflorescences of Plantago maritima  were collected from populations of plants in the 

upper and lower marsh zones of the Bull Island salt marsh, North Co. Dublin (Grid 

reference 0 2 2  37) and from a sea-cliff population at Blackhead, Co. Clare (Grid 

reference M l5 12). It was difficult to sample the low er saltm arsh population 

adequately due to low seed set and destruction of seeds by sea-water in plants from 

this location. Inflorescences from any plant considered to have set seed were 

collected and collection was, of necessity, not totally objective. M ature, intact seeds 

of all populations were removed from the flower heads in the lab, placed in envelopes 

and refrigerated at 4°C for further work.

2.2.2 -  Seed germination and growth

Seeds of Plantago maritima  were germinated on moist filter paper in Petri dishes. 

After allowing 2 weeks for germination and establishment, seedlings were transferred 

to a Conviron® growth chamber (23°C, 12h light/dark, light intensity 120|imol m'^ s' 

'), where they were placed in pots containing 120ml continually aerated, 1/5 dilution 

Hoaglands solution, modified to remove any sodium ions (see Appendix 1, Table 1). 

The plants were supported by placing them through a hole in a plastic square which 

was rested on top of the pot. The plants were protected from damage using cotton 

wool. Plants were grown for 2 weeks with no salt treatment to allow them to adjust to 

the liquid medium. After this time plants were random ly assigned (using random 

numbers tables) to a salt treatment. 50mM NaCl was added daily to each of the pots 

until the desired final NaCl concentration was reached (A hm ad et a l ,  1979). 

Solutions were topped up daily with distilled water to maintain a constant volume and 

solutions and NaCl treatments were renewed weekly (H odson et al., 1985). The 

w ater potentials of the final experimental treatm ents as determ ined by dew point 

psychrometry are given in Appendix 1, Table 2.

2.2.3 - Plant growth measurements

For all populations of Plantago maritima, whole plant fresh weights were taken each 

week. Longest leaf length and longest root length were also recorded for each plant 

each week (m odified from Sheehy-Skeffington & Jeffrey, 1985, 1988). These 

measurements were used as a non-destructive index of plant rather than as an actual 

measurement of plant size in relation to NaCl treatment. The relative growth rate of 

the plants was calculated from the fresh weights using the following equation:

(ln W ,-ln W ,)
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where In W refers to the natural log of the fresh weight of plants (after Hunt, 1979), t 
refers to time and the subscripts 1 and 2 refer to consecutive time intervals of a week. 
After nine weeks of treatment, plants were harvested, separated into roots and shoots 
and the fresh weights of these parts recorded. Plant parts were killed by immersion in 
liquid nitrogen, placed in separate envelopes and dried to constant dry weight in an 
oven at 80°C. After cooling in a desiccator, dry weights and water content of shoots 
and roots were determined. The water content in grams was determined by 
subtracting the dry weight (g) from the fresh weight (g), and from this gram value for 
water, the water content as a percentage of fresh weight was also determined.

2.2.4 -  Experimental design and data analysis

1. Nine week individual experiments - 6 NaCl treatments: Plants from an upper salt 
marsh, a lower saltmarsh and a sea-cliff population of Plantago maritima were grown 
for nine weeks in six NaCl treatments: 0, 50, 100, 200, 300 or 400mM NaCl. This 
enabled comparisons to be made within each population across a wide range of salt 
concentrations. The three populations were investigated individually in three separate 
experiments due to space restrictions in the growth chamber. There were five 
replicate plants per treatment.

2. Nine week simultaneous experiment -  3 NaCl treatments: Plants from the three 
populations were grown together for nine weeks in three NaCl treatments: 0, 50 or 
300mM NaCl. By reducing the number of treatments, all populations could be grown 
simultaneously allowing statistical analysis of any population effects. There were six 
replicate plants per treatment.

In all cases, plants were randomly assigned an NaCl treatment, and all plants were 
randomly positioned within the growth cabinet. All results from the above 
experiments were analysed using fully randomised Analysis of Variance (ANOVA) in 
the Datadesk® 6.0 PPC package. A one-way ANOVA design was used when 
treatment was the only factor, and a two-way ANOVA with interactions was used 
when treatment and population and/or time were factors. Treatment was a discrete 
factor in all cases and, where applicable, population and time were also discrete 
factors. Where necessary, raw data were transformed to obtain normal distribution 
before analysis. Any significant results and interactions were analysed using 
bonferroni post hoc testing as the sample sizes were invariably different for each 
treatment or treatment/population combination.
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2.3 -  Results

2.3.1 -  Nine week individual experiment

2.3.1.1 - Upper saltmarsh population; Fresh weight and relative growth rate 
measured over nine weeks are presented in Figure 2.1 (a)&(b) respectively. Longest 
leaf length and longest root length measured over nine weeks are presented in Figure 
2.2 (a)&(b) respectively. Analysis of variance results comparing initial and final 
fresh weight, relative growth rate, leaf length and root length values are presented in 
Table 2.1.

Table 2.1 -  F ratios and corresponding probability levels calculated from an analysis 
of variance of the comparison of growth parameters at the start of the experiment and 
at the end of the experiment. Plants were from an upper saltmarsh population of 
Plantago maritima grown for nine weeks in six NaCl treatments.

*** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05, not statistically significant.
________________________ Character_________________________

Source of variation Fresh weight Relative growth rate Leaf length Root length 

Time 495.74*** 62.36 *** 118.87*** 34.70***
Treatment 20.00*** 28 .94“  8.53 *** 1.79“
Time*treatment 7.94*** 1.17“ 3.09* 2 .09“

Fresh weight: After nine weeks, plant fresh weight had increased significantly 
(Figure 2.1(a), Table 2.1) although there was a significant difference in the response 
of fresh weight to treatment (Table 2.1). Bonferroni post-hoc results for this 
time*treatment interaction are presented in Table 2.2.

Table 2.2 -  Bonferroni post-hoc summary of the time*treatment interaction for the 
difference between initial and final fresh weight of plants from an upper saltmarsh 
population of Plantago maritima after nine weeks growth in six NaCl treatments. 0, 
50, 100, 200, 300 and 400 refer to millimolar NaCl concentrations.

*** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05, not statistically significant.
Comparison___________ P values

0, initial -  0, final
50, initial -  50, final ***

100 initial -  100, final
200, initial -  200, final
300, initial -  300, final
400, initial -  400, final **
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Figure 2.1 (a)&(b); (a) Fresh weight and (b) relative growth rate measured over 9 
weeks for an upper saltmarsh population of Plantago maritima grown hydroponically 
in 0, 50, 100, 200, 300 or 400mM NaCl. Values represent mean ± standard error of up 
to 5 replicates.
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Figure 2.2 (a)&(b): (a) Leaf length and (b) root length measured over 9 weeks for an 
upper saltmarsh population of Plantago maritima grown hydroponically in 0, 50, 100, 
200, 300 and 400mM NaCl. Values represent mean ± standard error of up to 5 replicates



Fresh weight increased most over time for the 0, 50 and lOOmM NaCl treatments 
(Figure 2.1(a)). At the end of the nine weeks, there were no significant differences in 
fresh weight between plants from these three treatments (p>0.05 for each comparison, 
bonferroni post-hoc testing). The fresh weight of plants from the 200, 300 and 
400mM treatments increased the least over the nine weeks (Figure 2.1(a)), and there 
were no significant differences between the fresh weight of these plants at the end of 
the experiment (p>0.05 for each comparison, bonferroni post-hoc testing). The OmM 
plants were had significantly more biomass at the end of the nine weeks than the 200, 
300 and 400mM plants (p<0.001 for each comparison, bonferroni post-hoc testing). 
The 300mM plants were significantly smaller than the 50mM and lOOmM plants at 
the end of the experiment (p<0.05, p<0.01 respectively), while the 400mM plants 
were significantly smaller than the 50mM and lOOmM plants also (p<0.001 for both 
comparisons) -  all bonferroni post-hoc testing. There was no significant difference 
between the fresh weight of plants from the 200mM treatment and the 50 and lOOmM 
treatments.

Increasing NaCl treatment significantly decreased the amount of fresh weight increase 
after nine weeks (Figure 2.1(a)). The percentage decrease in fresh weight after nine 
weeks for each treatment relative to the control (OmM treatment) is presented in Table 
2.3.

Table 2.3 -  Mean whole plant fresh weight decrease for each NaCl treatment 
expressed as a percentage of the control (OmM NaCl) fresh weight for an upper salt 
marsh population of Plantago maritima after nine weeks growth in 0, 50, 100, 200, 
300 or 400mM NaCl.

Treatment Fresh weight decrease

50mM 60%
lOOmM 55%
200mM 80%
300mM 86%
400mM 94%

Relative growth rate: Relative growth rates for each treatment over time increased 
initially then followed a decreasing trend until the end of the experimental time period 
(Figure 2.1(b)). The relative growth rate decreased significantly over time (Table 
2.1), and with increasing NaCl treatment (Figure 2.1(b), Table 2.1), with no 
significant difference in response of relative growth rate over time between
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treatments. Bonferroni post-hoc testing showed that the relative growth rates of 
plants in the OmM treatment were significantly higher than those of plants in the 200, 
300 and 400mM treatments (p<0.001 for all comparisons) and that the 50mM and 
lOOmM plants had significantly higher relative growth rates than the 200mM plants 
(p<0.05 for both comparisons), the 300mM plants and the 400mM plants (p<0.001 for 
all comparisons). There were no significant differences between the growth rates of 
plants from the 200, 300 and 400mM treatments, or between the growth rates of 
plants from the 0, 50 and lOOmM treatments.

Leaf length: Leaf length significantly increased over time (Table 2.1). Increasing 
NaCl treatment significantly decreased the amount of leaf length increase (Table 2.1, 
Figure 2.2(a)). This difference in response of leaf length over time to treatment was 
significant (Table 2.1), and bonferroni post-hoc results for this time*treatment 
interaction are presented in Table 2.4.

Table 2.4 -  Bonferroni post-hoc summary of the time*treatment interaction for the 
difference between initial and final leaf length of plants from an upper saltmarsh 
population of Plantago maritima after nine weeks growth in six NaCl treatments. 0, 
50, 100, 200, 300 and 400 refer to millimolar NaCl concentrations.

*** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05, not statistically significant.
Comparison___________ P values

0, initial -  0, final ***

50, initial -  50, final He*

100 initial -  100, final ***

200, initial -  200, final ns
300, initial -  300, final
400, initial -  400, final ns

The OmM plants showed the greatest increase in leaf length over time (12.1cm), 
length increased up to day 42 after which time the increase in length was less from 
week to week. The 400mM plants showed the smallest increase in leaf length 
(2.2cm). At the end of the nine weeks, there were no significant differences in leaf 
length between the OmM, 50mM and lOOmM plants (p>0.05 for each comparison -  
bonferroni post-hoc testing). The OmM plants had longer leaves than the 200, 300 
and 400mM plants (p<0.01, p<0.01, p<0.001 respectively -  bonferroni post-hoc 
testing). There were no significant differences in leaf length between the 200mM, 
300mM and 400mM plants at the end of the experiment (p>0.05 for each comparison 
-  bonferroni post-hoc testing). The 50mM and lOOmM plants had longer leaves than 
the 400mM plants at the end of nine weeks (p<0.05, p<0.01 respectively), but there
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were no significant differences between the 50mM  plants and any other plants 

(p>0.05) -  all bonferroni post-hoc testing.

Root length: Roots were significantly longer at the end of nine weeks than at the 

beginning of the experiment (Table 2.1). The higher salt treatments (200, 300 and 

400mM  NaCl) appeared to have the longest roots at the end of the experiment (Figure 

2.2(b)). The 300mM plants showed the greatest increase in root length (8.5cm) over 

the nine weeks, followed by the 0, 200 and 400mM  treatments (6.8cm, 5.0cm and 

5.8cm respectively). However, this was not statistically significant as there was no 

significant effect of NaCl treatm ent on root length (Table 2.1). There was no 

significant difference in response of root length to treatment over time (Table 2.1).

Shoot and root dry weights: Shoot and root dry weights measured at the end of the 

nine week experiment are presented in Figure 2.3(a). Analysis of variance results are 

presented in Table 2.5. The partitioning of biomass between roots and shoots at the 

end of nine weeks growth in six NaCl treatments is shown in Figure 2.3(b). The 

allometric coefficient of growth (k) calculated from the slope of this line was k=0.90.

T ab le  2.5 - F ratios and corresponding probability levels calculated from an analysis 
of variance of the effect of NaCl on shoot and root dry weight of plants from an upper 
saltmarsh population of Plantago m aritima  after nine weeks growth in six NaCl 
concentrations.

*** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05, not statistically significant.
Source of variation 

Character Treatment

Shoot dry weight 17.53 "*

Root dry weight_________ 20.93 ______

Both shoot and root dry weights decreased significantly with increasing external salt 

treatment (Figure 2.3, Table 2.5). The dry weight of roots in the OmM treatment was 

significantly greater than that of any of the other NaCl treatments (p<0.001 for all 

comparisons, bonferroni post-hoc testing). There was no significant difference in dry 

weight of roots between any of the other treatm ents (p>0.05, bonferroni post-hoc 

testing). The dry weight of shoots in the OmM treatment was significantly higher than 

the dry weight of shoots in the 200, 300 and 400mM  NaCl treatments (p<0.001 for all 

comparisons -  bonferroni post-hoc). The 300mM  and 400mM  NaCl treatments had 

significantly less shoot dry weight than the 50m M  treatm ent (p<0.05, p<0.01, 

respectively), and the lOOmM treatment (p<0.05, p<0.001, respectively).
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of dry weight between roots and shoots after 9 weeks for an upper saltmarsh population 
of Plantago maritima grown hydroponically in 0, 50, 100, 200, 300 or 400rriM NaCI. 
Values represent mean ± standard error of up to 5 replicates.



Shoot:root ratio: The shoot:root ratio for each treatment calculated from shoot and 
root dry weights at the end of nine weeks is presented in Table 2.6. When analysed 
using ANOVA, there was no significant effect of increasing salt treatment on the 
shoot root ratio (p>0.05).

Table 2.6 -  Shoot:root ratios for plants of an upper saltmarsh population of Plantago 
maritima calculated from shoot and root dry weights at the end of nine weeks growth 
in 0, 50, 100, 200, 300 or 400mM NaCl. Values represent mean ± standard error.

Treatment Shoot:root ratio

OmM 2 _5 8 ±o.22

50mM 2 2 3 *0.22

lOOmM 2.20^'^
200mM 2.33^'^’
300mM 2  2 9 =̂0-22

400mM 3.50^'^^

Water content: Shoot and root water content in grams and as a percentage of fresh 
weight at the end of the experiment are presented in Table 2.7. Analysis of variance 
results are presented in Table 2.8

Water content (g) in shoots significantly decreased with increasing treatment (Table 
2.7, Table 2.8), the significant results mirroring that of the dry weights. There were 
no significant differences between the shoot water content of the three lower salt 
treatments, or the three higher salt treatments -  bonferroni post-hoc testing. However, 
plants from the OmM treatment had significantly more shoot water than plants from 
the 200, 300 and 400mM treatments (p<0.001 for all comparisons, bonferroni post- 
hoc testing). Plants from the 300mM treatment had significantly less shoot water than 
plants from the 50 and lOOmM treatments (p<0.05 and p<0.01), while shoot water 
content in the 400mM plants was significantly less than that of the 50 and lOOmM 
plants (p<0.001 and p<0.001 respectively). Root water content (g) also significantly 
decreased with increasing treatment (Table 2.7, Table 2.8). The OmM plants had 
significantly more root water than all other treatments (p<0.001 for all comparisons). 
The 300mM treatment significantly decreased root water content below that of the 50 
and lOOmM plants (p<0.01 and p<0.001 respectively), while the 400mM treatment 
significantly decreased root water content below that of all treatments, (p<0.001 for 
all comparisons except p<0.05 for comparison with 300mM -  bonferroni post-hoc 
testing).
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Table 2.7 -  Shoot and root water content in grams (g) and as a percentage of fresh 
weight (%) for upper saltmarsh plants of Plantago maritima at the end of nine weeks 
growth in one of six NaCl treatments. Values represent mean ± standard error.

shoot root

Treatment g % g %

OmM 6.6*'° 89.6*°^ 3.3*°'^ 91.6*°*
50mM 2  8*0.3 89.8*°-^ 1.0*°' 88 2*°-5

lOOmM 3  2 ± o .5 907*°.4 1 2*0.1 88.8*°-^
200mM 1.5*°-^ 89.5*'° 0.5*°' 88.3*°-^
300mM 1.0*°' 89.6*°"^ 0.3*°' 86.7*’-’
400mM 0.5*°-^ 85.1*'^ P 1+ p 7 7  4 ± i i . o

Table 2.8 - F ratios with corresponding probability levels calculated from an analysis 
of variance of the effect of NaCl on shoot and root water content in grams (g) and as a 
percentage of fresh weight (%) for plants from an upper saltmarsh population of 
Plantago maritima after 9 weeks growth in 6 NaCl concentrations.

*** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05, not statistically significant.
Source of variation

Character Treatment
Shoot water (g) 19.99
Root water (g) 38.22
Shoot water (%) 6.30 **
Root water (%) 1.99

The contribution of water to fresh weight was approximately 88% for both roots and 
shoots (Table 2.7). The 400mM NaCl treatment had a lower percentage water content 
in both roots and shoots but this was only statistically significant in the shoots where 
this treatment varied from all other treatments (p<0.01 for all comparisons, bonferroni 
post-hoc testing). There was no significant effect of external salt on percentage water 
content in the roots (Table 2.8).

2.3.1.2 - Lower saltmarsh population; Fresh weight and relative growth rate 
measured over nine weeks are presented in Figure 2.4 (a)&(b) respectively. Leaf 
length and root length measured over the nine week experiment are presented in 
Figure 2.5 (a)&(b). Analysis of variance results comparing fresh weight, relative 
growth rate, longest leaf length and longest root length values at the start of the
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Figure 2.4 (a)&(b): (a) Fresh weight and (b) relative growth rate measured over 9 
weeks for a lower saltmarsh population of Plantago maritima grown hydroponically in 
0, 50, 100, 200, 300 or 400mM NaCl. Values represent mean ± standard error of up to 5 
replicates.
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Figure 2.5 (a)&(b): (a) Leaf length and (b) root length measured over 9 weeks for a 
lower saltmarsh population of Plantago maritima grown hydroponically in 0, 50, 100, 
200, 300 and 400mM NaCl. Values represent mean ± standard error of up to 5 
replicates.



experiment with their respective values at the end of the experiment are presented in 
Table 2.9.

Table 2.9 -  F ratios and corresponding probability levels calculated from an analysis 
of variance for the comparison of growth parameters at the start and at the end of nine 
weeks growth in six NaCl treatments. Plants were from a lower saltmarsh population 
of Plantago maritima

*** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05, not statistically significant.
_________________________Character_________________________

Source of variation Fresh weight Relative growth rate Leaf length Root length 

Time 194.13*“  34.40*** 7.75 ** 15.15 ***
Treatment 15.74*** 13.78 ** 11.78 *** 0.33 "*
Time*treatment 13.47*** 1.31"* 11.52*** 1.03 "*

Fresh weight: At the end of nine weeks, plant fresh weight had increased
significantly (Figure 2.4(a), Table 2.9), however, increasing NaCl treatment 
significantly decreased the amount of fresh weight increase after nine weeks (Figure 
2.4(a), Table 2.9). The percentage change in fresh weight after nine weeks for each 
treatment relative to the control (OmM treatment) is presented in Table 2.10. This 
difference in response of fresh weight to treatment was significant (Table 2.9) and 
bonferroni post-hoc results for this time*treatment interaction are presented in Table 
2 . 11.

Table 2.10 - Mean whole plant fresh weight change for each NaCl treatment 
expressed as a percentage of the control (OmM NaCl) fresh weight for a lower salt 
marsh population of Plantago maritima after nine weeks growth in 0, 50, 100, 200, 
300 or 400mM NaCl. A plus sign (+) indicates an increase in fresh weight after nine 
weeks, while a minus sign (-) indicates a decrease in fresh weight after nine weeks.

Treatment Fresh weight change
50mM +40%
lOOmM -60%
200mM -89%
300mM -95%
400mM -98%

Plant fresh weight increased the most for the OmM and 50mM plants (Figure 2.4(a)). 
There was no significant difference in fresh weight between these treatments at the
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end of nine weeks (p>0.05, bonferroni post-hoc testing). The 300mM and 400mM 
plants increased their fresh weight the least (Figure 2.4(a)); this increase in fresh 
weight was not significant (Table 2.11). With bonferroni post-hoc testing, there were 
no significant differences in fresh weight between the 200mM, 300mM and 400mM 
plants or the OmM, 50mM and lOOmM plants after nine weeks. Plants from the OmM 
and 50mM NaCl treatments had significantly more fresh weight than plants from the 
200mM, SOOmM and 400mM NaCl treatments (p<0.001 for each comparison, 
bonferroni post-hoc testing). Plants from the lOOmM treatments had significantly 
more fresh weight than plants from the SOOmM and 400mM treatments (p<0.05, 
p<0.001 respectively, bonferroni post-hoc testing).

Table 2.11 -  Bonferroni post-hoc summary of the time*treatment interaction for the 
difference between initial and final fresh weight of plants from a lower saltmarsh 
population of Plantago maritima after nine weeks growth in six NaCl treatments. 0, 
50, 100, 200, 300 and 400 refer to millimolar NaCl concentrations.

*** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05, not statistically significant.
Comparison P values

0, initial -  0, final H e**

50, initial -  50, final s(es|ĉ

100 initial -  100, final
200, initial -  200, final
300, initial -  300, final ns
400, initial -  400, final ns

Relative growth rate: Relative growth rates for each treatment over time showed a 
complex pattern over time but overall, there was a significant decrease in relative 
growth rate at the end of the experiment (Figure 2.4(b), Table 2.9). Increasing NaCl 
treatment significantly decreased the relative growth rate of plants (Table 2.9), 
however, there was no significant difference in response of relative growth rate over 
time between treatments. Bonferroni post-hoc testing showed the relative growth rate 
of plants in the OmM treatment to be significantly higher than that of plants in the 
200, 300 and 400mM treatments (p<0.01, p<0.001, p<0.001 respectively). The 
50mM plants also had a significantly higher relative growth rate than the 200, 300 and 
400mM plants (p<0.01 p<0.001, p<0.001 respectively), while the lOOmM plants had 
a significantly higher relative growth rate than the 300 and 400mM plants (p<0.001 
for all comparisons). There were no significant differences between the growth rates
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of plants from the 200, 300 and 400mM  treatments, or between the growth rates of 

plants from the 0, 50 and lOOmM treatments.

Leaf length: There was a significant difference in response of leaf length to treatment 

over tim e (Figure 2.5(a), Table 2.9). B onferroni post-hoc results for this 

time*treatment interaction are presented in Table 2.12.

T ab le 2.12 -  Bonferroni post-hoc summary of the time*treatm ent interaction for the 
difference between initial and final leaf length o f plants from  a low er saltmarsh 
population of Plantago maritima after nine weeks growth in six NaCl treatments. 0, 
50, 100, 200, 300 and 400 refer to millimolar NaCl concentrations.

*** p <- 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05, not statistically significant.

Comparison____________P values

0, initial -  0, final

50, initial -  50, final **

100 initial -  100, final ns

200, initial -  200, final ns

300, initial -  300, final ns

400, initial -  400, final ns

Plants from the OmM and 50mM treatments showed a significant increase in leaf 

length at the end of nine weeks, while leaves of plants from the 100, 200, 300 and 

400mM  NaCl treatments showed no significant change in leaf length after nine weeks 

(Table 2.12). Increasing NaCl treatment significantly decreased leaf length at the end 

o f nine weeks (Figure 2.4(a), Table 2.9). The OmM and 50mM plants had the longest 

leaves, and these were significantly longer than leaves from the lOOmM plants 

(p<0.01 for both comparisons with bonferroni post-hoc testing), and leaves from the 

200, 300 and 400mM plants (p<0.001 for all comparisons with bonferroni post-hoc 

testing). With bonferroni post-hoc testing, there were no significant differences in 

leaf length between the OmM and 50mM plants (p>0.05), nor between the 200, 300 

and 400mM  plants.

Root length: Root length significantly increased over time with increasing NaCl 

treatm ent having no significant effect on the root length of plants. (Figure 2.4(b), 

Table 2.9). Plants in all treatments responded the same way to treatment over time 

(Table 2.9)

Shoot and root dry weight: Shoot and root dry weights at the end of the nine weeks 

are presented in Figure 2.6(a). Analysis of variance results are presented in Table
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2.13. The partitioning of biomass between roots and shoots of plants at the end of 
nine weeks growth in six NaCl treatments is shown in Figure 2.6(b). The allometric 
coefficient of growth (k), calculated from the slope of this line was, k=0.97.

Both shoot and root dry weight decreased significantly with increasing external salt 
(Table 2.13). With bonferroni post-hoc testing, the OmM and 50mM plants had 
significantly more shoot dry weight than the 200mM plants (p<0.001, p<0.01 
respectively), the 300mM plants (p<0.01 for both) and the 400mM plants (p<0.001 
for both) The 400mM plants had significantly less shoot dry weight than the lOOmM 
plants (p<0.01). With bonferroni post-hoc testing, the OmM plants had significantly 
more root dry weight than the 200mM (p<0.05), the 300mM (p<0.001) and the 
400mM plants (p<0.001). The 50mM plants had significantly more root dry weight 
than the 100, 300 and 400mM plants (p<0.05, p<0.001 and p<0.001 respectively), 
while the 300mM and 400mM plants had significantly less root dry weight than the 
lOOmM plants (p<0.05 and p<0.01 respectively).

Table 2.13 - F ratios with corresponding probability levels calculated from an 
analysis of variance of the effect of NaCl on shoot and root dry weight of plants from 
a lower saltmarsh population of Plantago maritima at the end of nine weeks growth in 
six NaCl concentrations.

*** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05, not statistically significant.
Source of variation

Shoot:root ratio: The shoot:root ratio for each treatment calculated at the end of nine 
weeks from shoot and root dry weights is presented in Table 2.14. Analysis of 
variance showed no significant difference in shoot:root ratio between salt treatment 
(p>0.05).

Water content: Shoot and root water content in grams and as a percentage of fresh 
weight at the end of the experiment are presented in Table 2.15. Analysis of variance 
results are presented in Table 2.16.

Character Treatment

Shoot dry weight 
Root dry weight

14.92
22.56
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Figure 2.6 (a)&(b): (a) Dry weight in grams of shoots and roots and (b) biomass 
partitioning between shoots and roots after 9 weeks for a lower saltmarsh population of 
Plantago maritima grown hydroponically in 0, 50, 100, 200, 300 or 400mM NaCl. 
Values for (a) represent mean ± standard error of up to 5 replicates.



Table 2.14 -  Shoot:root ratios for plants of a lower saltmarsh population of Plantago 
maritima calculated from shoot and root dry weights at the end of nine weeks growth 
in 0, 50, 100, 200, 300 or 400mM NaCl. Values represent mean ± standard error.

Treatment Shoot:root ratio

OmM 4 _1 5 ± o ,72

50mM 2 82*0-58

lOOmM 4 1 8 ^0.82

200mM 3 _2 3 ± 0.38

300mM 4 1 0 ± 0.35

400mM 248*019

Table 2.15 -  Shoot and root water content in grams (g) and as a percentage of fresh 
weight (%) for lower saltmarsh plants of Plantago maritima after nine weeks growth 
in one of six NaCl treatments. Values represent mean ± standard error.

shoot root

Treatment g % g %

OmM 8.0*'^ 83.2**-^ 4.4*‘ * 91 3*’.3

50mM 13.8* -̂’ 91.3*^’ 2 9±o,3 83.9*"̂ '^
lOOmM 4 2*0.8 89.5*“* 09*0.2 86.2*^-’
200mM 1 2*0.5 88.5*°* 0.3*“ ’ 85.7*^-’
300mM 0.6*°^ 82.5*“-̂ 0.3*“ ’ 88.8*“*
400mM 0 2*00 7 3  3 * 0.0 0  2*0-0 86.7*'-^

Table 2.16 - F ratios and corresponding probability levels from an analysis of 
variance of the effect of NaCl on shoot and root water content in grams (g) and as a 
percentage of fresh weight (%) for plants from a lower saltmarsh population of 
Plantago maritima after nine weeks growth in six NaCl concentrations.

*** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05, not statistically significant.
Source of variation

Character Treatment

Shoot water (g) 21.09 *“
Root water (g) 22.22 ***
Shoot water (%) 7.44
Root water (%) 1.02“

Shoot and root water content in grams decreased significantly with increasing NaCl 
treatment (Table 2.15, Table 2.16). In the shoots, water content (g) in the three lower 
salt treatments (0, 50 and lOOmM NaCl) was significantly higher than that of the three



higher salt treatments (200, 300 and 400mM NaCl). From bonferroni post-hoc 
testing, the OmM and 50mM plants had significantly more shoot water than the 200, 
300 and 400mM plants (p<0.001 for each comparison), and the lOOmM plants had 
significantly more shoot water than the 200, 300 and 400mM plants (p<0.05, p<0.01 
and p<0.001 respectively). There were no significant differences in the shoot water 
content between the lower salt treatment plants nor were there significant differences 
in the shoot water content between the higher salt treatments with bonferroni post-hoc 
testing. The root water content (g) also decreased significantly with increasing NaCl 
treatment (Table 2.15, Table 2.16). With bonferroni post-hoc testing, the OmM roots 
contained significantly more water than the lOOmM roots (p<0.05) and the 200, 300 
and 400mM roots (p<0.001 for each comparison). The 50mM roots contained 
significantly more water than the 200, 300 and 400mM roots (p<0.001 for each 
comparison).

Overall, the contribution of water to the shoot fresh weight decreased significantly 
with increasing NaCl treatment (Table 2.15, Table 2.16). With post-hoc testing, the 
400mM plants had significantly less shoot water than the 50mM plants (p<0.001), the 
lOOmM plants (p<0.01) and the 200mM plants (p<0.01). There was no significant 
effect of external salt on percentage water content in the roots (Table 2.16).

2.3.1.3 - Sea-Cliff population; The fresh weight and relative growth rate measured 
over nine weeks are presented in Figure 2.7 (a)&(b) respectively. Leaf length and 
root length measured over nine weeks are presented in Figure 2.8(a)&(b) respectively. 
Analysis of variance results comparing fresh weight, relative growth rate, leaf length 
and root length values at the start of the experiment with their respective values at the 
end of the experiment are presented in Table 2.17.

Table 2 .17- F  ratios and corresponding probability levels calculated from an analysis 
of variance for the comparison of growth parameters at the start and at the end of nine 
weeks growth in six NaCl treatments. Plants were from a sea-cliff population of 
Plantago maritima

*** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05, not statistically significant.
Character

Source of variation Fresh weight Relative growth rate Leaf length Root length 

Time 191.55” * 26.41 *** 58.55 *** 25.75 ***
Treatment 4.31 ** 8.14*** 2.65 * 0.83 "*
Time*treatment 4.45** 2.33"* 4.96 ** 1.98"*
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Figure 2.7 (a)&(b): (a) Fresh weight and (b) relative growth rate measured over 9 
weeks for a sea-cliff population of Plantago maritima grown hydroponically in 0, 50, 
100, 200, 300 or 400mM NaCl. Values represent mean ± standard error of up to 5 
replicates.
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Figure 2.8 (a)&(b): (a) Leaf length and (b) root length measured over 9 weeks for an 
upper saltmarsh population of Plantago maritima grown hydroponically in 0, 50, 100, 
200, 300 and 400mM NaCl. Values represent mean ± standard error of up to 5 
replicates.



Fresh weight: Fresh weight increased significantly with time and increasing NaCl 
treatment caused a significant decrease in the amount of fresh weight increase (Table 
2.17, Figure 2.7(a)). The percentage decrease in fresh weight after nine weeks for 
each treatment relative to the control (OmM treatment) is presented in Table 2.18. 
The 400mM plants showed almost no fresh weight change and died after seven weeks 
salt exposure (Figure 2.7(a)). There was a significant difference in fresh weight 
response to increasing NaCl treatment over time (Table 2.17). Bonferroni post-hoc 
results for this interaction are presented in Table 2.19.

Table 2.18 -  Mean whole plant fresh weight decrease for each NaCl treatment 
expressed as a percentage of the control (OmM NaCl) fresh weight for a sea-cliff 
population of Plantago maritima after nine weeks growth in 0, 50, 100, 200, 300 or 
400mM NaCl.

Treatment Fresh weight decrease 

50mM 51%
lOOmM 58%
200mM 82%
300mM 95%
400mM______________ 100%_______

At the end of the experiment, the OmM plants had significantly more fresh weight 
than the 200mM and 300mM plants (p<0.05 for both, bonferroni post-hoc testing). 
There were no significant differences between the plant fresh weights of any other 
treatments.

Table 2.19 -  Bonferroni post-hoc summary of the time*treatment interaction for the 
difference between initial and final fresh weight of plants from a lower saltmarsh 
population of Plantago maritima after nine weeks growth in six NaCl treatments. 0, 
50, 100, 200, 300 and 400 refer to millimolar NaCl concentrations.

*** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05, not statistically significant.
Comparison___________ P values

0, initial -  0, final
50, initial -  50, final
100 initial -  100, final =):**

200, initial -  200, final Ht5|C

300, initial -  300, final ns

Relative growth rates: The relative growth rate of plants in each treatment increased 
initially, then decreased significantly over time (Figure 2.7(b), Table 2.17).
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Increasing NaCl treatment significantly decreased the relative growth rate of plants 
(Figure 2.7(b), Table 2.17). The OmM plants had a significantly higher relative 
growth rate than the 200, 300 and 400mM plants (p<0.05, p<0.05, p<0.001 
respectively, bonferroni post-hoc testing). The 50mM plants had a significantly 
higher growth rate than the 300mM and 400mM plants (p<0.05, p<0.01 respectively).

Leaf length: Leaf length decreased with increasing NaCl treatment (Figure 2.8(a), 
Table 2.17). There was a significant difference in response of leaf length to treatment 
over time (Table 2.17). Bonferroni post-hoc results are presented in Table 2.20.

Table 2.20 -  Bonferroni post-hoc summary of the time*treatment interaction for the 
difference between initial and final leaf length of plants from a sea-cliff population of 
Plantago maritima after nine weeks growth in six NaCl treatments. 0, 50, 100, 200, 
300 and 400 refer to millimolar NaCl concentrations.

*** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05, not statistically significant.
Comparison___________ P values

0, initial -  0, final ***

50, initial -  50, final ns
100 initial -  100, final ns
200, initial -  200, final ns
300, initial -  300, final ns

At the end of the experiment, leaf length had significantly increased with the OmM 
treatment and shown no significant change with the 50, 100, 200 and 300mM 
treatments. At the end of the experiment, the 300mM plants had significantly shorter 
leaves than the OmM plants (p<0.001) and the lOOmM plants (p<0.05), with 
bonferroni post-hoc testing. There were no significant differences in leaf length 
between any of the other treatments.

Root length: There was no significant effect of increasing NaCl treatment on root 
length (Table 2.17). There was a significant effect of time on root length, with 
increased root lengths of plants in the OmM and 200mM treatments at the end of the 
experiment, no change in root lengths of plants in the 50mM and lOOmM treatments 
and decreased root lengths in the 300mM treatment (Figure 2.8(b)). This difference 
in response of root length to treatment over time was not statistically significant 
however, (Table 2.17).

Shoot and root dry weight: Shoot and root dry weights measured at the end of the 
nine week experiment are shown in Figure 2.9(a). Analysis of variance results are 
presented in Table 2.21. The partitioning of biomass between roots and shoots after
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nine weeks growth in six NaCl treatments is shown in Figure 2.9(b). The allometric 
coefficient of growth (k) calculated from the slope of the line is k=1.12

Table 2.21 - F ratios with corresponding probability levels from an analysis of 
variance of the effect of NaCl on shoot and root dry weight of plants from a sea-cliff 
population of Plantago maritima after nine weeks growth in six NaCl concentrations.

*** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05, not statistically significant.
Source of variation 

Character Treatment

Shoot dry weight 6.21 ”
Root dry weight__________19.09 ______

Shoot and root dry weight decreased significantly with increasing external salt (Figure 
2.9, Table 2.21). With bonferroni post-hoc testing, the OmM shoots had significantly 
more dry weight than the 200mM and 300mM shoots (p<0.05 for both). The 50mM 
shoots also had significantly more dry weight than the 300mM shoots (p<0.05). 
There were no significant differences between either the 0, 50 and lOOmM dry 
weights or the 200 and 300mM shoot dry weights. Root dry weights of the OmM and 
50mM plants were not significantly different from each other; neither were the dry 
weights of 200, 300 and 400mM plants. Roots from the 200mM plants were 
significantly smaller than the OmM roots (p<0.01), the 50mM roots (p<0.01) and the 
lOOmM roots (p<0.05) -  bonferroni post-hoc testing. Roots from the 300mM plants 
were also significantly smaller than the OmM roots (p<0.001), the 50mM roots 
(p<0.001) and the lOOmM roots (p<0.01) with bonferroni post-hoc testing.

Shoot:root ratio: The shootiroot ratio for each treatment calculated at the end of nine 
weeks from shoot and root dry weights are presented in Table 2.22. Analysis of 
variance results showed there was no significant difference in shoot:root ratio 
between plants in the various salt treatments (p>0.05).

Table 2.22 -  Shootiroot ratios for plants of a sea-cliff population of Plantago 
maritima calculated from dry weights at the end of nine weeks growth in 0, 50, 100, 
200, 300 or 400mM NaCl. Values represent mean ± standard error.

Treatment Shoot:root ratio

OmM 2.30*°'*’
50mM 3.05^^^
lOOmM 3.03^^^
200mM 4  28^50

300mM 5.75^“
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Figure 2.9 (a)&(b): (a) Dry weight in grams of shoots and roots and (b) biomass 
partitioning between roots and shoots after 9 weeks for a sea-cliff population of Plantago 
maritima grown hydroponically in 0, 50, 100, 200, 300 or 400mM NaCl. Values in (a) 
represent mean ± standard error of up to 5 replicates.



Water content: Shoot and root water content in grams and as a percentage of fresh 
weight at the end of the nine weeks are presented in Table 2.23. Analysis of variance 
results are presented in Table 2.24.

Table 2.23 -  Shoot and root water content in grams (g) and as a percentage of fresh 
weight (%) for sea-cliff plants of Plantago maritima after nine weeks growth in one 
of six NaCl treatments. Values represent mean ± standard error.

shoot root

Treatment g % g %

OmM 3.5^" 88.4^‘ ‘ 1.6*“" 8 9 o*“6

50mM 2.5*°-^ 87.3*'* 0.8*“^ 85.6*'^
lOOmM 1.8^“^ 88.1*'^ 0.4*“ ' 84.6*"
200mM 0  7 ± o . i 88.3*'^ 0.2*““ 87.1*'“
300mM 0 4 ± o . o 86.2*^^ 0.1*““ 86.1*'“

Table 2.24 - F ratios with corresponding probability levels from an analysis of 
variance of the effect of NaCl on shoot and root water content in grams (g) and as a 
percentage of fresh weight (%) for plants from a sea-cliff population of Plantago 
maritima after nine weeks growth in six NaCl concentrations. See text for details.

*** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05, not statistically significant.
Source of variation 

Character Treatment

Shoot water (g) 11.44 ***
Root water (g) 20.81***
Shoot water (%) 1.95"*
Root water (%)_________ 2.43 ________

Both shoot and root water content (g) decreased significantly with increasing NaCl 
treatment (Tables 2.23, 2.24). The 200 and 300mM treatments significantly 
decreased shoot water content below that of the 0 and 50mM treatment (p<0.01 for 
each comparison, bonferroni post-hoc testing) and the 300mM treatment plants had a 
significantly lower shoot water content than the lOOmM treatment plants (p<0.05, 
bonferroni post-hoc testing). There was very little variance in percentage water 
content in either shoots or roots with average values around 88% water and 86% 
water respectively. When tested, treatment did not significantly affect the percentage 
water content of either shoots or roots (Table 2.23).
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2.3.2 -  Nine week simultaneous experiment

Fresh weight: The fresh weight of plants from the three populations grown in 0, 50 
and 300mM NaCl for nine weeks are shown in Figure 2.10 (a)-(c) respectively. 
Analysis of variance results comparing the fresh weight of plants at the beginning of 
the experiment with fresh weight at the end of the experiment are presented in Table 
2.25. Plate 2.1 shows plants from the three populations at the end of five weeks 
growth in either OmM or 300mM NaCl.

Table 2.25 - F ratios and the corresponding probability levels from an analysis of 
variance comparing initial and final fresh weights of plants from an upper saltmarsh, a 
lower saltmarsh and a sea-cliff population of Plantago maritima after nine weeks 
growth in three NaCl concentrations.

*** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05, not statistically significant.
Source of variation____________ Result

Population 3.15 “
Time 888.85 ***
Population*time 0.14"'
Treatment 75.20 ***
Population*treatment 2.61 *
Time*treatment 83.83 ***
Population*time*treatment_____ 0.58

Fresh weight increased significantly in all populations, for all treatments, over time 
(Table 2.25). Increasing NaCl treatment significantly decreased the amount of fresh 
weight increase after nine weeks (Figure 2.10 (a)-(c). Table 2.25), with the 300mM 
plants being significantly smaller than the 50mM and OmM plants (p<0.001, 
bonferroni post-hoc testing). The percentage decrease in fresh weight after nine 
weeks for each population and each treatment is presented in Table 2.26. There was 
no significant difference between the fresh weight of the OmM and 50mM plants 
(p>0.05, bonferroni post-hoc testing). There was a significant difference in response 
of population to treatment, which with bonferroni post-hoc testing was shown to be 
due to the lower saltmarsh population. In this population, there was no significant 
difference in fresh weight between the 50mM plants and the 300mM plants (p>0.05). 
However, in the upper saltmarsh population and the sea-cliff population, there was a 
significant difference in fresh weight between these two treatments (p<0.001 for both 
populations). Significant differences in fresh weight between the OmM and 300mM 
treatments were found for all populations with bonferroni post-hoc testing (p<0.001).
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F igure 2.10 (a)-(c): Fresh weight measured over 9 weeics for plants from an 
upper saltmarsh, a lower saltmarsh and a sea-cliff population of Plantago 
maritima grown hydroponically in (a) OmM NaCl (b) 50mM NaCl or (c) 
300mM NaCl. Values represent mean ± standard error o f up to 6 replicates.
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Plate 2.1: Plantago maritima from (A) an upper saltmarsh, (B) a lower saltmarsh 
and (C) a sea-cliff population after 5 weeks growth in OmM or 300mM NaCl. Note 
the smaller leaf number, the decreased root biomass and the yellowing of the shoot 
tips of the plants grown in 300mM NaCl.



while no significant differences were found between the fresh weights of the 50mM 
and 300mM plants (p>0.05).

Table 2.26 -  Average whole plant fresh weight decrease for each NaCl treatment 
expressed as a percentage of the control (OmM NaCl) fresh weight for an upper salt 
marsh (urn), a lower saltmarsh (Im) and a sea-cliff (sc) population of Plantago  
maritima after nine weeks growth in 0, 50 or 300mM NaCl.

__________ Population________

Treatment______ um_____ Im_______ sc
50mM 42% 52% 30%
300mM 91% 92% 96%

Relative growth rate: The relative growth rates of plants from the three populations 
measured over nine weeks growth in 0, 50 or 300mM NaCl are presented in Figure 
2.11 (a)-(c) respectively. Analysis of variance results comparing initial and final 
relative growth rates are presented in Table 2.27.

Table 2.27 - F ratios and the corresponding probability levels calculated from an 
analysis of variance comparing initial and final relative growth rate of plants from an 
upper saltmarsh, a lower saltmarsh and a sea-cliff population of Plantago maritima 
after nine weeks growth in three NaCl concentrations.

*** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05, not statistically significant.
Source of variation_______________F ratios

Population 2.48
Time 0.41
Population*time 0.71
Treatment 35.36 ***
Population*treatment 1.45“
Time*treatment 13.27 ” *
Population*time*treatment________ 2.64 *

The response of relative growth rate to treatment and to time was not significantly 
different between populations (Figure 2.11 (a)-(c). Table 2.27). Increasing NaCl 
treatment significantly decreased the relative growth rate of plants over the nine 
weeks (Figure 2.11 (a)-(c), Table 2.27). There was a significant difference in 
response of relative growth rate to treatment over time. With bonferroni post-hoc 
testing, the OmM plants significantly increased their relative growth rate after nine
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Figure 2.11 (a)-(c): Relative growth rate measured over nine weeks for 
plants from an upper saltmarsh, a lower saltmarsh and a sea-cliff population 
of Plantago maritima grown hydroponically in (a) OmM NaCl, (b) 50mM 
NaCl or (c) 300mM NaCl. Values represent mean ± standard error of up to 6 
replicates.



weeks (p<0.01), the 50mM plants showed no significant change in relative growth 
rate after nine weeks (p>0.05), while the 300mM plants significantly decreased their 
relative growth rate after nine weeks (p<0.05). There was a significant difference in 
relative growth rate between populations and treatments over time (Table 2.27).

Leaf length: Leaf length for each population, measured over nine weeks growth in 0, 
50 or BOOmM NaCl is presented in Figure 2.12 (a)-(c) respectively. Analysis of 
variance results comparing leaf length at the beginning of the experiment with leaf 
length at the end of the experiment are presented in Table 2.28.

Table 2.28 - F ratios and the corresponding probability levels from an analysis of 
variance comparing initial and final leaf lengths of plants from an upper saltmarsh, a 
lower saltmarsh and a sea-cliff population of Plantago maritima after nine weeks 
growth in three NaCl concentrations.

*** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05, not statistically significant.
Source of variation Results

Population 46 .18” *
Time 1B5.BB
Population*time 1.56
Treatment 42.45 ***
Population*treatment B.B5 *
Time*treatment B9.90 “ *
Population*time*treatment 0 .1 2 “

For each population, leaf length increased significantly over time, with increasing 
NaCl treatment decreasing the leaf length (Figure 2.12 (a)-(c). Table 2.28). With 
bonferroni post-hoc testing, there was no significant increase in leaf length at the end 
of the experiment for the BOOmM plants (p>0.05), while the OmM and 50mM plants 
showed significantly longer leaves after nine weeks growth (p<0.001). There was no 
significant difference in leaf length between the OmM and 50mM treatments for any 
population (p>0.05 with bonferroni post-hoc testing) and the BOOmM leaves were 
significantly smaller than the OmM leaves in all populations (p<0.01, with bonferroni 
post-hoc testing). The BOOmM leaves were significantly smaller than the 50mM 
leaves (p<0.001) for the upper saltmarsh and sea-cliff populations, but for the lower 
saltmarsh population, there was no significant difference in leaf length between these 
two treatments (p>0.05, bonferroni post-hoc testing). There was a significant 
difference in leaf length between populations (Table 2.28), with leaves from sea-cliff 
plants being significantly smaller than leaves from upper and lower saltmarsh plants 
(p<0.001 for both comparisons with bonferroni post-hoc testing).
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Figure 2.12 (a)-(c): Leaf length measured over 9 weeks for an upper 
saltmarsh, a lower saltmarsh and a sea-cliff populations of Plantago 
maritima grown hydroponically in (a) OmM NaCl, (b) 50mM NaCl or (c) 
300mM NaCl. Values represent means ± standard error of up to 6 replicates.



Root length: Root length for each population measured over nine weeks growth in 0, 
50 or 300mM NaCl is presented in Figure 2.13 (a)-(c) respectively. Analysis of 
variance results comparing initial root length with final root length for each 
population and treatment are presented in Table 2.29.

Table 2.29 - F ratios and corresponding probability levels from an analysis of 
variance comparing initial and final root lengths of plants from an upper saltmarsh, a 
lower saltmarsh and a sea-cliff population of Plantago maritima after nine weeks 
growth in three NaCl concentrations.

*** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05, not statistically significant.
Source of variation__________ Results

Population 0.72
Time 39.30
Population*time 0.01
Treatment 9.17***
Population*treatment 2.94 *
Time*treatment 14.77 “ *
Population*time*treatment 1.02"*

There was no significant difference in response of root length between populations 
over time (Figure 2.13 (a)-(c), Table 2.29). Over time, there was a significant 
difference in root length between treatments (Table 2.29). After nine weeks, root 
length of plants in the OmM treatment had increased significantly (p<0.001, 
bonferroni post-hoc testing), while there was no significant difference in root length 
for the 50mM and 300mM plants. At the end of the experiment, increasing NaCl 
treatment had significantly decreased root length (Figure 2.13 (a)-(c). Table 2.29). 
However, there was a significant difference in response of root length to treatment 
between populations (Table 2.29). With bonferroni post-hoc testing, this significant 
interaction was due to the 300mM roots of the lower marsh population being 
significantly shorter than roots from the OmM and 50mM treatments (p<0.01 for both 
comparisons). The upper saltmarsh and sea-cliff populations showed no significant 
difference in root length between any of the treatments.

Shoot and root dry weight: Shoot and root dry weights for each population from each 
treatment at the end of nine weeks are presented in Figure 2.14 (a)&(b) respectively. 
Analysis of variance results are presented in Table 2.30. The partitioning of biomass 
between shoots and roots for each population at the end of nine weeks growth in six 
NaCl treatments is shown in Figure 2.14(c). The allometric coefficients of growth (k) 
for the upper saltmarsh, the lower saltmarsh and the sea-cliff populations calculated 
from the slope of the relevant line are: k=0.80, k=0.92 and k=0.99 respectively.
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Figure 2.13 (a)-(c): Root length measured over 9 weeks for upper saltmarsh, 
lower saltmarsh and sea-cliff populations of Plantago maritima grown 
hydroponically in (a) OmM NaCl, (b) 50mM NaCl or (c) 300mM NaCl. Values 
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There was no significant difference between any of the populations in biomass 
partitioning between shoots and roots (p>0.05, based on a comparison of slopes in 
ANOVA).

Table 2.30 - F ratios and corresponding probability levels from an analysis of 
variance of the effect of population and NaCl on shoot and root dry weight of plants 
from an upper saltmarsh, a lower saltmarsh and a sea-cliff population of Plantago 
maritima after nine weeks growth in three NaCl concentrations.

*** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05, not statistically significant.
______________Character___________

Source of variation Shoot dry weight Root dry weight 

Population 1.18"* 0.70"*
Treatment 53.52**’ 51.85**’
Population*treatment________1.28 "*___________ 0.81 _____

Shoot dry weight decreased significantly with increasing salt treatment for all 
populations (Figure 2.14(a), Table 2.30). There were no significant differences 
between populations in shoot dry weight (Table 2.30). With bonferroni post-hoc 
testing, plants in 300mM NaCl had significantly less shoot dry weight than plants in 
the 50mM treatment (p<0.001) and the OmM treatment (p<0.001). The shoot dry 
weight of plants in the 50mM treatment was lower than that of the OmM treatment 
(p<0.001). The dry weight of shoots from the lower saltmarsh population was greater 
than that of the other two populations in the OmM treatment, but this was not detected 
statistically (Figure 2.14(a)). Root dry weight also decreased significantly with 
increasing external NaCl treatment (Figure 2.14(b)), with all populations showing the 
same response (Table 2.30). The OmM treatment plants had significantly more root 
dry weight than the 50mM and 300mM plants (p<0.001 for both comparisons) and the 
50mM roots had significantly more dry weight than the 300mM roots (p<0.001) -  
bonferroni post-hoc testing.

Shoot:root ratio: Shoot:root ratios for each treatment calculated at the end of nine 
weeks from shoot and root dry weights are presented in Table 2.31. Analysis of 
variance results are presented in Table 2.32.



Table 2.31 -  Shoot:root ratios for plants of an upper saltmarsh, a lower saltmarsh and 
a sea-cliff population of Plantago maritima  calculated from shoot and root dry 
weights after nine weeks growth in 0, 50, or 300mM NaCl. Values represent mean ± 
standard error.

Population

Treatment Upper Lower Sea-Cliff

OmM 0.30*“°'' 0  22^03 0.25
50mM 0  27^05 0  29 ±o o5 0.31
300mM 0 _24 ^ o4 0 .23^“’ 0.31

Table 2.32 - F ratios and the corresponding probability levels from an analysis of 
variance comparing shoot:root ratios of plants from an upper saltmarsh, a lower
saltmarsh and a sea-cliff population of Plantago maritima after nine weeks growth in
three NaCl concentrations.

*** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05, not statistically significant.
Source of variation Results

Population 0.62
Treatment 0.53
Population*treatment__________ 0 . 6 4 ______

There was no significant effect of increasing NaCl treatment or population on 
shoot:root ratio (Table 2.31, Table 2.32). There was also no significant difference in 
shoot:root ratio between populations in response to treatment (Table 2.32).

Water content: Shoot and root water content in grams and as a percentage of fresh 
weight, for all populations at the end of the nine week experiment is presented in 
Table 2.33. Analysis of variance results are presented in Table 2.34.

Shoot and root water content (g) decreased significantly with increasing external 
NaCl (Table 2.33, Table 2.34). All treatments were significantly different from each 
other at the p<0.001 level when analysed with bonferroni post-hoc tests. There were 
no significant differences in shoot water content (g) between populations (Table 2.34) 
and the population*treatment interaction was due to the difference in shoot water 
content between the sea-cliff and lower saltmarsh populations at the OmM treatment 
(p<0.01, bonferroni post-hoc testing) and the difference in amount of water decrease 
between treatments, among populations (Table 2.34). Increasing salinity significantly 
decreased the shoot and root percentage water content of plants (p<0.001 for both 
shoots and roots). No significant differences in shoot and root water content were 
found between populations in response to treatment (population*treatment interaction, 
p>0.05). In the shoots, the 300mM treatment significantly decreased the water
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content below that of the OmM treatment (p<0.001 -  bonferroni post-hoc) and the 
50mM treatment (p<0.05 -  bonferroni post-hoc), while in the roots, the 300mM 
significantly decreased the water content below that of the OmM treatment (p<0.001 -  
bonferroni) but there was no significant difference between the root water content of 
the 50mM and BOOmM plants (p>0.05) or the 50mM and OmM plants (p>0.05).

Table 2.33 -  Shoot and root water content in grams (g) and as a percentage of fresh 
weight (%) for an upper saltmarsh (um), a lower saltmarsh (Im) and a sea-cliff (sc) 
population of Plantago maritima, after nine weeks growth in three NaCl treatments. 
Values represent mean ± standard error.

Treatment

OmM 50mM 300mM

Plant part Population g % g % g %
shoot um 3  8±o.6 89.5"”^ 2  1 ±0.1 90.4"'* 0.2"“ ' 84.7"^'

Im 4.6"“" 9 0  1 ±0.4 1.6"“ ' 89.4"“ * 0.2"“ ' 85.7"^-^
sc 2.4"'^" 88.5*“-̂ 2 0 ^ 0 .3 90.6"“^ 0.2"“ ' 81.5"^’

root um 1.5*°^ 90.5"°^ 0  7±o.o 8 7 4 " 0 .9 0.1"““ 8 4  9 " “.9

Im 2  1 ±0,2 9 2 o ±04 0  7±o.i 88.5"“ '' 0.1"““ 7 3  3 ± i“ .5

sc 1 2± o.2 88.3"°-^ 0.6"“ ' 85.5"“ '' 0.1"““ 85.6"'-^

Table 2.34 - F ratios with corresponding probability levels calculated from an 
analysis of variance for shoot and root water content in grams (g) and as a percentage 
of fresh weight (%) for plants from an upper saltmarsh, a lower saltmarsh and a sea- 
cliff population of Plantago maritima after nine weeks growth in three NaCl 
concentrations. See text for details.

*** p < 0.001, ** p < 0.01, * p < 0.05, ns p > 0.05, not statistically significant.
Source of variation

Character_____________ Population_____ Treatment Population*treatment

Shoot water (g) 2.63 75.41 *** 4.13**
Root water (g) 3.21 65.26 2.34
Shoot water (%) 0.45 7.30 " 0.38
Root water (%) 0.26 8.18** 1.65



2.4 -  Discussion

Coastal saltmarsh species subjected to fluctuating salinity in their natural habitat have 
been defined as ‘less tolerant halophytes which can survive saline concentrations up 
to 600-800mM NaCl but which grow poorly at concentrations above 250-300mM 
NaCr (Munns et a l ,  1983). From the growth experiments described in the previous 
section, Plantago maritima fits this description: there was a division of growth 
response to external NaCl concentrations into ‘low salt’ (O-lOOmM NaCl) response 
and ‘high salt’ (200-400mM NaCl) response. This difference in response is best seen 
when looking at the percentage decrease in whole plant fresh weight with increasing 
salt (Table 2.3, Table 2.10 and Table 2.18). For each population, there was a further 
decrease in percentage fresh weight of approximately 20-30% with an increase in 
salinity treatment from lOOmM to 200mM NaCl. The relative growth rates measured 
for each population also showed this ‘low salt’, ‘high salt’ response (section 2.3.1). 
This division of growth response places Plantago maritima within Group (ii) of 
Greenway’s halophyte classification (Greenway & Munns, 1980). Growth of all 
populations of Plantago maritima, in terms of whole plant fresh weight and shoot and 
root dry weight response, was highest with no external salt present and decreased in 
all NaCl treatments with the lowest growth exhibited in the highest salt concentrations 
(sections 2.3.1 and 2.3.2). This would suggest that Plantago maritima is not a true 
halophyte as defined by Flowers et a l ,  (1977) and is, rather, a salt-tolerant species as 
suggested by Erdei & Kuiper (1979) and Maathius (1991) (cited in Prins, (1995)), or a 
miohalophyte; a species with optimal growth under non-saline conditions but with the 
ability to survive at high salinities (Glenn & O'Leary, 1984). However, the distinction 
between halophytes, salt-tolerant species and non-halophytes is hard to define as there 
is always an overlap.

Many accepted halophytic plant species, especially members of the Chenopodiaceae, 
require sodium for growth and optimum growth is achieved in the presence of 
moderate levels (100-200mM) of NaCl (see Glenn & O'Leary, (1984) for a review of 
19 plant genera). Previous studies have suggested that growth of Plantago maritima 
may be stimulated in salt concentrations below 75mM NaCl (Erdei & Kuiper, 1979; 
De Boer et al., 1985). Stimulation of growth in the lower saltmarsh population with 
the addition of 50mM NaCl to the growth medium (Figure 2.4(a)) concurred with 
these results. However, this stimulation of growth in the lower saltmarsh population 
with 50mM NaCl was not found when the experiment was repeated (section 2.3.2). 
Indeed, when looking at the percentage decrease in fresh weight with treatment (Table 
2.26), the lower saltmarsh population showed the greatest decrease in fresh weight 
with 50mM NaCl. Therefore, it cannot be said with any certainty that the lower
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saltmarsh population benefits in any way from the presence of low levels NaCl in the 
growth medium.

Continuous exposure to high root-zone salt concentrations is known to influence the 
morphology of plants, most notably by decreasing leaf size over time (Volkmar et a l, 
1998 and references therein). Plantago maritima is no exception with plants from all 
populations producing smaller, fleshier leaves with increasing external salt 
concentrations. This phenotypic plasticity of Plantago maritima is a feature of the 
species which has been reported before (McNamee & Jeffrey, 1976) and it can be 
seen as a short-term adaptive response to the changing growth environment. The 
ability of plants to fluctuate in response to their environment can be seen to ‘add 
considerably to the stability of the population by preventing temporary changes of 
environment from affecting permanently their hereditary constitution’ (Gregor, 1939). 
Concentrations of approximately 50mM NaCl suppress leaf expansion even in 
halophytes (Jennings, 1976) and one way of counteracting the decrease in cell number 
seen with decreased leaf size (due to a decrease in cell division (Yeo & Flowers, 
1980), is to increase cell size which is a succulence response e.g. decreasing cell 
division and increasing cell size was seen for Atriplex hastata in response to increased 
external NaCl concentrations (Black, 1958) and was suggested for leaves of Hordeum 
vulgare in response to increased external NaCl concentrations (Munns et al., 1982). 
This succulence response is a general response to increased salt concentration, and 
has been proposed as a method of ‘diluting’ the concentration of sodium ions in the 
leaves (which inevitably accumulate in halophytes and salt-tolerant species with 
exposure to saline growth conditions), thus avoiding ion build-up to toxic levels 
(Jennings, 1968; Jennings, 1976). Succulence has also been proposed as contributing 
to salt regulation by increasing the vacuolar volume available for ion accumulation 
(Greenway & Munns, 1980). The question of ion uptake and accumulation in 
Plantago maritima in relation to salinity tolerance is dealt with in Chapter 3. In 
Apium graveolens grown at low (25mM) NaCl levels, leaf fresh weight increased 
significantly while there was no significant difference in dry weight (Everard et al., 
1994). This was seen by the authors as a succulence response. There was no increase 
in shoot fresh weight with increasing NaCl concentration for the Plantago maritima 
populations studied here, and the percentage water content and dry weight of shoots 
was only significantly affected in the 300mM treatment where it decreased (section 
2.3.2, Table 2.33). This would suggest that the fleshy appearance of the leaves in the 
higher salt treatments was influenced more by a decrease in leaf growth rate, a 
decreased dry weight and perhaps increased cell size, than increased retention of 
water in the cells. This point is reinforced when looking at the actual water content 
(grams) of the leaves. The water content of leaves decreased in each population with
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increasing external NaCl (Table 2.34). Although succulence and water content 
increase is promoted by salinity in many dicotyledonous halophytes (Jennings, 1976; 
Rozema, 1991), dehydration has also been noted and may, in some species be an 
attempt to concentrate the inorganic ions thus helping to maintain a constant osmotic 
pressure difference between the internal and external salt concentrations (Hsaio et a l, 
1976; Glenn & O'Leary, 1984; Glenn et a i, 1992). All three populations of Plantago 
m aritim a  displayed decreased shoot and root water contents when exposed to 
increasing levels of external NaCl.

Leaf cell growth is sensitive to saline solutes due to the expenditure of energy 
associated with maintaining an ion gradient favourable for ion compartmentation 
(Turner & Passioura, 1986), and the energy cost of synthesising organic solutes 
(Volkmar et al., 1998). The rate of cell elongation may be affected by lowering cell 
turgor which affects cell growth (Leopold & Willing, 1984), or by the use of plant 
growth regulators in influencing the distribution of biomass between roots and shoots 
(Lemer & Amzallag, 1994). Munns, (1993), argues that the salts taken up by plants 
do not directly control plant growth by affecting turgor, photosynthesis or enzyme 
activity, but that the salt build-up in old leaves hastens death of these leaves and this 
loss affects the supply of assimilates or plant growth regulators to the growing regions 
thus affecting growth. The continuous accumulation of inorganic ions combined with 
the limited production of new leaf volume could lead to earlier build-up of excess 
ions to toxic levels and thus could accelerate leaf senescence and death (Neumann, 
1997). The shedding of old, salt-laden leaves was proposed by (Albert, 1975) as a 
mechanism whereby plant species with basal rosettes that continuously generated new 
leaves, e.g. Plantago maritima, Triglochin maritima and Aster tripolium, could 
regulate their internal inorganic ion contents. McNamee & Jeffrey, (1976) report that 
Plantago maritima sheds its outer leaves under conditions of increased salt stress and 
replaces them with shorter, more cylindrical leaves. These new succulent leaves have 
‘a smaller surface area, relative to volume, and therefore a smaller evapotranspiration 
area, so presumably cutting down on water loss through the shoots’ (McNamee & 
Jeffrey, 1976). In the course of the experiments conducted here, some Plantago  
maritima plants did shed some dead leaves but these were small in number and were 
conceivably replaced by new leaves before being shed. Also, as plants were grown 
from seed and subjected to the NaCl treatments when young, the development of 
these new, more succulent leaves on plants that did not originally have them, could 
not be monitored.

A change in dry weight biomass partitioning between roots and shoot has been 
proposed as a mechanism of adaptation to salt or water stress. The decreasing height 
of above-ground biomass in response to elevated external salinity has been directly
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related to the uptake of ions into the roots and transport of these ions to the shoots 

where com partmentation of ions takes place (M unns et al., 1983). A decrease in 

shoot biomass has been reported for other salt-grown plants e.g. Atriplex patula  plants 

showed decreased shoot dry weight and decreased shoot height after 8 weeks in 

increasing NaCl concentrations (Ungar, 1996). Adverse water relations could account 

for the decreased growth of dicotyledenous halophytes grown at increased NaCl 

concentrations (Munns et al., 1983). The maintenance of a stable shoot water content 

(expressed as a percentage of fresh weight) for salinities up to 300mM NaCl in each 

population of Plantago maritima would support this theory (Table 2.33). Plants from 

the upper saltmarsh and lower saltmarsh populations grown in 400mM  NaCl showed 

a significant decrease in shoot w ater content, w hile plants from  the sea-cliff 

population did not survive in 400mM  NaCl to the end of the experim ent (section 

2.2.1). The tolerance of Plantago maritima to long-term exposure to saline solutions, 

with respect to water uptake and sustained growth, would appear to break down at 

concentrations above 300mM NaCl.

By decreasing the amount of above ground biom ass or increasing the amount of 

below ground biomass, changes in shoot:root ratio occur. Changes of this type can be 

beneficial to the plants enabling conservation o f water, by reduction in leaf surface 

area for evapotranspiration, and to continued growth under sub-optimal conditions 

(Berstein & Hayward, 1958; Hsaio, 1973). The partitioning of biom ass between 

shoots and roots, for each population of Plantago m aritim a  investigated here, 

however, did not change with increasing NaCl treatm ent (seen from the allometric 

coefficients of growth, section 2.3.2). The allometric coefficient of growth gives an 

indication of the relationship between the shoot growth rate and the root growth rate. 

Equally balanced growth gives a k value of unity; in ‘shooty’ growth k< l and in 

‘rooty’ growth, k> l (Hunt, 1990). A constant ratio of growth rates is indicated by a 

straight-line relationship and an unchanging allometric coefficient (Farrar, 1996). In 

all three Plantago maritima  populations investigated here, the k value was slightly 

less than unity indicating a bias towards partitioning of biomass into shoot growth. 

Also, shoot:root ratio showed no significant change due to salinity treatment for each 

population after nine weeks (Table 2.32). Thus although leaf length did decrease 

significantly with increasing salinity treatment in all populations which could be seen 

as a response to salt stress (Table 2.28), based on dry weights, Plantago maritima  

does not appear to use this method as a mechanism of salt tolerance.

Plants with increased salinity resistance are expected to m aintain higher rates of 

growth than less resistant plants under equivalent levels of salinity (Neumann, 1997). 

From the habitats of the three populations of Plantago maritima investigated here, it 

could be expected that the sea-cliff population may show reduced tolerance to
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increased salinity levels compared with the saltmarsh populations. From the first 
series of experiments (section 2.3.1), there did appear to be a difference in salinity 
tolerance between populations. Both the upper saltmarsh (section 2.3.1.1) and the 
lower saltmarsh (section 2.3.1.2) populations showed continued, minimal, growth for 
nine weeks in external salt concentrations of 400mM NaCl. Plants from the sea-cliff 
population, however, did not survive such extended exposure to these high salt 
concentrations (Figure 2.7(a)), dying after 6 weeks continual exposure (section 
2.3.1.3). However, in the second series of experiments (section 2.3.2), the 
comparison of three populations of Plantago maritima did not reveal any differences 
in growth in terms of relative growth rate or fresh weight with identical salt 
treatments up to 300mM NaCl (Table 2.27). The sea-cliff population responded 
identically in terms of fresh weight accumulation (Figure 2.10, Table 2.25) and water 
content (Table 2.34) as the two saltmarsh populations, with no difference in 
population response being detected statistically. This identical growth response, in 
terms of fresh weight and relative growth rate, of the sea-cliff population with the two 
saltmarsh populations in salt levels up to 300mM NaCl is noteworthy considering the 
natural habitat of the sea-cliff plants i.e. that sea-water inundation would be rare, if at 
all, and most of this populations exposure to saline conditions would be through sea- 
spray. While this may lead to some significant inputs of salt into the soil, inundation 
by sea-water could be expected, in the long-term, to be more detrimental to growth of 
a plant. Significant population differences were found in leaf length, with the sea- 
cliff population having smaller leaves than either of the saltmarsh populations (Figure 
2.12, Table 2.28). However, as can be seen from Figure 2.12, this population had 
smaller leaves in all treatments and thus this smaller leaf size cannot be attributed to 
the effect of salt in the growth medium, and must be a morphological feature of this 
population of Plantago maritima. A reduced leaf length of a sea-cliff population 
when compared with a saltmarsh population was also noted by Gregor, (1939), in a 
study of populations of Plantago maritima from various sites around Britain. The 
sea-cliff habitat is more exposed than the saltmarsh habitat, and exposure to high 
winds is known to cause a reduction in leaf size (Gregor, 1939) so it is not surprising 
that this sea-cliff population displayed a smaller leaf size than the saltmarsh 
populations.

Thus, although the sea-cliff population produced plants with smaller leaves and 
smaller fresh weights, these features did not, in any way, appear to restrict the growth 
of this population compared with growth of the two saltmarsh populations when 
exposed to equivalent salinity levels. The sea-cliff population, in terms of fresh 
weight increase, relative growth rates and percentage water content maintenance was 
able to show the same adaptive responses as the upper and lower saltmarsh
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populations with increasing NaCl concentrations up to 300m M  N aCl. The 

partitioning of biomass between shoots and root in response to increasing treatment 

was also the same in the sea-cliff population as in the two saltmarsh populations. 

This ability of ‘non-saline’ populations of Plantago maritima  to w ithstand elevated 

concentrations of sodium ions in the growth m edium  has been reported before. 

Sheehy-Skeffington & Jeffrey, (1985) showed that an inland population of Plantago  

m aritim a, though less tolerant of seawater than saltmarsh populations, was able to 

w ithstand growth concentrations of up to 100% sea-water. It is possible that, as 

Plantago m aritima  is a wind-pollinated out-breeder, there would be some influx of 

genetic material in pollen from plants further down the sea-cliff towards the sea which 

could confer some salt tolerance. However, it is also possible that as a species 

Plantago maritima has a genetic pre-disposition to survival with prolonged exposure 

to elevated saline growth conditions. Comparison with more isolated populations of 

Plantago maritima would be necessary to investigate this.

2.5 -  Conclusions

1. Growth of all three populations of Plantago maritima, in terms of increasing fresh 

weight, dry weight or water content of plant parts, was not optimised by the presence 

of NaCl in the growth medium. Optimum growth was achieved in the absence of any 

NaCl.

2. There appeared to be a division of growth response of P lantago m aritim a  to 

external NaCl concentrations. An increase in NaCl concentration from  100 to 

200mM  NaCl caused significant differences in fresh weight production, relative 

growth rate and tissue water contents.

3. Increasing external NaCl concentration decreased the w ater content (g) of plant 

parts of all populations, which has been seen as an adaptation to increasing internal 

ion concentrations. The apparent ‘succulent’ nature of leaves in the higher NaCl 

treatments, was not, therefore, a ‘dilution’ response to high tissue ions levels, but was 

probably a result of reduced cell number and increased cell expansion.

4. The shoot to root ratio of plants, calculated from  dry weights at the end of the 

experiment, for all populations of Plantago maritima  showed no significant change 

due to increased NaCl treatment.

5. Differences in growth response between the populations were seen. The sea-cliff 

population could not survive extended exposure to NaCl levels above BOOmM NaCl. 

Nevertheless, survival of this population at such high NaCl levels could be considered 

remarkable considering the natural habitat of this population.
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6. M orphologically, the sea-cliff population differed from  the two saltm arsh 

populations. Leaves of sea-cliff plants were much shorter than leaves from saltmarsh 

plants. This was not an adaptive response to increasing salt, but a genotypic feature 

of this population.

7. Overall, while Plantago maritima showed some halophyte features when exposed 

to increased salt levels, it could not be considered a halophytic species in the strict 

sense of the word. It can be considered a salt tolerant species capable of survival in 

high levels of external salt, but displaying reduced growth characteristics in these high 

levels.
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Chapter 3 -  Inorganic ion relations in whole plants and ion 
efflux from leaves of three Plantago maritima populations 

grown in varying NaCl concentrations.

3.1 - Introduction

The supply o f inorganic nutrients available to a plant plays an influential role in 

determining growth. To cope with the fluctuating levels o f nutrients to which they are 

exposed, plants have developed high levels o f plasticity in terms o f response to 

changing growth environments, both at the individual level and within species and 

ecotypes (Maathius & Amtmann, 1999). An example o f this can be seen in the range 

o f responses o f plants to salinity: significant accumulation o f sodium  may result in 

severe growth reduction or death in salt-sensitive glycophytes, can lead to mild 

toxicity symptoms in salt tolerant species but may benefit true halophytes.

In terms o f ion activity, plants respond to saline growth conditions in one o f two 

ways: accumulation o f inorganic ions to high levels in roots and shoots or exclusion  

of inorganic ions from plant parts. In most halophytes, salt tolerance is related to the 

ability to take up large quantities o f sodium ions, balanced by chloride ions, into the 

shoots, while in glycophytes, salt tolerance is thought to be correlated with the ability 

to exclude inorganic ions from the shoots (Hodson et al., 1985). Salt tolerance is not 

exclusively correlated with adaptations to sodium ion toxicity p e r  se but also reflects 

the plants adaptation to secondary effects o f salinity such as water deficits and 

impaired nutrient uptake (Flowers et al., 1977; Greenway & Munns, 1980). Water 

loss in plant tissues with increased external salin ity has been proposed as a 

mechanism o f concentrating ions in the cell sap, thus regulating the osm otic potential 

of the cell (Glenn & O'Leary, 1984). Impaired nutrient uptake is especially relevant 

in halophytes where the accumulation o f potassium ions is concerned due to the 

chemical similarities between Na^ and (Maathius & Amtmann, 1999). Terrestrial 

halophytes use controlled accumulation and sequestration o f these two inorganic ions, 

balanced by chloride, as the basic mechanism by which they adjust to the osmotic 

potential o f the external medium (Cheeseman, 1988).

The capacity o f plants to overcome high levels o f salt in the growth medium, strongly 

depends on the status o f potassium nutrition. Potassium is essential to all plant life  

and in most terrestrial plants it is the major cationic inorganic nutrient (Marschner, 

1995). Potassium in plant cells is involved in: charge balancing in the cytoplasm , 

activation o f crucial enzym atic reactions and contributing to the ce ll turgor 

(Marschner, 1995; Maathius & Sanders, 1996). In contrast, sodium is only essential 

for a number of species with C4 photosynthesis where it functions as a micronutrient
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in the translocation of pyruvate across the chloroplast membrane (Brownwell & 

Crossland, 1972). In most other species, sodium does not act as a nutrient in the strict 

sense that it is required for growth, but its presence in the growth medium may 

prom ote growth o f many plants when potassium  is lim iting (M arschner, 1995). 

Halophytes do not respond uniformly to salinity, however, as taxa vary widely in their 

accum ulation of ions and in their requirem ent for sodium . Beta vulgaris and 

m em bers o f the genus A trip lex  for exam ple showed increased growth in sodium 

concentrations of up to 50mM external NaCl (Jennings, 1976; Jeschke & Stelter, 

1983), while Suaeda aegyptica requires sodium at m acronutrient concentrations for 

optimal growth (Eschel, 1985).

With increasing external concentrations of sodium ions, the physiological ‘w indow’ 

of optimum concentrations narrows (M arschner, 1995). Although sodium in the 

growth medium can be seen as a supply of cheap osmoticum (in that little diversion of 

carbon resources from growth is necessary for the accumulation of sodium), a large 

excess of sodium over potassium is not beneficial as sim ilar chem ical properties 

between these cations mean that sodium competition at transport sites for potassium 

entry to the symplast may result in potassium deficiency. The influx of sodium ions 

across the root plasma membranes is generally thought to be passive and interactive 

with potassium carriers at the membrane level (for reviews see Niu et a l ,  (1995) and 

Sakamoto & Murata, (2000)). Sodium in the cytoplasm also competes for potassium 

binding sites and hence inhibits metabolic processes that depend on potassium 

(Marschner, 1995). Plants in saline growth media must find other ways of optimising 

the concentrations of potassium while trying to overcome the high concentration of 

sodium present i.e. plants must try to maintain a favourable KVNa"^ ratio. In this 

respect the roots play a crucial role in plant survival. The KVNa'^ ratio of plant cells 

depends on the action of transport systems at the plasma membrane and the tonoplast. 

Regulation of ion entry into the plant cells via these m em branes controls ion 

movement to the root and from there to the shoot. Regulation of ion movement is 

under the control of various pumps, carriers and channels (see Niu et al., (1995) for 

review). Halophytes have been divided into separate physiotypes according to their 

patterns of cation accumulation, especially the KVNa"^ ratio (Albert & Popp, 1977; 

Gorham et al., 1980). The high sodium physiotype is associated with the most salt- 

tolerant species which display rapid sodium uptake and stimulation of growth at low 

NaCl levels e.g. the Chenopodiaceae, while the low sodium  (high potassium ) 

physiotype, is associated with an assumed lower degree of salt tolerance and optimal 

growth on non-saline media e.g. halophytic grasses (Glenn et al., 1992).

Excretion of salt from the shoot is another mechanism involved in regulation of ion 

fluxes and salt tolerance in halophytes (Hill & Hill, 1976). Salt excretion occurs
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mainly via salt hairs, e.g. Atriplex sp. (Jeschke & Stelter, 1983) or salt glands e.g. 
Limonium vulgare (Ziegler & Luttge, 1966). Such specialised structures seem to be 
evolutionarily late inventions by which halophytes gain an edge over glycophytes 
(H asegaw a et a l ,  2000). No such structures however, have been reported for 
Plantago maritima (Sheehy-Skeffington & Jeffrey, 1988). As a rosette species with 
the ability to renew it’s leaves continuously throughout the growth period, the 
shedding of old, salt-saturated leaves can be used by Plantago maritima as a strategy 
for regulating salt (Albert, 1975). Other species for which this regulatory mechanism 
has been proposed are Aster tripolium and Triglochin maritima.

Aims: The aim of this series of experiments was to investigate ion accumulation, 
transport and efflux from leaves in three populations of Plantago maritima. It was 
hoped to identify population differences based on ion accumulation and thus aid in 
elucidating one of the mechanisms of salt tolerance in Plantago maritima. The effect 
of short- and long-term exposure to a saline growth medium was also investigated.

3.2 - Materials & Methods

3.2.1 - Seed germination and growth

See Chapter 2, section 2.2.2 for full details on seed germination and plant growth 
conditions. In brief, seeds were germinated on moist filter paper in petri-dishes. 
Two-week old plants were transferred to pots in a Conviron® growth cabinet and 
grown for two weeks in aerated, 1/5 dilution Hoaglands solution, modified to remove 
sodium ions. 50mM NaCl was added daily to the solution until the desired final salt 
concentration was reached. Solutions were renewed weekly. The final NaCl 
concentrations were either 0, 50 100, 200, 300 or 400mM NaCl. Plants were grown 
for varying lengths of time depending on the experiment. At the end of the 
experiment, plants were harvested, separated into shoots and roots, weighed, and 
killed by immersion in liquid nitrogen. Each plant part was placed in a separate 
envelope and dried to constant dry weight in an oven at 80°C.

3.2.2 -  Experimental design and data analysis

1. Nine week individual experiments -  6 NaCl treatments: Plants from an upper salt 
marsh, a lower saltmarsh and a sea-cliff population of Plantago maritima were grown 
for nine weeks in six NaCl treatments: 0, 50, 100, 200, 300 or 400mM NaCl. This 
enabled comparisons to be made within each population across a wide range of salt
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concentrations. The three populations were investigated individually in three separate 

experim ents due to space restrictions in the growth cham ber. There were five 

replicate plants per treatment.

2. Nine week simultaneous experiment -  3 NaCl treatm ents: Plants from the three 

populations were grown together for nine weeks in three NaCl treatments: 0, 50 or 

300mM NaCl. By reducing the number of treatments, all populations could be grown 

simultaneously allowing statistical analysis of any population effects. There were six 

replicate plants per treatment.

3. One week, one population experim ent -  6 NaCl treatments: Upper saltmarsh 

plants were grown for one week in six NaCl treatm ents: 0, 50, 100, 200, 300 or 

400mM  NaCl. This was undertaken to enable com parison with the nine week 

experiment to elucidate differences, if any, of ‘short-term ’ and ‘long-term ’ effects of 

salinity exposure. There were five replicate plants per treatment.

4. Thirteen week simultaneous experiment -  three NaCl treatm ents: Plants from the 

three populations were grown together in three NaCl treatments: 0, 50 or 300mM 

NaCl for thirteen weeks to investigate sodium  efflux from leaves o f P lan tago  

m a r i t im a  and to investigate the relationship betw een ion efflux and leaf ion 

concentrations. There were five replicate plants per treatment.

In all cases, plants were randomly assigned an NaCl treatment, and all plants were 

random ly positioned within the growth cabinet. All results from  the above 

experiments were analysed using fully randomised Analysis of Variance (ANOVA) in 

the D atadesk®  6.0 PPC package. A one-w ay ANOVA design was used when 

treatment was the only factor, and a two-way ANOVA with interactions was used 

when treatment and population and/or time were factors. Treatment, population and 

time were discrete factors in all cases. W here necessary, results were transformed to 

obtain normal distribution before analysis. Treatments which only had one replicate 

were excluded from the analysis although they are included in the graphs. Any 

significant results and interactions were analysed using bonferroni post hoc testing as 

the sample sizes were invariably different for each treatment or treatment/population 

combination.

Shoot and root ion concentrations were analysed separately to determine the effect of 

treatm ent on these concentrations and then analysed together to determine if there 

were significant differences in ion concentration in these parts. In the latter case, 

tissue type i.e. shoot or root, was taken to be a discrete factor.
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3.2.3 • Shoot and root inorganic ion content

For each population of Plantago maritima (sea-cliff, upper salt marsh and lower salt 
marsh), shoot and root sodium and potassium ion contents were determined at the end 
of each experiment as follows.

For each plant sample, a known amount of dried shoot or root biomass was ground 
using a pestle and mortar. Samples were kept separate at all times. The ground 
material was then transferred to a 100ml beaker containing 40ml IN ammonium 
acetate. The beakers were heated on a hot plate for approximately 30 minutes at 
30°C. After cooling, solutions were filtered into 100ml volumetric flasks, the biomass 
washed twice with distilled water and the distillate also filtered. Solutions were then 
made up to volume with distilled water. The sodium and potassium ion 
concentrations were determined using a Jenway PFP7 flame photometer which had 
been calibrated using standard sodium and potassium solutions. To ensure accuracy, 
the calibration was checked every five readings and re-adjusted if necessary. As the 
amount of water in the living tissue was known (see Chapter 2), the inorganic ion 
concentrations were expressed on a molar basis.

To get an insight into the selective properties of uptake and transport systems of the 
three populations, the Uptake Selectivity Ratio (USR) and Transport Selectivity Ratio 
(TSR) were calculated as follows (after Pitman, (1976)):

l ['̂ L ['̂“ L ['f ],
where the subscripts o, r and s refer to outside medium, root and shoot respectively.

3.2.4 - Leaf salt efflux: ion analysis

It was decided to measure the absolute amounts of sodium and potassium effluxed 
each week from shoots of Plantago maritima. The experiment was conducted over 
thirteen weeks and was non-destructive. Studies on salt secretion have been 
undertaken on intact plants previously [Rozema, 1981 #351]. The method outlined 
below was chosen as it was felt that this would address the lack of information on salt 
secretion using intact plants subjected to long-term salinity regimes [Naidoo, 1998 
#333].

Seeds from the three P lantago maritima  populations were germinated, twenty 
individuals per population randomly selected and grown up as before (Section 2.2.2). 
After this time three NaCl salinity treatments: OmM, 50mM and 300mM NaCl were
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started with five plants per population per treatment. To avoid toxic shock, NaCl was 
added in daily increments of 50mM until the desired concentration was reached. 
Once reached, on day 0 of the experiment, plants were rinsed with distilled water to 
remove any external salts and weighed. The experiment was then started.

For thirteen weeks, plants were grown in each of the three salt concentrations: 0, 50 or 
300mM NaCl. Each week the shoots of each plant were washed with 20ml distilled 
water for 20 seconds to remove all external salts (modified from Marcum et a l ,  
(1998)). The external salts were analysed for sodium and potassium content using a 
PFP7 flame photometer. As it was intended to measure ion efflux in a non
destructive manner, in order to calculate the amounts of inorganic ions effluxed, it 
was decided to calculate weekly effluxed ion amounts as a percentage of the total ion 
amount effluxed over the entire experiment (which was expressed on a shoot dry 
weight basis (mg/g dwt)). It was felt that this, and not weekly amount of ion effluxed 
per gram whole plant fresh weight, was a more accurate and standardised way of 
calculating the amount of ion efflux per week.
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3.3 -  Results

3.3.1 -  Shoot and root inorganic ion content

3.3.1.1 - Nine week individual experiment

Upper saltmarsh population; Shoot and root sodium ion concentrations are 
presented in Figure 3.1(a). Analysis of variance results are presented in Table 3.1. 
Shoot sodium ion concentration increased significantly with increasing external NaCl 
concentration (Table 3.1). The two highest NaCl treatments; 300mM and 400mM 
had only one plant replicate analysed for ion concentration, so this trend may be an 
artefact of low replication. Bonferroni post-hoc testing found significant differences 
between the OmM NaCl treatment and each of the 50mM, lOOmM and 200mM 
treatments; (p<0.001 for each comparison). Root sodium ion concentration also 
increased significantly with increasing external NaCl concentration (p<0.001). 
Sodium ion concentration increased up to 200mM NaCl and then levelled off for the 
two highest treatment concentrations. However, as with the shoots, this may be an 
artefact of low replication. With bonferroni post-hoc testing, significant differences 
were found between the OmM NaCl treatment and the 50mM (p<0.05), lOOmM and 
200mM treatments, (both p<0.01).

Table 3.1 -  F ratios and corresponding probability levels from analysis of variance of 
the effect of NaCl treatment on shoot and root sodium and potassium ion 
concentrations for plants of an upper saltmarsh population of Plantago maritima 
grown for nine weeks in 0, 50, 100, 200, 300 or 400mM NaCl.

*** p <  0.001; ** p < 0 .01 ; * p< 0 .05 ; ns p > 0.05, not statistically significant.
Source of variation 

Character Treatment

Shoot Na^ 25.52***
Shoot 30.77 ***
RootNa^ 13.29***
Root __________ 2.63

For all treatments, shoots contained significantly more sodium than roots (p<0.001), 
and there was a significant treatment*tissue interaction (p<0.05). Bonferroni post-hoc 
results for this interaction are presented in Table 3.2. There was no significant 
difference in sodium ion accumulation between shoots and roots for the OmM NaCl 
treatment. The 50, 100 and 200mM treatments showed significant differences in 
sodium ion accumulation between shoots and roots. For both roots and shoots, the 
sodium ion concentration increased significantly with treatment. Therefore, the
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Figure 3.1 (a) & (b): (a) Shoot and root sodium ion concentrations and (b) shoot and root 
potassium ion concentrations for an upper saltmarsh population of Plantago maritima 
grown hydroponically for 9 weeks in 0, 50, 100, 200, 300 or 400mM NaCl. Results 
expressed as millimoles of sodium per litre of tissue water. Values represent mean ± 
standard error of up to 5 replicates.



significant treatment*tissue interaction was probably due to the difference in amount 
of sodium accumulated between treatments i.e. shoots accumulated a lot more sodium 
than roots, so the difference in sodium amounts between treatments was greater in the 
shoots than in the roots (Figure 3.1 (a)).

Shoot and root potassium ion concentrations are shown in Figure 3.1(b). Analysis of 
variance results are presented in Table 3.1. With increasing external NaCl 
concentration, shoot potassium ion concentration decreased up to 200mM NaCl then 
increased slightly for 300mM and 400mM NaCl treatments. Again, only one 
replicate plant was analysed for ion results at these treatments so this may be an 
artefact of low replication and its significance could not be determined. Treatment 
significantly decreased shoot potassium ion concentration (Table 3.1), with significant 
differences found between the OmM treatment and the 50mM, lOOmM and 200mM 
treatments (p<0.01, p<0.001, p<0.001 respectively) and the 50mM and 200mM 
treatments (p<0.05); bonferroni post-hoc testing. Root potassium ion concentration 
increased slightly with the addition of 50mM NaCl to the growth medium, then 
decreased with treatments up to 200mM NaCl after which it increased again for the 
highest two NaCl treatments. However, there was no significant effect of treatment 
on root potassium ion concentration (Table 3.1).

Shoots contained significantly more potassium ions than roots (p<0.001) and there 
was a significant treatment*tissue interaction (p<0.01). Bonferroni post-hoc analysis 
of this interaction shown in Table 3.2.

Table 3.2 -  Bonferroni post-hoc summary of treatment*tissue interaction for shoot 
(sht) and root (rt) sodium and potassium ion concentrations for the upper saltmarsh 
population of Plantago maritima grown for nine weeks in six NaCl treatments. 0, 50, 
100, 200, 300 and 400 refer to the OmM, 50mM, lOOmM, 200mM, 300mM and 
400mM NaCl treatments respectively.
*** p <  0.001; ** p< 0 .01 ; * p< 0 .0 5 ; ns p > 0.05, not statistically significant.

P values

Comparisons Na^ content content

0, sht -  0, rt ns ***

50, sht -  50, rt ** ns
100, sht -  100, rt *** ns
200, sht -  200, rt * ns

For potassium ion concentration, a significant difference was found between shoots 
and roots of the OmM NaCl treatment (Table 3.2). The difference in concentration of 
potassium ions in shoots and roots is greater for this treatment than any of the salt
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treatments which may have caused this significance. Also, as external NaCl 
concentration increased, shoot potassium ion concentration decreased while for the 
roots there was no significant effect of treatment on potassium ion concentration (see 
preceding paragraph).

Lower saltmarsh population: Shoot and root sodium ion concentrations for the 
lower marsh population are shown in Figure 3.2(a). Analysis of variance results are 
presented in Table 3.3. Shoot sodium ion concentration increased with the addition of 
external NaCl up to lOOmM NaCl, after which the sodium concentration levelled off 
and only increased again for the 400mM NaCl treatment. Only one replicate plant 
was analysed for this treatment and this increase may be due to low replication and its 
significance could not be determined. Increasing treatment significantly increased 
shoot sodium ion concentration (Table 3.3). However, this effect was so slight that 
with post-hoc testing, no significant differences were found between any of the 
treatments. Root sodium ion concentration showed a significant increase with 
increasing NaCl treatment (Table 3.3). The addition of 50mM NaCl to the growth 
medium significantly increased the sodium ion concentration which then decreased 
with lOOmM NaCl and increased again with 200mM NaCl where the concentration 
levelled off for 300mM and 400mM NaCl treatments. Bonferroni post-hoc testing 
showed significant differences between the OmM treatment and the 50mM, 200mM 
and 300mM treatments (p<0.01 for all) No significant differences were found 
between any other treatments. Shoots contained significantly more sodium ions than 
roots (p<0.001). There was no detectable difference in response to treatment between 
roots and shoots.

Table 3.3 -  F ratios and corresponding probability levels from analysis of variance of 
the effect of NaCl on shoot and root sodium and potassium ion concentrations for 
plants of a lower saltmarsh population of Plantago maritima grown for nine weeks in 
0, 50, 100, 200, 300 or 400mM NaCl.

*** p <  0.001; ** p < 0 .01 ; * p< 0 .0 5 ; ns p > 0.05, not statistically significant.

Character

Source of variation

Treatment

Shoot Na"̂ 3.50*
Shoot 2.18"*
Root Na"̂ 10.15 "
Root 10.18**
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Figure 3.2 (a) & (b): (a) Shoot and root sodium ion concentrations and (b) shoot and root 
potassium ion concentrations for a lower saltmarsh population of Plantago maritima 
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Shoot and root potassium ion concentrations are shown in Figure 3.2(b). Analysis of 

variance results are presented in Table 3.3. Shoot potassium concentration decreased 

initially with increasing external NaCl concentration (up to lOOmM NaCl) then 

increased slightly for the remaining treatments. There was no significant effect of 

treatm ent on shoot potassium  concentration (Table 3.3). Root potassium  ion 

concentration showed no consistent pattern of accum ulation with increasing NaCl 

concentration. Root concentrations increased initially then decreased with the lowest 

value at 400m M  N aCl. T reatm ent s ign ifican tly  decreased  potassium  ion 

concentration (Table 3.3); significant differences were found between potassium ion 

concentrations for 50mM and; OmM (p<0.01), lOOmM (p<0.05), 300mM  (p<0.001) 

and between 200mM and 300mM (p<0.05); bonferroni post-hoc testing.

There was no significant difference in potassium ion concentrations between roots 

and shoots and no significant treatment*tissue interaction.

Sea-CIiff population: Plants grown at 400mM  NaCl all died before the end of the 

experimental time period so there are no results for this treatment. Shoot and root 

sodium ion concentrations are shown in Figure 3.3(a). Analysis of variance results 

are presented in Table 3.4.

Table 3.4 -  F ratios and corresponding probability levels from an analysis of variance 
of the effect of NaCl on shoot and root sodium and potassium ion concentrations for 
plants of a lower saltmarsh population of Plantago maritima grown for nine weeks in 
0, 50, 100, 200, 300 or 400mM NaCl.

*** p <  0.001; ** p < 0 .0 1 ; * p < 0 .0 5 ; ns p > 0.05, not statistically significant.

Character

Source of variation

Treatment

Shoot Na"̂ 30.24 *"

Shoot 5.56*

Root Na"̂ 78.03 ***

Root 4.22*

Shoot sodium concentration increased significantly with increasing external NaCl 

treatm ent (Table 3.4). Post-hoc testing (bonferroni) found significant differences 

between OmM and; 50mM (p<0.001), lOOmM (p<0.01) and 200mM (p<0.001) NaCl 

and between lOOmM and 200mM NaCl (p<0.05). Root sodium ion concentration 

also showed an significant increase with increasing external NaCl up to 200mM NaCl 

where it levelled off. However, low replication at the 300mM  NaCl level may have
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caused this trend. All concentrations were significantly different from the OmM 
concentration (p<0.001), and 50mM and lOOmM treatments were significantly 
different from the 200mM treatment (p<0.001) with bonferroni post-hoc testing.

Shoots contained significantly more sodium ions than roots (p<0.001) with shoots and 
roots showing a significant difference in ion accumulation with treatment (p<0.05). 
Bonferroni post-hoc test results for this interaction are shown in Table 3.5. The OmM 
NaCl treatment showed no significant difference between shoots and roots. Both 
roots and shoots showed a significant increase in sodium ion concentration with 
increasing salt treatment, therefore the significant treatment*tissue interaction was 
due to the difference in amount of NaCl accumulated between treatments i.e. the 
change in sodium ion concentration of shoots with increasing NaCl was relatively 
greater than that of root sodium ion concentration.

Table 3.5 -  Bonferroni post-hoc summary of treatment*tissue interaction for shoot 
(sht) and root (rt) sodium ion concentrations for the sea-cliff population of Plantago 
maritima grown for nine weeks in six NaCl treatments. 0, 50, 100, 200, 300 and 400 
refer to the OmM, 50mM, lOOmM, 200mM, 300mM and 400mM NaCl treatments 
respectively.

*** p <  0.001; ** p< 0 .0 1 ; * p< 0 .05 ; ns not statistically significant.
 P values_____

Comparisons________ Na~*̂ content

0, sht -  0, rt ns
50, sh t-5 0 , rt ***
100, sht -  100, rt *
200, sht -  200, rt__________*________

Shoot and root potassium ion concentrations are shown in Figure 3.3(b). Analysis of 
variance results are presented in Table 3.4. Shoot potassium ion concentration 
decreased significantly with increasing external NaCl concentration (Table 3.4) due to 
differences between the OmM and lOOmM treatments (p<0.05 -  bonferroni post-hoc 
test). Root potassium ion concentrations did not decrease significantly with 
increasing external NaCl concentration (Table 3.4). The concentration increased 
between the lOOmM and 200mM treatment and then decreased again. Shoots 
contained significantly more potassium ions than roots (p<0.001) and both shoots and 
roots showed the same pattern of accumulation with treatment.

The ion selectivity ratios for shoots and roots of each population at all NaCl 
treatments are given in Table 3.6. Analysis of variance results are presented in Table 
3.7.
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Table 3.6 - Effect of salinity on uptake selectivity ratio (USR) and transport 
selectivity ratio (TSR) for plants from an upper marsh (um), a lower marsh (Im), and a 
sea-cliff (sc), population of Plantago maritima. Plants were grown for 9 weeks in 0, 
50, 100, 200, 300 or 400mM NaCl. Values represent mean ± standard error of up to 5 
replicates. TSR and USR were calculated as described in Materials & Methods.

Treatment

K^/Na^

OmM 50mM lOOmM 200mM 300mM 400mM

44.69 0.032 0.016 0.008 0.005 0.004

um TSR 1 48±0.33 0.52*°'^ 0.56*°“̂ 0 4 6 ± o.o8 0.69 0.40
USR 0.31*““ 45.59*'-’' 34.03* '̂*' 51.84*°'^ 67.01 99.59

Im TSR 1.06^^" 0.80*” ’̂ 0  i 8±o.o2 0  34±o.o8 1 19*0.42 1.01
USR 0.22*°“'̂ 35 02±10 34 55.31*” ’ 7 1  47±>6 62 4043*13.02 31.26

sc TSR 2.60^” 0  2 i ±o.o4 1_28^-38 0.58*°'* 1.00
USR 0.16*°“ 27_75±5.76 8.18*^“' 18.85*^'" 9.96

Table 3.7 -  F ratios and corresponding probability levels for the uptake selectivity 
ratio (USR) and the transport selectivity ratio (TSR) of plants from an upper 
saltmarsh, a lower saltmarsh and a sea-cliff population of Plantago maritima. Ratios 
were calculated at the end of nine weeks growth in 0, 50, 100, 200, 300 or 400mM 
NaCl. Each population was analysed separately.

*** p <  0.001; ** p< 0 .0 1 ; * p< 0 .05 ; ns not statistically significant.
Source of variation

Population Character Treatment

Upper marsh USR 75.87 *"
TSR 6.83 "

Lower marsh USR 13.72
TSR 2.40

Sea-Cliff USR 10.31 **
TSR 10.17”

When no sodium was present in the external medium i.e. OmM NaCl treatment, the 
uptake selectivity ratio (USR) was less than one for all populations, while the 
transport selectivity ratio (TSR) was greater than one for all populations. When 
sodium was added to the growth medium, the USR increased to greater than one for 
all three populations, while the TSR decreased to below one in all populations, for 
some treatments although there was no consistent pattern of change. Each population 
was analysed separately. Treatment significantly increased the USR in all 
populations (Table 3.7), the OmM treatment in all populations being significantly
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lower than each of the other treatments (p<0.001 for each com parison -  bonferroni 

post-hoc testing). TSR decreased significantly in the upper marsh and sea-cliff 

populations with increasing NaCl treatm ent (Table 3.7). For the upper marsh 

population, the OmM treatm ent gave significantly higher results from  the other 

treatments (p<0.05 -  bonferroni post-hoc testing), while in the sea-cliff population, 

only the 50mM treatment was significantly lower than the OmM treatment (p<0.01 -  

bonferroni post-hoc testing).

3.3.1.2 -  Nine week simultaneous experiment

Shoot sodium and potassium ion concentrations for the three populations of Plantago 

maritima grown simultaneously for nine weeks in three NaCl treatments are shown in 

Figure 3.4(a) & (b) respectively. Table 3.8 presents the F-ratios and probability levels 

calculated from analysis of variance.

For all three populations, shoot sodium ion concentration increased significantly with 

increasing external NaCl concentration (Table 3.8, Figure 3.4(a)). Bonferroni post- 

hoc testing showed shoots from the OmM treatm ent to contain significantly less 

sodium than shoots from all other treatments (p<0.001), and shoots from the 50mM 

treatment contained significantly less sodium than shoots from the 300mM treatment 

(p<0.05). There was no significant difference in shoot sodium concentration among 

populations and all populations showed the same pattern of ion accumulation (Table 

3.8). Shoot potassium  ion concentrations decreased significantly with increasing 

NaCl treatment for all three populations (Table 3.8, Figure 3.4(b)). As in previous 

experim ents, the OmM treatm ent gave sign ifican tly  g reater potassium  ion 

concentrations than found with the other treatments. For the upper saltmarsh and sea- 

cliff populations, there was a significant decrease in potassium concentration with the 

addition of 50mM NaCl to the growth medium. The lower marsh population showed 

a more gradual, non-significant decrease in potassium concentration with treatment. 

The decrease between the 50mM and 300mM treatments was less pronounced in the 

sea-cliff population giving a slight population*treatm ent interaction (see Table 3.8 

and Table 3.9). There were no significant differences between populations for shoot 

potassium ion concentration (Table 3.8).

76



800.0

700.0 :

C 600.0
o
c« I

h  500.0 i 
e  ^
w ^  I
o  1  400.0 I  u  C

300.0

200.0

100.0

0.0 i -

Upper marsh

(a) □  OmM 
■  SOmM
□  300mM

Lower marsh 

Population
Sea-Cliff

800.0

700.0

S 600.0 

ed
t  500.0 
0)
o §  400.0
C

'Z 300.0
3
(A

H 200.0

100.0 

0.0

i -

Upper marsh

(b) □ OmM 
■  SOmM
□  300mM

- i -

Lower marsh 

Population
Sea-Cliff
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Table 3.8 -  F ratios and corresponding probability levels from an analysis of variance 
of the effect of NaCl on shoot and root sodium and potassium ion concentrations for 
an upper saltmarsh, a lower saltmarsh and a sea-cliff population of Plantago maritima 
grown for nine weeks in three different NaCl concentrations.

*** p <  0.001; ** p< 0 .0 1 ; * p < 0 .05 ; ns p > 0.05, not statistically significant.
_____________ F-ratios__________________________

Source of Variation Shoot Na^ Shoot Root Na^ Root

Population 0.06 0.23 1.26 0.49
Treatment 179.04 *" 31.69 163.27 2.16
Population*treatment 0.75 3.25* 0.67 1.27

Table 3.9 -  Bonferroni post-hoc summary of shoot potassium ion concentrations for 
population*treatment interaction for the three populations of Plantago maritima 
grown for nine weeks at three NaCl concentrations. 0, 50 and 300 refer to the OmM, 
50mM and 300mM NaCl treatments respectively, um, Im and sc refer to the upper 
saltmarsh, the lower saltmarsh and the sea-cliff populations of Plantago maritima 
respectively.

p <  0.001; ** p< 0 .01 ;

Between populations

* p < 0.05; 
P values

ns not statistically significant.
P values

Shoot Within populations Shoot

0, sc -  0, Im ns 0, Im -  50, Im ns
0, um -  0, Im ns 0, Im -  300, Im ns
0, um -  0, sc ns 50, Im -  300, Im ns
50, sc -  50, Im ns 0, um -  50, um *

50, um -  50, Im ns 0, um -  300, um
50, sc -  50, um ns 50, um -  300, um ns
300, sc -  300, Im ns 0, sc -  50, sc ***

300, um -  300, Im ns 0, sc -  300, sc
300, sc -  300, um ns 50, sc -  300, sc ns

Root sodium and potassium ion concentrations for the three populations of Plantago 
maritima grown simultaneously for nine weeks in three NaCl concentrations are 
shown in Figure 3.5(a) & (b) respectively. Analysis of variance results are presented 
in Table 3.8.

Root sodium ion concentrations increased significantly with increasing external NaCl 
concentration for all three populations (Table 3.8). Bonferroni post-hoc testing 
showed sodium concentrations for all treatments to be significantly different from
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each other (p<0.001). There was no significant population effect and the pattern of 

ion accumulation was not significantly different between the three populations. Root 

potassium  ion concentrations did not change greatly between treatm ents, with the 

exception of the sea-cliff population where the 50mM treatment caused a noticeable 

drop in potassium ion content. However, this was not statistically significant. Each 

population showed the same pattern of ion accumulation over the treatments and there 

was no statistically detectable difference between populations (Table 3.8).

Shoot sodium  ion concentrations were significantly higher than root sodium ion 

concentrations (p<0.001). There was no population*tissue interaction suggesting no 

difference betw een populations in the pattern o f shoot and root sodium  ion 

accumulation. There was a significant treatment*tissue interaction (p<0.05); analysis 

of variance post-hoc testing probability  levels given in Table 3.10. Sodium 

concentration increased in both shoots and root with increasing external NaCl so the 

significant differences found were probably due to the difference in amount of sodium 

accum ulated between the treatm ents. Shoot potassium  ion concentrations were 

significantly different from root potassium ion concentrations (p<0.001). A non

significant population*tissue interaction suggests no detectable difference in 

potassium  accum ulation between populations and parts. There was a slight 

treatment*tissue interaction suggesting different ion accumulation between parts at 

the same treatm ent level. Analysis of variance post-hoc testing probability levels 

given in Table 3.10. The shoots showed a significant decrease with treatment while 

the roots showed no significant effect of treatment on potassium concentration.

Table 3.10 - Bonferroni post-hoc summary of treatment*tissue interactions for shoot 
(sht) and root (rt) sodium and potassium ion concentrations for the three populations 
of Plantago maritima  grown for nine weeks at three NaCl concentrations. 0, 50 and 
300 refer to the OmM, 50mM and 300mM NaCl treatments respectively.

*** p <  0.001; ** p < 0 .0 1 ; * p < 0 .0 5 ; ns not statistically significant.
________ P values________

Comparisons Na^ content content

0, s h t - 0 ,  rt ns ***

50, s h t- 5 0 ,  rt *** *

300, s h t-300, rt ** ns

The ion selectivity ratios for shoots and roots of the three populations are presented in 

Table 3.11. Analysis of variance results are presented in Table 3.12.

78



Table 3.11 - Effect of salinity on uptake selectivity ratio (USR) and the transport 
selectivity ratio (TSR) of plants from an upper marsh, a lower marsh and a sea-cliff 
population of Plantago maritima. Plants were grown hydroponically for nine weeks 
in 0, 50 or 300mM NaCl. Values represent mean ± standard error of 5 replicates. 
Calculation of USR and TSR described in Materials and Methods.

Treatment
Population OmM 50mM 300mM

K /̂Na^ 44.69 0.032 0.005

Upper marsh TSR 2.88^"'^ 043±o.o8 0.68^'^
USR 0.16^ “ 33.55*^"' 47.44*'^^

Lower marsh TSR 2.08"" '̂ 0 .50^ “̂ 040±o.3i

USR 0.15^ “' 27_87±3-39 176.15*'“ *°
Sea-Cliff TSR 2 o i ±o.34 0 32±o.o5 0.83^-^'’

USR 0_ 18^02 29_48±4.i8 37_72±i5.4o

Table 3.12 -  F ratios and corresponding probability levels for the effect of NaCl on 
the uptake selectivity ratio (USR) and the transport selectivity ratio (TSR) of plants
from an upper saltmarsh, a lower saltmarsh and a sea-cliff population of Plantago 
maritima after nine weeks growth in six NaCl concentrations.

*** p <  0.001; ** p < 0 .0 1 ; * p < 0 .0 5 ; ns not statistically significant.
F ratio

Source of variation USR TSR

Population 0.26"* 1 .45“
Treatment 729.88 *** 36.41
Population*treatment 2.36 2.60

For all populations, when no sodium was present in the external medium, the uptake 

selectivity ratio (USR) was less than one, increasing to greater than one when sodium 

was added to the external medium. For the transport selectivity ratio (TSR), the 

reverse was the case (Table 3.11). Population had no significant effect on either the 

USR or the TSR, no significant difference in USR or TSR between populations was 

detected at each treatment level, but treatment significantly increased the USR and 

significantly decreased the TSR (Table 3.12). The OmM treatment gave a 

significantly higher TSR from the 50mM and 300mM treatments (p<0.001), while 

there was no significant difference in TSR between 50mM and 300mM NaCl 
treatments (p>0.05) -  bonferroni post-hoc testing. The USR for the OmM treatments 

was significantly lower than that o f the 50mM and 300mM treatments (p<0.001).
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while the USR for the 50mM treatm ent was significantly higher than that of the 

300mM treatment (p<0.01) -  bonferroni post-hoc testing.

3.3.1.3 -  One week, one population experiment

Shoot and root sodium and potassium ion concentrations for plants of the upper 

saltmarsh population grown for one week in six NaCl treatments are presented in 

Figure 3.6(a) & (b). Analysis of variance results are presented in Table 3.13.

Sodium ion concentration increased significantly in both shoots and roots with 

increasing external NaCl concentration (Table 3.13, Figure 3.6(a)). The addition of 

lOOmM NaCl and above gave a significant increase in shoot sodium ion concentration 

(p<0.001), shoot sodium ion concentration with the 50mM  NaCl treatm ent did not 

differ statistically from that of the OmM treatment (p>0.05). Using bonferroni post- 

hoc testing, significant increases were also found between the 400mM  NaCl treatment 

and the 50mM  (p<0.001) and the lOOmM (p<0.05) treatments. Root sodium ion 

concentration was significantly increased with increasing external NaCl concentration 

(Table 3.13). Bonferroni post-hoc tests revealed the sodium ion concentration of 

roots o f plants grown in the OmM NaCl treatment to be significantly higher then 

sodium ion concentrations in roots from the 200mM (p<0.05), 300mM (p<0.001) and 

the 400mM  (p<0.001) treatments. The concentrations of sodium ions for the 50mM 

treatment were significantly lower than those of the 300mM and 400mM  treatments 

(p<0.05 for both comparisons; bonferroni post-hoc testing).

With no external sodium in the nutrient solution, the roots contained more sodium 

than the shoots. W hen sodium was added to the growth medium, shoots contained 

continually more sodium than roots. Shoot and root sodium ion concentrations were 

significantly  different from  each other (p<0.001) and there was a significant 

treatment*tissue interaction (p<0.01) suggesting a different trend in ion accumulation 

for each tissue type.

Treatm ent significantly decreased shoot potassium ion concentration but not root 

potassium  concentration (Table 3.13). Shoot potassium  ion concentration was 

greatest in the OmM treatment and decreased significantly with increasing external 

NaCl concentration up to 300mM NaCl, when it increased for 400mM  NaCl though 

not significantly (p>0.05). Bonferroni post-hoc testing showed significant decreases 

in shoot ion concentration between the OmM NaCl treatm ent and the other five 

treatm ents (p<0.001 for each com parison). Root potassium  concentration was 

greatest in the OmM treatment, decreasing with increasing NaCl concentration though 

not significantly (Table 3.13). Shoots contained significantly more potassium  than
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roots (p<0.001), and there was no detectable difference in the pattern of ion 
accumulation between shoots and roots (p>0.05).

Table 3.13 -  F ratios and corresponding probability levels from an analysis of 
variance of the effect of NaCl on shoot and root sodium and potassium ion 
concentrations for plants of an upper saltmarsh population of Plantago maritima 
grown for one week in 0, 50, 100, 200, 300 or 400mM NaCl.

*** p <  0.001; ** p < 0 .01 ; * p< 0 .05 ; ns p > 0.05, not statistically significant.
Source of variation

Character Treatment

Shoot Na^ 21.72
Shoot 22.96
Root Na^ 11.33 *"
Root 0.36

Ion selectivity ratios are presented in Table 3.14. Analysis of variance results are 
presented in Table 3.15.

Table 3.14 - Effect of salinity on TSR and USR of plants from an upper saltmarsh
population of Plantago maritima. Plants were grown hydroponically for 1 week in 0,
50, 100, 200, 300 or 400mM NaCl. Values represent means ± standard errors for 5 
replicates. TSR and USR were calculated as described in Materials & Methods.

_________________ Treatment_______________________________

OmM 50mM lOOmM 200mM 300mM 400mM

K^/Na^ 44.69 0.032 0.016 0.008 0.005 0.004

TSR 8.03*^'’ 1.44^^* 1.01*“^̂  0.77*°°‘ 1.13*°"'  ̂ 1.07^^^
USR 0.06^°^ 30.83^^^ 42.46^"" 78 .92^^ 76.91^'^^^ 116.28^^^^^

Treatment significantly increased the uptake selectivity ratio (USR) and significantly 
decreased the transport selectivity ratio (TSR), (Table 3.15). Addition of sodium to 
the growth medium increased the root selectivity ratio to above one. The TSR 
decreased with the addition of NaCl to the growth medium but rarely fell below one. 
Bonferroni post-hoc tests showed the USR of the OmM treatment to be significantly 
lower than the USR of all other treatments (p<0.001 for each comparison), while for 
the TSR, treatments over 50mM NaCl were significantly lower than the OmM 
treatment (p<0.01 for each comparison).
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Table 3,15 -  F ratios and corresponding probability levels from an analysis of 
variance of the effect of NaCl on the uptake selectivity ratio (USR) and the transport 
selectivity ratio (TSR) for plants from an upper saltmarsh population of Plantago 
maritima after one weeks growth in six NaCl concentrations.

*** p <  0.001; ** p< 0 .0 1 ; * p< 0 .0 5 ; ns not statistically significant.
Source of variation

Character________ Treatment_____

USR 4 .9 0 "
TSR 6.44 **

3.3.2 - Leaf inorganic ion accumulation and efflux 

3.3.2.1 -  Thirteen week, simultaneous experiment 

Shoot and root inorganic ion contents

Shoot sodium and shoot potassium ion concentrations of plants from three 
populations of Plantago maritima grown for thirteen weeks in one of three NaCl 
concentrations are shown in Figure 3.7 (a) & (b) respectively. Analysis of variance 
results are presented in Table 3.16.

Table 3.16 -  F ratios and corresponding probability levels from analysis of variance 
of the effect of NaCl on shoot and root sodium and potassium ion concentrations for 
plants of an upper saltmarsh, a lower saltmarsh and a sea-cliff population of Plantago 
maritima grown for thirteen weeks in 0, 50 or 300mM NaCl.

*** p <  0.001; ** p< 0 .01 ; * p < 0 .05 ; ns p > 0.05, not statistically significant.
F-ratios

Source of Variation Shoot Na"̂  Shoot RootNa^ Root

Population 2.07 0.55 5.47 " 0.46
Treatment 84.81 190.73 32.91 13.57
Population*treatment 1.50 0.25 1.54 0.21

Shoot sodium ion concentration increased in each population with increasing external 
NaCl treatment. There were no differences among populations in sodium 
accumulation and each population responded the same way to increasing external 
NaCl concentration (Table 3.16). Increasing NaCl significantly increased shoot 
sodium ion concentration (p>0.001), with all treatments being significantly different 
from each other (p>0.001, bonferroni post-hoc testing). Shoot potassium ion 
concentrations decreased significantly with increasing external NaCl concentrations
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in all populations (p<0.001 for treatm ents -  bonferroni post-hoc testing); no 

significant difference could be detected in the pattern of ion accum ulation with 

trea tm en t betw een popula tions (popu la tion* trea tm en t in teraction , p>0.05). 

S ignificant differences in shoot potassium  accum ulation were found between 

populations (Table 3.16), with the sea-cliff population being significantly different 

from both the upper marsh and the lower marsh populations (p<0.05), when analysed 

with bonferroni post-hoc testing, Potassium ion concentrations for the two marsh 

populations were not significantly different from each other.

Root sodium and potassium ion concentrations are shown in Figure 3.8 (a) & (b) 

respectively. Analysis of variance results are presented in Table 3.16. Root sodium 

ion concentration increased significantly in each population with increasing external 

NaCl concentration (Table 3.16, Figure 3.8(a)), with all treatments being significantly 

different from each other with post-hoc testing (p<0.001 for each comparison). There 

was no significant difference in root sodium ion concentration between populations 

(p>0.05) and there was no significant difference in the pattern of ion accumulation 

between the populations for each treatment (population*treatm ent, p>0.05). Root 

potassium  ion concentration decreased significantly with increasing NaCl in the 

external m edium  (Table 3.16, F igure3.8(b)). The OmM NaCl treatm ent had 

significantly less root sodium than the 50mM  (p<0.05) and the 300mM  NaCl 

treatm ents (p<0.001); bonferroni post-hoc testing. There was no significant 

difference in root potassium ion concentration between populations, (Table 3.16) and 

there was no detectable difference in response between population at any treatment 

level (population*treatment interaction, p>0.05).

Shoot and root sodium ion concentrations were significantly different from each other 

(p>0.001), with the shoots always containing higher concentrations of sodium ions 

than the roots (Figure 3.7 (a) & Figure 3.8 (a)). Bonferroni post-hoc test results are 

presented in Table 3.17. All three populations distributed the sodium ions between 

roots and shoots in the same way (population*part interaction, p>0.05). There was a 

slight treatm ent*tissue interaction (p<0.01), suggesting different ion accumulation 

betw een parts at the same treatm ent level. Shoot and root potassium  ion 

concentrations were also significantly different from each other (p>0.001). There was 

no significant difference in accumulation between populations for roots or shoots 

(population*part interaction, p>0.05), while a slight treatm ent*tissue interaction 

(p<0.01), suggests different ion accumulation between parts at the same treatment 

level. Table 3.17 presents bonferroni post-hoc test results for the analysis of variance.
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Figure 3.8 (a) & (b): (a) Root sodium ion concentrations and (b) root potassium ion 
concentrations for upper saltmarsh, lower saltmarsh and sea-cliff populations of Plantago 
maritima grown hydroponically for 13 weeks in 0, 50 and 300mM NaCl. Results 
expressed as millimoles of ion per litre tissue water. Values represent mean ± standard 
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Table 3.17 -  Bonferroni post-hoc summary of treatment*tissue interactions for shoot 
(sht) and root (rt) sodium and potassium ion concentrations for the three populations 
of Plantago maritima grown for nine weeks at three NaCl concentrations. 0, 50 and 
300 refer to the OmM, 50mM and 300mM NaCl treatments respectively.

*** p <  0.001; ** p < 0 .0 1 ; * p < 0 .0 5 ; ns not statistically significant.
P values

Comparisons Na^ content content

0, s h t - 0 ,  rt *** ***

50, s h t- 5 0 ,  rt *** **

300, rt -300, sht *** *

Shoot inorganic ion efflux

Figure 3.9 (a)-(c) shows the weekly cumulative sodium effluxed by leaves expressed 

as a percentage of total sodium effluxed after 13 weeks (mg/g dwt), while Figure 3.10 

(a)-(c) shows the weekly cum ulative potassium effluxed by leaves expressed as a 

percentage of total potassium effluxed after 13 weeks (mg/g dwt) of plants from three 

populations of Plantago m aritim a  grown for thirteen weeks in OmM, 50mM or 

300mM  NaCl respectively. Analysis of variance results com paring the initial and 

final effluxed sodium and potassium percentages are given in Table 3.18. Plate 3.1 

shows the effluxed ions accumulating on the surface of the leaves after one week in 

300mM NaCl.

Table 3.18 -  F ratios and corresponding probability levels calculated from an analysis 
of variance of the effect of NaCl on the initial and final weekly sodium and potassium 
ions effluxed from leaves of three populations o f Plantago m aritim a  grown for 
thirteen weeks in three NaCl concentrations. Ion efflux expressed as percentage of 
the total cumulative sodium and potassium effluxed at the end of the experiment.

*** p <  0.001; ** p < 0 .0 1 ; * p < 0.05; ns not statistically significant.
F ratio

Source of Variation Effluxed Na"̂ Effluxed

Population 1.38"* 5 .1 3 ”

Treatment 16.48 *** 46.97

Population*treatment 0.82 1.54

Time 192.83 215.12***

Population*time 0.21 1.38"^

Treatment*time 3.74* 0.66

Population*treatment*time 1 .2 6 “ 0.64
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Plate 3.1: Plantago maritima from (a) an upper saltmarsh, (b) a lower saltmarsh and 

(c) a sea-cliff population showing inorganic ion efflux after 1 weeks growth in 

culture solution with 300mM NaCl. Plants are 4 weeks old and have been in the 

experimental solution for 1 week.
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There was no significant difference in the amount of sodium ions effluxed between 
populations at any treatment nor after thirteen weeks in treatment (Table 3.18). 
Increasing NaCl treatment significantly decreased the percentage of sodium ions 
being effluxed (Table 3.18), with the percentage of sodium effluxed by the 300mM 
plants being significantly less than both the 50mM and OmM plants (p<0.001), with 
bonferroni post-hoc testing. There was a significant time*treatment interaction (Table 
3.18), caused by the difference in ion efflux over time. All treatments caused 
significant increases in the percentage of sodium effluxed after thirteen weeks 
(p<0.001 for all) (Figure 3.9 (a)-(c)). There was a significant difference in the 
percentage of potassium ions effluxed between populations, with the upper marsh 
population effluxing significantly more potassium as a percentage of the total, than 
the sea-cliff population (p<0.01, bonferroni post-hoc testing). Increasing NaCl 
treatment had a significant effect on the percentage of potassium effluxed (Figure 
3.10 (a)-(c)). There was no significant difference in potassium efflux over time 
between the treatments (Table 3.18).

The relationship between the amount of sodium and potassium ions effluxed onto the 
leaf surface and the sodium and potassium ion contents of the leaves is shown in 
Figure 3.11 (a)&(b) respectively. The equations for the regression lines for each 
population are presented in Table 3.19. Analysis of variance results comparing the 
slopes of the lines are presented in Table 3.20.

Table 3.19 -  Regression equations for the relationship between internal (leaf) and 
external (effluxed) sodium and potassium ion amounts (mg/g dwt) for an upper 
saltmarsh (um), a lower saltmarsh (Im) and a sea-cliff (sc) population of Plantago 
maritima grown for thirteen weeks in three NaCl concentrations.

*** p <  0.001; ** p< 0 .01 ; * p< 0 .05 ; ns not statistically significant.
Population__________ Na'^___________________________

um y = 1 .6 7 x -5 .4 0  y=-0.78x + 0.56
Im y =  1.68x + 4.67 y = -0.75x-i-0.40
sc__________ y = 1.97x - I -  5.69______y = -0.90x -i-1.25

For each population, increasing leaf sodium ion content significantly increased the 
amount of sodium effluxed out onto the leaf surface (p<0.001 for each regression), 
while for each population, increasing leaf potassium ion content significantly 
decreased the amount of potassium effluxed out onto the leaf surface; p<0.05 for both 
saltmarsh regressions and p<0.001 for the sea-cliff regression. There was no 
significant difference in slope between populations for any of the regression lines i.e.
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there was no significant difference in the relationship between ion content and ion 
efflux between populations (Table 3.20).

Table 3.20 -  F ratios and corresponding probability levels for the comparison of 
slopes {i.e. the relationship between internal (leaf) and external (effluxed) sodium and 
potassium ion concentrations) of an upper saltmarsh (um), a lower saltmarsh (Im) and 
a sea-cliff (sc) population of Plantago maritima after thirteen weeks growth in three 
NaCl concentrations.

*** p <  0.001; ** p < 0 .01 ; * p < 0 .05 ; ns not statistically significant.
Slope comparisons Na~̂  regression regression 

u m - l m  0.001"* 0.01"*
u m - s c  0.75"* 0.13"*
Im-sc__________________ 0.67 "*__________0.19"*

The absolute amounts of sodium and potassium ions effluxed at the last washing (mg 
ion per gram leaf dry weight) as percentages of the total measured effluxed ion 
concentration, (Na'^+ K"̂ ), are presented in Table 3.21. In the OmM NaCl treatment, 
the proportion of Na"̂  and effluxed were not significantly different (approx. 50% in 
each case). With the addition of NaCl to the growth medium, the proportion of Na"̂  
effluxed increased significantly (up to 98% in the 300mM treatment), while the 
proportion of effluxed decreased significantly (p<0.001 in both cases). The 
amount of leaf sodium and leaf potassium ions expressed as percentages of the total 
leaf ion, (Na'^+ K"̂ ), contents are presented in Table 3.21. With no NaCl in the 
growth medium, 80% of the total ion (Na"̂  + K"̂ ) content was potassium, falling 
significantly to 6% with the addition of 300mM NaCl to the growth medium. There 
were no significant differences between populations and all populations showed the 
same pattern of decrease with treatment.

When the actual amount of sodium effluxed at thirteen weeks (mg Na"̂  per gram leaf 
dry weight) was expressed as a percentage of the sodium content of the leaf (mg Na"̂  
per gram leaf dry weight), the amount of sodium effluxed increased significantly from 
2% to 60% of the leaf sodium content, as the external NaCl concentration increased 
from 0 to 300mM NaCl (p<0.001). There were no significant differences between 
populations and all populations increased their percentage sodium effluxed with 
increasing external NaCl (population*treatment interaction, ns). The amount of 
potassium effluxed, expressed on the same basis, also increased significantly 
(p<0.001) with increasing external NaCl concentration: from 0.5% in OmM NaCl to 
20% in 300mM NaCl. Again, there were no significant differences between 
populations and all populations responded similarly to the treatments.
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Table 3.21 -  The amounts of sodium and potassium ions excreted from and present in 
the leaves of three populations of Plantago maritima grown for thirteen weeks in 
three NaCl concentrations. Ion amounts expressed as a percentage of the total (Na"̂  + 

ion amount effluxed or present in leaves, um, Im and sc refer to the upper 
saltmarsh, the lower saltmarsh and the sea-cliff populations respectively.

Leaf Effluxed

Treatment %K^ %Na^ % K * %Na^

um OmM 8 0 .3 ^ ' 1 9 7 ±5.2 56.5*^^ 43.5*^-'
50mM 20.2*^“ 79 8±2.o 6.1*°" 93  9 * 0.9

300mM 5 .7 ^’ 94.3*°^ 1.2*°^ 98.8*°^
Im OmM 84.3^^“ 15.7*^“ 41 9±7.8 58.1*’ *

50mM 20.8^^“ 79 2±2.o 6.6*°’ 93.4*°’
300mM 6 .0 ^ ’ 94.0*°'' 1.1*°' 98.9*°'

sc OmM 86.2*'° 13.8*'° 58.0*"' 4 2 0 * 5 5

50mM 12.2*°® 87.8*°® 6.3*°-' 93 7*°.5

300mM 4  9±i.o 95.1*'° 2.7*'* 97.3*'*
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3.4 - Discussion

N o significant differences were found between populations in terms o f ion uptake and 

ion distribution in the plant. Plan tago  m arit im a,  when grown in increasing 

concentrations o f salt solution, accumulated increasing concentrations o f sodium ions 

in both the roots and shoots. For all populations, significantly more sodium was 

found in the shoots than in the roots after one week (Figure 3.6(a), Table 3.13), nine 

weeks (Figures 3.4(a) & 3.5(a)) and thirteen weeks (Figures 3.7(a) & 3.8(a)) growth 

in a medium containing sodium. This accumulation o f sodium ions is a feature which 

has been attributed to halophytes as one o f the m echanism s for coping with saline 

growth media (Flowers, 1972; Flowers et a i ,  1977) as sodium accumulation has been 

im plicated in the osm otic adjustment o f plants to saline growth m edia (Flowers, 

1985).

Accumulation of sodium ions in response to increased salinity o f the growth medium, 

which has been found lacking in other members o f the Plantaginaceae (e.g. Plantago 

lanceolata  (Collander, 1941) and Plantago media  (De Boer et al., 1985)) has been 

reported previously for Plantago maritima. Ahmad et al., (1979) found increased  

accumulation of sodium ions in shoots and roots o f Plantago maritima  grown for one 

week for salt concentrations up to lOOmM NaCl but not at higher concentrations. The 

one week experiment carried out here, also found significantly increased sodium  

concentrations in the shoots and roots after one w eek in salt concentrations up to 

400m M  NaCl (Table 3.13). Erdei & Kuiper, (1979) reported accumulation of sodium  

ions m ainly in the shoots o f salt grown P la n ta g o  m a ri t im a  plants up to a 

concentration o f 660m M  Na^ which, according to Flowers et al. (1977), could be 

considered sufficient for osm otic adjustment. Even at low  external sodium  

concentrations (25m M  NaCl and below), Plan tago  m arit im a  has been reported to 

behave as a sodium accumulator (De Boer et a l ,  1985; Maathius & Prins, 1990b).

A comparison table o f shoot sodium ion concentrations for the upper saltmarsh, lower 

saltmarsh and sea-cliff populations o f Plantago maritima  investigated here shows the 

concentration o f sodium ions accumulated to be highly variable even for the same 

experimental time period (Appendix 2, Table 1). This variability in sodium ion 

accumulation was reported by Flowers & Yeo (1981) (cited in Flowers et al., (1991)) 

for rice and by Collander, (1941) for a range o f species. The latter author attributed 

this variability in sodium accumulation within species to the fact that sodium ions are 

non-essential ions for growth (except in C4 species and certain halophytes, see 

introduction this chapter) and so their accumulation in the plant is less strictly 

regulated than the accumulation of essential ions, e.g. potassium.
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Potassium ion concentrations investigated for Plantago maritima showed an opposite 
trend in accumulation to sodium ions. For all populations, potassium ion 
concentrations decreased in shoots and roots with increasing external salinity 
conditions {e.g. Figure 3.3(b) and Figure 3.4(b)) a fact that has been noted in salt 
grown plants before. Ahmad et al. (1979) reported a decrease in potassium ion 
content of both roots and shoots of Plantago maritima after one week in saline 
conditions up to a concentration of lOOmM NaCl. Erdei & Kuiper (1979) also found 
a decrease in potassium content in roots and shoots of Plantago maritima in response 
to increasing external salt concentrations, while Ungar, (1996) found a sharp decline 
in potassium content of shoots of Atriplex patula in response to increased NaCl. This 
decrease in potassium ion accumulation in response to salinity can be compensated 
for by the increased uptake of sodium ions, which are chemically similar to potassium 
ions, thus maintaining a favourable water balance in the plant cells (Flowers, 1972; 
Rains, 1972; Erdei & Kuiper, 1979). The decrease in potassium concentration in the 
roots with increased external salinity, was not significant for any population for one 
or nine weeks (section 3.3.1.3 and section 3.3.1.2). The maintenance of potassium 
ion concentration in roots in a quasi-steady state with increasing external salt has been 
reported previously (Pitman, 1976) and might be related to the essential role of 
potassium in plant metabolism. Certain concentrations of potassium ions, of the order 
10-20mM K*, are needed for maximum operation of enzymes (Evans & Sorger, 
1966), a concentration easily reached in roots of all plants investigated here (see 
Appendix 2, Table 2). Marschner (1995) states that a minimum of 250 nmolg ' dry 
weight potassium ions in plant shoots is needed for adequate growth. When the 
concentrations of potassium ions accumulated in the course of these experiments are 
expressed as |xmol per gram dry weight, this minimum concentration of 250 (xmol per 
gram dry weight is reached in all populations, in all salt treatments for the one week 
and nine week time periods. After thirteen weeks, however, the higher salt treatments 
were starting to show a decline in potassium content in the shoots to below this 
minimum level suggesting, perhaps, that the plants have reached the limits of their 
tolerance in terms of length of exposure. Although it decreased with increasing 
external NaCl concentration, the potassium ion concentration did not decrease in 
proportion to the increase in sodium ion concentration. This would indicate that 
Plantago maritima, after nine weeks growth in saline conditions, was able to maintain 
sufficient potassium uptake and transport to the shoot to sustain growth in the 
presence of higher concentrations of sodium ions as previously suggested by Jeschke 
& Stelter, (1983).

Previous reports on inorganic ion accumulation in Plantago maritima  present 
conflicting results on the relative amounts of potassium and sodium ions accumulated.
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De Boer (1985) and Collander (1941) report higher concentrations of potassium ions 
accumulated in shoots and roots of Plantago maritima  than sodium ions, while 
Ahmad et al. (1979) and Erdei & Kuiper (1979) report higher concentrations of 
sodium ions in both shoots and roots of Plantago maritima than potassium ions. All 
populations investigated here agreed with the latter and showed higher concentrations 
of sodium ions than potassium ions in both roots and shoots when sodium was present 
in the growth medium (e.g. Figure 3.3 (a)&(b) for comparison). This accumulation of 
sodium ions to high concentrations in the shoots has, as previously stated, been 
recognised as a feature of halophytes in relation to salt tolerance (Flowers et al., 
1977). The three populations investigated here thus appear to display typical 
halophytic characteristics with respect to inorganic ion accumulation.

The ability of plants to maintain potassium uptake when the external sodium 
concentration is high is an essential feature of salinity tolerance (Flowers et al., 1977; 
Cheeseman, 1988; Reimann & Breckle, 1993; Niu et al., 1995). Recent studies using 
SOS hypersensitive Arabidopsis mutants (which have a defective SOS gene, resultant 
defective potassium uptake and impaired salt tolerance) have suggested that 
potassium acquisition, rather than sodium homeostasis or osmolyte accumulation, is 
most crucial for salt tolerance, at least in this glycophyte (Zhu et al., 1998). 
Physiological data indicate that sodium ions compete with potassium ions for 
intracellular influx as both these cations are transported by common proteins 
(Sakamoto & Murata, 2000). Glycophytes tend to have greater selectivity for 
potassium and have KVNa"  ̂ ratios >1 in leaves with halophytes having KVNa"  ̂ratios 
<1 (Albert & Popp, 1977; Gorham et al., 1980; Glenn & O'Leary, 1984). The K' /̂Na'  ̂
ratios of shoots and roots of Plantago maritima are shown in Appendix 2, Table 3 and 
would suggest this species to be of the low potassium physiotype. This low KVNa"  ̂
ratio of halophytes confirms the non-selective uptake of sodium ions over potassium 
ions in the presence of high concentrations of external potassium as suggested by 
system II of the dual mechanism for ion uptake in higher plants (Rains, 1972; Niu et 
al., 1995). The increased amounts of sodium ions in the shoots relative to the roots in 
the populations of Plantago maritima studied here, suggests translocation of ions 
from the roots to the shoots which has been considered an essential function of salt 
tolerance in halophytic species (Erdei & Kuiper, 1979). Indeed, it has been suggested 
that Plantago maritima increases its salt tolerance capabilities by shunting large 
amounts of sodium ions into older leaves and then shedding these old, salt-laden 
leaves thus ridding the plant of large amounts of sodium ions which, otherwise, could 
reach toxic levels (Albert, 1975). Although some older leaves started to yellow and 
die at the tips (Plate 3.1), no substantial loss of leaves was noted in the populations of 
Plantago maritima investigated here, so the contribution of this feature to salt
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tolerance could not be investigated. Dried or tip-burned leaves are seen as a symptom 
of salt damage and have been reported for other species grown in saline conditions 
e.g. Atriplex canescens (Glenn et al., 1996).

Selectivity coefficients provide a means of comparing potassium and sodium ion 
concentrations in plants relative to the availability of both cations in the growth 
medium. The transport selectivity ratio (TSR) calculated for Plantago maritima here 
would suggest preferential movement of sodium into the shoots. According to 
Pitman, (1969) and Pitman, (1976) on whose equations the calculations are based, if 
either the transport selectivity ratio (TSR), or the uptake selectivity ratio (USR), is 
less than one, the preference is for uptake of sodium ions and if the ratio is greater 
than one the preference is for uptake of potassium ions. For all experiments carried 
out over longer than one week the TSR decreased to below one with increasing 
external NaCl concentrations suggesting a movement of sodium ions from the roots to 
the shoots. The one week experiment carried out on the upper marsh population 
(section 3.3.1.3) showed a decreased TSR with addition of NaCl to the growth 
medium but it had yet to decrease to below one (Table 3.12). The movement of 
sodium ions to the shoots could therefore be dependent on exposure time or toxicity 
level. As there was no major difference in the root sodium concentration after one 
week compared with nine weeks (Figures 3.1(b) and 3.6(b)), the concentration of 
sodium ions may not be the main determining factor in sodium ion movement to the 
shoots, rather the duration of presence of sodium ions may be of greater importance in 
this upper saltmarsh population.

The uptake selectivity ratio (USR) calculated for the roots displayed the opposite 
trend to TSR (Table 3.6, Table 3.10, Table 3.12). In the presence of NaCl, the USR 
for all populations was greater than one suggesting a preferential uptake for potassium 
(Pitman, 1976). De Boer et al. (1985) and Maathius & Prins (1990) also found this 
pattern for plants of Plantago maritima grown in increasing concentrations of NaCl. 
Selective potassium uptake is known at low external potassium concentrations 
(approx. 0.2mM) but selectivity for potassium decreases with increasing sodium 
concentrations due to the chemical similarities of these ions (Rains, 1972). The 
maintenance of selectivity for potassium ions even with increasing concentrations of 
external ions suggests a mechanism of sodium exclusion at the root level. Despite 
this selectivity however, increasing concentrations of sodium ions did penetrate the 
root and once there, were selectively transported to the shoot (See TSR values). 
Despite the movement of large quantities of ions, a study conducted by Maathius & 
Prins, (1990a) compared characteristics of Plantago maritima with salt sensitive 
Plantago media and found that overall, in saline conditions, conductance of ions was 
less in Plantago maritima than in Plantago media. The paper concluded that this was
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a feature which may have an advantage in salt tolerance as high ion influxes may be 
better controlled.

Once in the leaves, a proportion of these sodium ions were effluxed out onto the leaf 
surface which could be considered relevant to salt tolerance (see Plate 3.1 (a)-(c)). 
Active excretion of sodium ions from leaves of halophytes has been suggested as a 
mechanism for removing sodium ions thus aiding in salt tolerance (Hill & Hill, 1976). 
Excretion of ions occurs via bladder hairs {e.g. Atriplex hortensis (Jeschke & Stelter, 
1983)) or salt glands {e.g. Limonium vulgare and Limonium humile (Ziegler & Luttge, 
1966; Boorman, 1967)). No such structures have been implicated in the removal of 
sodium ions from leaves of Plantago maritima however and the ion efflux seen here 
was probably a passive process, ions being transported either in the transpiration 
stream, in the transpirational by-pass flow system as suggested for the salt sensitive 
glycophyte, Oryza sativa (Yeo et a l ,  1991; Yadav et a l ,  1996) or in the phloem 
transport system (Brown et al., 1999). The relative contribution of phloem and xylem 
transport to the supply of ions varies from species to species and differs for each ion 
(Brown et al., 1999). Salt ions generally reach the leaves via the unidirectional xylem 
(Jennings, 1968; Robinson et al., 1997) and the initial control of the amount of salts 
reaching the leaves must lie with the roots. Regardless of how ions reach leaves, in 
the three populations of Plantago investigated here, the amount of sodium ions in the 
effluxed salt was considerable (up to 60% of the leaf sodium ion content for the 
300mM NaCl treatment). Efflux of sodium ions may, therefore, be considered 
important in the regulation of ion fluxes in the leaves of this species. It could be 
argued that the increasing amounts of ions excreted with increasing external NaCl 
was just a function of the increase in leaf ion content (section 3.3.2.1). However, this 
would not explain why, in plants grown in OmM NaCl, the percentage potassium 
effluxed was equal to the percentage sodium effluxed even though the contribution of 
potassium ions to the total leaf ion content was 80% (Table 3.20). If leaves were 
effluxing ions in amounts based on their foliar amounts, it could be expected that 
more potassium ions than sodium ions should have been effluxed in the OmM NaCl 
treatment. Also, the amount of potassium effluxed decreased significantly when the 
leaf potassium content increased (Figure 3.11). The results may suggest some kind of 
selective process occurring in the leaf which regulates ion efflux and selectively 
effluxes sodium ions while retaining potassium ions, remembering that a minimum 
level of potassium is needed in shoot tissue for healthy growth (Marschner, 1995), 
even when this minimum potassium level is reached and exceeded. Rozema et al., 
(1981), in a study of the active salt secretion of four halophytes, noted decreased 
potassium ion excretion when plants were grown on O.IM KCl compared with the 
amount of sodium excreted by plants grown on an equimolar NaCl solution. There
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appears, therefore to be a universal mechanism of retaining potassium ions in the 

leaves of halophytes.

From the results of the first three nine week experiments, it appeared that plants from 

the sea-cliff population accumulated more sodium ions in the shoots than plants from 

the two salt marsh populations, which may have suggested population differences in 

response to saline growth media (Figures 3.1(a), 3.2(a) & 3.3(a)). Such differences in 

accumulation may have been expected owing to the habitat differences between the 

populations i.e . the salt m arsh popula tions, being exposed to h igher salt 

concentrations in the soil than sea-cliff populations whose main salt contact would be 

expected to be sea-spray, may have been more adapted to saline conditions and were 

able in some way to moderate their salt uptake thus lessening the salt stress effect. 

However, further experiments revealed that all three populations accumulated sodium 

to the same extent ruling out any population differences (section 3.3.1.2). The 

accumulation of sodium ions by Plantago maritima in response to salt appears to be a 

species response rather than a population response. Plantago maritima plants have an 

overall ability to accumulate high concentrations of sodium ions regardless of their 

habitat which concurs with previous investigations (Sheehy-Skeffington & Jeffrey, 

1985). Plants from  the sea-cliff population, however, died in the highest NaCl 

treatm ent (400m M  NaCl) (section 3.3.1.1) which w ould suggest that despite 

com parable levels of sodium accum ulation, the sea-cliff population was only as 

tolerant of high internal sodium levels as the saltm arsh populations to a certain 

concentration after which the sea-cliff plants metabolism could no longer cope with 

increasing levels o f sodium. M unns, (1993) and V olkm ar et a l ,  (1998) have 

suggested that differences in salt tolerance among genotypes are related to differences 

in the time taken for salt to reach its maximum concentration in the vacuoles i.e. the 

sea-cliff plants may be unable to compartmentalise the sodium ions as effectively or 

to as high a concentration as plants from the saltmarsh populations or the sea-cliff 

plants may have a faster rate of salt delivery to the leaves thus loading the leaves with 

high concentrations o f ions in a short space o f tim e so that o ther tolerance 

mechanisms e.g. decreased growth, changing water content haven’t had time to take 

effect.

W hatever the reason, the tolerance of salt is a com plex process not governed by a 

single gene, but rather a ‘gene com plex’ (Cheesem an, 1988; Rausch et al., 1996; 

H asegaw a et a i ,  2000) and the ability of plants to accum ulate high quantities of 

sodium in their cells is therefore only one part of the process of salt tolerance. It may 

be that plants from the sea-cliff population have the ability to withstand high cellular 

sodium concentrations but the next step in the acclim ation to salt is not as well 

developed as in the saltmarsh populations and so the plants died.
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3.5 -  Conclusions

1. No population differences were found for Plantago maritima in terms of ion 
uptake, ion transport, ion accumulation and ion efflux.

2. All populations investigated accumulated sodium in both roots and shoots when 
subjected to saline growth conditions.

3. Sodium was preferentially accumulated in the shoots of salt-grown plants.

4. Despite increasing cellular concentrations of sodium ions, Plantago maritima was 
able to maintain potassium uptake and accumulated this ion in concentrations 
adequate for healthy growth.

5. Plantago maritima transports sodium ions out onto the leaf surface, a mechanism 
which should aid in salt tolerance. Efflux of potassium also occurred but in lower 
amounts even when the tissue potassium content was greater than the tissue sodium 
content. A selective mechanism for ion efflux may be likely.

6. The broad phenotypic plasticity of the species caused all populations investigated 
to display the same characteristics of ion accumulation and efflux, though not of 
tolerance.



Chapter 4 - Carbohydrate status and respiration of three 
Plantago maritima populations grown in varying NaCl

concentrations.

4.1 -  Introduction

One of the principal mechanisms possessed by halophytic and salt tolerant plant 
species such as Plantago maritima, which enables them to withstand high external 
salt concentrations, is sodium uptake into the plant cells (see Chapter 3). High levels 
of cytoplasmic sodium ions thus accumulate, which can be used in osmotic 
adjustment but which are toxic to cellular enzymes. The enzymes of salt tolerant and 
halophytic species have been shown to be just as sensitive to high levels of sodium as 
the enzymes of non-halophytic species (Flowers, 1972; Greenway & Osmond, 1972; 
Flowers et al., 1977). This problem is circumvented by the sequestration of the 
sodium ions into the vacuoles of the cells e.g. see Gorham & Wyn Jones, (1983) and 
F low ers et al., (1991) for ion distribution studies. However, the reduction of 
cytoplasmic sodium concentrations and cytoplasmic water potential creates a water 
potential difference across the tonoplast. As the tonoplast cannot withstand any 
hydrostatic pressure differences across it, the turgor potential and therefore the 
osmotic potential have to be the same in the cytoplasm and the vacuole (Dainty, 
1979). To equalise these potentials, organic osmotica, termed ‘compatible solutes’, 
can accumulate in the cytoplasm (Stewart et al., 1979). Compatible solutes are 
loosely defined as ‘any solute which at high concentration allows enzymes to function 
effectively’ (Brown & Simpson, 1972). Implicit in this definition is the capacity of 
the internal concentration of the solute to increase in response to a decrease in 
external water potential, particularly when this was due to an increase in salinity 
(Jennings & Burke, 1990).

Numerous compounds have been ascribed a role as compatible metabolites including 
representatives of quaternary ammonium compounds, amino acids and alditols. In 
response to conditions of increasing external stress e.g. drought and salinity, these 
compounds have been shown to increase in concentration within certain plant species, 
both glycophytes and halophytes, thus strengthening the case for their role as 
compatible metabolites. Examples of compounds involved in this process are: 
mannitol in Apium graveolens in response to increased salt (Stoop et al., 1996); 
proline in Oryza sativa, Zea mays and Armeria maritima and Aster tripolium  in 
response to water and salt stress (Stewart & Lee, 1974; Rodriguez et al., 1997); 
choline in many glycophytes and halophytes in response to salt stress (for review see 
Storey & Wyn Jones, (1977)); betaine particularly in the Gramineae and the
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Chenopodiaceae (S torey et a l ,  1977; Storey & W yn Jones, 1977) and sorbitol in 

members of the Plantaginaceae in response to increased concentrations of external 

NaCI (Ahmad et al., 1979; Jeffries, 1980; Briens & Lahrer, 1983a). However, high 

levels of sorbitol are also found in the Rosaceae which are relatively intolerant of salt 

and drought stresses (Jeffries & Rudmik, 1984), indicating that the function of polyols 

may be species- or compound-specific (Karakas et al., 1997). Nevertheless, many of 

the compounds considered to be compatible metabolites have also been proposed to 

act in an osm oregulatory capacity helping to low er the osmotic potential of the 

cytoplasm thus enabling continued water uptake under conditions of lowered external 

(to the plant) water potentials.

In has been hypothesised that the diversion of carbon from growth for the production 

of these compatible metabolites in response to stress factors {e.g. high temperature, 

salt and oxygen) and the maintenance of ion gradients, ion compartmentation and ion 

transport will all have adverse effects on tissue growth (Yeo, 1983). Respiration, 

especially  m aintenance respiration, is proposed to increase as m ore of these 

com pounds are produced and this increase may provide a measure of the cost of 

adaptation to stress, in terms of expenditure of assimilated carbon (Schwarz & Gale, 

1981; Gale & Zeroni, 1985). Increasing maintenance respiration under salt stress has 

been proposed as a characteristic of salt tolerance in that it suggests an ability to 

divert assimilates and respiratory energy to the repair of tissues and to active transport 

processes (Schwarz & Gale, 1981). A comparison between respiration measurements 

of salt-sensitive and salt tolerant varieties of Hordeum vulgare grown in NaCl support 

the view that respiration is increased in response to salt and this increase is greater in 

salt-sensitive plants (Bloom & Epstein, 1984). However, finding the causes for this 

respiratory increase (in terms of increased ion uptake, carbohydrate synthesis etc.) 

remains a challenge.

A im s: The aim of this series of experim ents was to investigate the effect of

increasing external and internal NaCl concentrations on the total non-structural 

carbohydrates of Plantago maritima. Particular emphasis was placed on the role of 

sorbitol in the salt tolerance of the species, as this carbohydrate has been proposed as 

a compatible osmolyte for the Plantaginaceae. As in previous chapters, it was hoped 

that population differences would be found which would aid in elucidating the salt 

tolerance mechanisms of Plantago maritima as a species.
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4.2 - Materials & Methods

4.2.1 -  Seed germination and growth

See Chapter 2, section 2.2.2 for full details on seed germination and plant growth 
conditions. In brief, seeds from the three populations were germinated as before and 
transferred to aerated, 1/5 dilution Hoaglands solution, with final NaCl concentrations 
of 0, 50 100, 200, 300 or 400mM NaCl. At the end of the experiment, plants were 
harvested and dried to constant dry weight in an oven at 80°C.

4.2.2 -  Experimental design and data analysis

The experiments carried out were as follows:

1. Nine week individual experiments -  6 NaCl treatments: Plants from an upper 
saltmarsh, a lower saltmarsh and a sea-cliff population of Plantago maritima were 
grown for nine weeks in six NaCl treatments: 0, 50, 100, 200, 300 or 400mM NaCl. 
This enabled comparisons to be made within each population across a wide range of 
salt concentrations. The three populations were investigated individually in three 
separate experiments due to space restrictions in the growth chamber. There were 
five replicate plants per treatment. When investigating the lower saltmarsh 
population, for the extraction of inorganic ions and carbohydrates from the 300mM 
treatment, there was not enough root material to perform both extractions. It was 
decided to use the available material for the inorganic ion extraction. Thus, there are 
no root carbohydrate values for the lower saltmarsh population grown in 300mM 
NaCl.

2. Nine week simultaneous experiment -  3 NaCl treatments: Plants from the three 
populations were grown together for nine weeks in three NaCl treatments: 0, 50 or 
300mM NaCl. By reducing the number of treatments, all populations could be grown 
simultaneously allowing statistical analysis of any population effects. There were six 
replicate plants per treatment. Respiration measurements were made for plants from 
each population grown in the OmM and 50mM treatments. The maintenance and 
growth components of respiration were calculated.

3. One week, one population experiment -  6 NaCl treatments: Upper saltmarsh 
plants were grown for one week in six NaCl treatments: 0, 50, 100, 200, 300 or 
400mM NaCl. This was undertaken to enable comparison with the nine week 
experiment to elucidate differences, if any, of ‘short-term’ and ‘long-term’ effects of 
salinity exposure on carbohydrate accumulation. There were five replicate plants per 
treatment.
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In all cases, plants were randomly assigned a NaCl treatment, and all plants were 
randomly positioned within the growth cabinet. All results from the above 
experiments were analysed using fully randomised Analysis of Variance (ANOVA) in 
the Datadesk® 6.0 PPC package. A one-way ANOVA design was used when 
treatment was the only factor, and a two-way ANOVA with interactions was used 
when treatment and population were factors. Treatment and population were discrete 
factors in all cases. Where necessary, results were transformed to obtain normal 
distribution before analysis. Any significant results and interactions were analysed 
using bonferroni post hoc testing as the sample sizes were invariably different for 
each treatment or treatment/population combination.

Shoot and root carbohydrate concentrations (sucrose, glucose, fructose and sorbitol), 
were determined by High Performance Liquid Chromatography for each population at 
the end of each experiment. The methods employed are outlined in the following 
sections and were the same for all experiments. As sorbitol, glucose, fructose and 
sucrose are freely soluble in water and may influence the osmotic potential of the 
plant, their concentrations were calculated on a millimole per litre tissue water 
(millimolar) basis. All graphs and statistical analyses concerning these carbohydrates 
were, therefore, based on the millimolar concentrations. This allowed inferences to 
be made on the concentrations of each carbohydrate present in the vacuole and the 
cytoplasm assuming a 9:1 ratio of vacuolexytoplasm. However, to enable direct 
comparisons with previously reported carbohydrate values for salt-grown Plantago 
maritima to be drawn, the data accumulated in these experiments were also calculated 
on a )xmolg ' dwt basis. These values, for individual experiments, are presented in 
tabular form in Appendix 3 (Tables 1-5).

The starch content of shoots and roots was also determined colorimetrically. Starch is 
not freely water soluble and does not contribute to the osmotic potential of the plant. 
The starch content was therefore expressed on a milligram per gram dry weight (mg 
gdw f') basis and any graphs or statistical analyses for starch used these values. Due 
to this difference in calculating the concentrations of water soluble carbohydrates and 
the amount of non-water soluble starch, for the purposes of comparison, any 
calculations and data analysis involving total non-structural carbohydrate content (i.e. 
the sum of the water soluble carbohydrates plus starch) used the mg gdwf* values of 
all carbohydrates.

To investigate the relationship between sodium ion accumulation and soluble 
carbohydrate (especially sorbitol) accumulation in Plantago maritima regression 
analyses were performed. For this purpose, the tissue concentrations of sodium ions 
reported in Chapter 3 were used. As this was a test of the importance, if any, of the
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measured soluble carbohydrates in the osmotic response of Plantago maritima to an 
increased internal sodium ion content, the values of sodium and carbohydrate 
concentration that were used for this regression analysis were the millimolar values. 
Use of the millimolar values allowed the tissue water content to be taken into 
consideration. For the regression analyses, a Model I regression was employed, with 
tissue sodium ion content as the independent variable. Any dependent variable that 
was not normally distributed, was transformed prior to analysis using Datadesk® 6.0 
PPC.

4.2.3 -  Water soluble and ethanol soluble carbohydrate extraction

A known dry weight of plant material (either shoot or root), was suspended in lOmls 
96% (v/v) ethanol and the carbohydrates extracted at 80°C for 15 minutes (modified 
from Farrar, (1980)). After cooling, the suspension was centrifuged at 3500 rpm for 
15 minutes after which the supernatant was decanted into a new tube. The pellet was 
re-suspended in lOmls distilled water and the carbohydrates further extracted at 25°C 
for 15 minutes. The suspension was centrifuged at 3500 rpm for 15 minutes and the 
supernatant transferred to a new tube. The pellet was subjected to a further water 
extraction at 25°C followed by a final ethanol extraction at 80°C, both as described 
above. In each case, the suspension was centrifuged for 15 minutes at 3500 rpm and 
the supernatant transferred to a new tube. The four supernatant tubes were then 
placed in a freezer awaiting further analysis, and the pellet was also frozen awaiting 
starch extraction.

To test this extraction method, a number of samples (n=80) were re-extracted a 
further twice following the above described method and the carbohydrates quantified 
using the HPLC method described in section 4.2.5. Comparing the results, >95% of 
all carbohydrates of interest were present in the first extraction and this method of 
carbohydrate extraction was, therefore, considered valid for the purposes of this 
investigation.

4.2.4 - Starch extraction

For starch analysis, a method was adapted from Farrar, 1980. After removing all non- 
structural carbohydrates, (see section 4.2.3), the starch fraction was determined. 4ml 
of 0.2M KOH were added to the pellet and the suspension incubated overnight in a 
waterbath at 70°C. The samples were allowed to cool the following morning and 
were acidified to pH 4.5 with IM acetic acid. 1ml of 0.05M acetic acid/sodium 
acetate buffer (adjusted to pH 4.5) containing 8 units of amyloglucosidase was added
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to the suspension and the suspension incubated at 55°C for 1 hour. The suspension 

was centrifuged at 3000rpm  for 15 m inutes and the supernatant (containing the starch 

fraction) decanted. 7 glucose standards (0, 10, 20, 40, 60, 80 and lOOjig ml ')  were 

m ade with d istilled water. 1ml o f phenol (5%  w/v) w as added to 1ml o f supernatant 

o f all the sam ples (including blanks and standards) fo llow ed  by 5m l concentrated  

H 2 SO 4 . The solution was m ixed on a whirl m ixer in the fum e hood and allow ed to 

cool. A bsorbance w as determ ined at 490nm  on a spectrophotom eter (Pye U nicam  

SP6-550). The final absorbance o f the sam ples w as determ ined  by subtracting the 

absorbance of the enzym e blank from  the sample absorbance.

4.2.5 -  HPLC -  High performance liquid chromatography 

4.2.5.1 -  Sample preparation

In order to concentrate the extracted  carbohydrates, the four ex tractions (2 water, 2 

e thanol) described  in section 4.2.3, were com bined  in a round bo ttom ed  flask  and 

rotary  evaporated to dryness under vacuum , using a R esona Lab Rota® S-300 rotary 

evaporator. O nce dry, the sam ples were re-suspended in 2 separate lOmls aliquots o f 

distilled  water. The w ater was sw irled around the flask  for approxim ately  3 m inutes 

to allow  the sugars to dissolve. Tw o separate 10ml aliquots o f w ater were used to 

ensure  all the sugars w ere dissolved. These suspensions w ere then com bined  and 

vacuum  filte red  through Whatman® C ellulose N itra te  M em brane filters, pore size 

0 .2 |im  to rem ove any plant debris. It was necessary  to  filter som e o f  the sam ples 

tw ice to ensure all debris had been rem oved. The sam ples w ere then ready for ion 

exchange.

Ion exchange co lum ns w ere set up in Omniflex® 5m l d isposab le  syringes w ith 

W hatman® no.54 filter paper above and below the resin. The resin used was a m ixed 

bed resin, D ow ex M R-3 (Sigma®). For each individual N aCl treatm ent a separate ion 

exchange colum n was used. The flow rate o f liquid out o f the colum n was controlled 

using  plastic tub ing  and a crocodile  clip  and w as no faster than 1ml m in '. The 

colum n was equilibrated  prior to use with 15mls o f a general phosphate buffer at pH  

7.

1 ml o f each extracted , concentrated  carbohydrate sam ple was added  to  the colum n 

and w ashed  through  w ith 8 m ls d istilled  w ater to  g ive a final vo lum e o f lOm ls 

(rem em bering that the colum n resin was kept w et at all tim es w ith 1 m l o f distilled  

w ater). The sam ple and w ater m ixture was co llected  in a p re-w eighed  plastic tube 

and the tube was then re-w eighed to determ ine the actual volum e collected  (assum ing 

lm l= lg ) . The sam ples were now ready for HPLC analysis.
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4.2.S.2 -  Sample analysis

Carbohydrate concentrations for each of the samples were determined using a 
Dionex® DX 500 HPAEC - PAD chromatography system. The carbohydrates were 
separated on a Carbopac'^'^ PA-100 (4x250) column with a Carbopac™ PA -100 guard 
column attached. Helium-sparged, O.IM NaOH (made up with distilled, deionised 
water) was used as the mobile phase, flow rate was 1ml min ‘. Eluting sugars were 
detected using a Pulsed Ampoteric Detector (PAD). This detector is comprised of a 
potentiostat and a three-electrode, flow-through electrochemical cell. The potentiostat 
applies a repeating sequence of an applied potential (0.05 volts in this case) to the cell 
working electrode, a gold electrode was used in this system, and the potential is 
applied for a selected period of time. An Ag/AgCl reference electrode provides the 
reference voltage for the applied potential. Detection of samples is based on the 
measurement of current generated by the oxidation or reduction of the samples at the 
surface of the working electrode.

The individual carbohydrates were confirmed by comparing retention times of 50|j1 
standard sample containing sorbitol, glucose, fructose and sucrose. A 
Spectraphysics® SP4270 integrator was used to calculate each carbohydrate 
concentration. Calibration curves for each carbohydrate were drawn over the range 1- 
ISppm. This accuracy of this range of detection was tested prior to sample injection 
using standards containing all the carbohydrates being investigated i.e. glucose, 
sorbitol, fructose and sucrose and was found to be the most accurate (>98% 
carbohydrate detected). Any sample containing amounts of carbohydrates greater 
than 15ppm was diluted appropriately and re-injected down the HPLC column. The 
reproducibility of results obtained was also tested. Standards containing sorbitol, 
glucose, fructose and sucrose all at either 1, 5, or 15ppm concentration were injected 
down the column and the resulting retention times and reported concentrations were 
well within the accepted limits of the integrator (>95%). However, during sample 
injection, to ensure the continued accuracy of the calibration, one of the standards was 
injected down the column every 5 injections.

4.2.6 -  Gas exchange measurements

The following methods of gas analysis apply to one experiment only -  the 
simultaneous nine week experiment with three populations of Plantago maritima 
grown at three different NaCl levels.

Photosynthesis and respiration of plants were determ ined using a LCA4 
photosynthesis system (Analytical Developments Company). This is an open system
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where an IRGA (infra-red gas analyser) measures the difference in the CO 2  and HjO 

concentration between air entering the leaf chamber and air leaving the leaf chamber 

by comparison to a reference gas stream (in this case ambient air). The CO 2  entering 

the leaf chamber was evenly circulated by means o f a fan and the temperature in the 

leaf chamber was controlled by means o f a L eaf M icroclim ate Control System  

(Analytical Developments Company).

For the purposes o f respiration measurements, three replicate plants were chosen at 

random from each population. Leaves from the 300m M  plants were too small to fit 

into the leaf chamber and measurement o f their gas exchange parameters was 

impossible. For plants from the 0 and 50mM treatments, the longest, healthiest leaf 

from each replicate plant was subjected to increasing light levels (150, 288, 890, 

1078, 1520nm ol m'^ s ' ) .  A dark respiration reading was also taken. Leaves  

equilibrated in the leaf chamber for 5 minutes before a reading was taken. The light 

levels were controlled by means o f a portable light unit (PLU/LMC 002) mounted on 

the leaf chamber and various combinations o f filters. A heavy black cloth was placed 

over the leaf chamber when dark respiration readings were being taken. The area o f  

the chosen leaves was determined by means o f graph paper attached to the leaf 

chamber and these values were used by the IRGA to calculate gas exchange. After 

the respiration values were taken, the leaves were excised  and their fresh weight 

determined. As the area o f the leaves was already known, a conversion factor for leaf 

area into leaf fresh weight was calculated (Appendix 4, Figure 2(b)). From a graph of 

total shoot fresh weight versus total shoot dry weight (Appendix 4, Figure 2(a)), a 

conversion factor for leaf fresh weight into leaf dry weight was determined. Total 

shoot dry weights were obtained after harvesting o f w hole plants, separation into 

shoots and roots, and drying o f parts in an oven at 80°C for 48 hours. Total 

respiration values were thus calculated for each population and treatment and values 

were expressed as |xmol CO 2  evolved gdw f' s '.
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4.3 -  Results

4.3.1 -  Nine week individual experiment

4.3.1.1 - Upper saltmarsh population The whole plant, shoot and root total non- 
structural carbohydrates at the end of nine weeks growth are shown in Figure 4.1. 
Analysis of variance results are presented in Table 4.1. Total non-structural 
carbohydrates refers to the sum of the mg gdw f' amounts of sorbitol, glucose, 
fructose, sucrose and starch.

Table 4 .1 - F  ratios and corresponding probability levels from an analysis of variance 
of the effect of NaCl treatment on whole plant, shoots and root total non-structural 
carbohydrate contents. Plants were from an upper saltmarsh population of Plantago 
maritima and carbohydrates were measured at the end of nine weeks growth in 0, 50, 
100, 200, 300 or 400mM NaCl.

*** p <  0.001; ** p< 0 .0 1 ; * p < 0.05; ns p > 0.05, not statistically significant.

There was no significant effect of increasing NaCl treatment on whole plant, shoot or 
root total non-structural carbohydrate content. The absolute amount of non-structural 
carbohydrates was significantly greater in the shoots than in the roots (p<0.001) 
(Figure 4.1).

The percentage contribution of sorbitol, glucose fructose, sucrose and starch to the 
shoot and root total carbohydrate pools is presented in Table 4.2. Analysis of 
variance results are presented in Table 4.3. For both shoots and roots in all 
treatments, the major carbohydrate was sorbitol, (more than 50% of the total shoot 
pool and more than 45% of the total root pool). In the shoots, the next largest 
carbohydrate pool was starch, followed by glucose, fructose and sucrose. In the roots, 
after sorbitol, the next largest carbohydrate pool was glucose, followed by fructose, 
sucrose and starch. There was no significant effect of increasing NaCl treatment on 
the percentage contribution of shoot sorbitol, glucose, fructose or sucrose to the total 
carbohydrate pool. Increasing NaCl treatment significantly increased the percentage 
contribution of shoot starch to the total non-structural carbohydrate pool (Table 4.3). 
In the roots, the contribution of the sorbitol and starch pools to the total pool was 
significantly affected by increasing NaCl treatment (Table 4.3). The sorbitol content

Source of variation F ratio
Whole plant
Shoot
Root

0.28
1.13"*
0.21
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Figure 4.1: Whole plant, shoot and root total non-structural carbohydrate content for 
plants from an upper saltmarsh population of Plantago maritima . Carbohydrates were 
measured at the end of nine weeks growth in 0, 50, 100, 200, 300 or 400mM NaCl. 
Results are expressed as milligrams of carbohydrate per gram dry weight. Values 
represent mean ± standard error of up to 5 replicates.



significantly increased with increasing NaCl treatment (Table 4.2), while the root 
starch content significantly decreased with increasing NaCl treatment (Table 4.2).

Table 4.2 -  The effect of NaCl treatment on the percentage contribution of sorbitol, 
glucose, fructose, sucrose and starch to the total non-structural carbohydrate content 
of shoots and roots of upper saltmarsh plants of Plantago maritima. Total non- 
structural carbohydrate refers to the sum of the sorbitol, glucose, fructose, sucrose and 
starch mg gdw f' concentrations. Plants were grown for nine weeks in 0, 50, 100, 
200, 300 or 400mM NaCl. Values represent mean ± standard error. Trace refers to 
values < 0.1%.

Treatment
OmM 50mM lOOmM 200mM 300mM 400mM

shoots sorbitol 69.9*44 64.5^^ 6 4 .9±28 60.2*'’ 72.3*"® 69.2*^'
glucose 12.0*'^ 8.0^^^ 7.4*'' 6.4*°’ 4.9*" 4 S * ° . 7

fructose 7_7±i.3 6.8*"^ 5.4*°’ 5.2*°* 4.5*" 3.8*'"
sucrose 11 ±0.6 0.8^^ 1.6*°" 1 8*°.6 1 1*0." 1.8*°'
starch 92± i.9 19 9±2.6 20.1*'" 26.4*"’ 17.2*"’ 20.2**'

roots sorbitol 56.9*^'' 57.1*"' 52.0*'^ 61.9*^' 76.4*"' 84.1*°"
glucose 22.4*^’ 23.2^'' 24.9*"’ 20.9*" 16.2*"' 11.1*°'
fructose 12.2*‘-̂ 14.7*” 11.6*"° 10.6*'' 4 3 * 0 . 8 3.9*°'
sucrose 8.0^'' 4  g±0,3 11.5*"^ 6.7*"° 3.1*'* 1.0*°°
starch 0.5^^ 0.2*°' trace trace trace trace

Table 4.3 -  F ratios and corresponding probability levels from an analysis of variance 
of the effect of NaCl treatment on the percentage contribution of sorbitol, glucose, 
fructose, sucrose and starch to the shoot and root total non-structural carbohydrate 
pools. Carbohydrates were measured for an upper saltmarsh population of Plantago 
maritima at the end of nine weeks growth in 0, 50, 100, 200, 300 or 400mM NaCl.

*** p <  0.001; ** p< 0 .0 1 ; * p < 0 .05 ; ns p > 0.05, not statistically significant.
Carbohydrate Shoots Roots

Sorbitol 1.12"* 3.65*
Glucose 2.02 1.70“
Fructose 0.98 2.60 “
Sucrose 1.45 1.06“
Starch 3.68* 6.06 **

The actual, measured concentrations of sorbitol, glucose, fructose, sucrose and starch 
present in shoots and roots at the end of nine weeks growth are shown in Figure 4.2

104



(a)-(e) respectively. The starch content was calculated on a mg gdw f' basis. All 
other carbohydrate concentrations were calculated on a mM basis (see Materials & 
Methods). Analysis of variance results are presented in Table 4.4. Carbohydrate 
contents for this experiment were also calculated as mg gdw f' values and these are 
presented in Appendix 3, Table 1.

Table 4.4 -  F ratios and corresponding probability levels from an analysis of variance 
of the effect of NaCl treatment on shoot and root sorbitol, glucose, fructose, sucrose 
and starch concentrations. Carbohydrates were measured for an upper saltmarsh 
population of Plantago maritima at the end of nine weeks growth in 0, 50, 100, 200, 
300 or 400mM NaCl.

*** p <  0.001; ** p < 0 .01 ; * p < 0.05; ns p > 0.05, not statistically significant.
Plant part__________

Carbohydrate shoot root

sorbitol 1.64 1.15"*
glucose 0.44 0.18"*
fructose 0.22 0.74 "*
sucrose 2.10"* 0.51
starch 5.94 *’ 7.43

Sorbitol: From Figure 4.2(a), the sorbitol concentration of the shoots increased with 
increasing NaCl treatment, but this was not significant (Table 4.4). There was no 
obvious pattern of sorbitol accumulation in the roots (Figure 4.2(a)), and increasing 
NaCl treatment did not significantly affect the root concentration of sorbitol (Table 
4.4). There was no significant difference in the sorbitol concentration of the shoots 
and roots (p>0.05).

Glucose: The shoot glucose concentration showed no significant pattern of change 
over increasing NaCl treatment (Figure 4.2(b), Table 4.4). Shoot glucose 
concentration was, however, significantly lower than root glucose concentration for 
all NaCl treatments except the 400mM treatment (Figure 4.2(b)). Root glucose 
concentration increased with increasing NaCl treatment up to 200mM NaCl, then 
decreased again in the higher treatments (Figure 4.2(b)). This pattern of accumulation 
was not significant however (Table 4.4).

Fructose: There was no significant pattern of fructose accumulation with increasing 
NaCI treatment in either shoots or roots (Figure 4.2(c), Table 4.4). Fructose 
concentration in the roots was lower than that of the shoots in the 300mM NaCl 
treatment, but for all other treatments, the root concentrations were higher or equal to
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those of the shoots (Figure 4.2(c)). There was no significant difference in fructose 

concentration between roots and shoots (p>0.05).

Sucrose: Root sucrose concentrations were significantly greater than those of the 

shoots with increasing NaCl treatment up to 200mM  NaCl (p<0.01), after which the 

root concentrations decreased to equal that of the shoot (300mM) or to below that of 

the shoot (400mM) (Figure 4.2(d)). There was no significant effect of increasing 

NaCl on root sucrose concentration (Table 4.4). Shoot sucrose concentrations 

increased with increasing NaCl treatm ent (Figure 4.2(d), though not significantly 

(Table 4.4).

Starch: Shoot starch content significantly increased with increasing NaCl treatment 

(Figure 4.2(e), Table 4.4). With bonferroni post-hoc testing, the OmM NaCl shoot 

starch content was significantly lower than that of the lOOmM (p<0.05), 200 and 

300mM (p<0.01 for both comparisons) contents. The root starch content decreased 

significantly with increasing NaCl treatment (Table 4.4). The BOOmM and 400mM 

roots had significantly less starch than the OmM roots (p<0.01 for both comparisons, 

bonferroni post-hoc test). This difference in starch partitioning between roots and 

shoots with increasing NaCl treatm ent was significant (p<0.001). The shoots 

contained significantly more starch than the roots (p<0.001), and all root starch 

contents were between ten and one hundred times sm aller than the corresponding 

shoot contents.

The relationship between shoot and root sodium  ion concentration and sorbitol 

concentration (both mM) at the end of the nine week experiment is shown in Figure 

4.3 (a)&(b) respectively. The regression equations for this relationship and the 

relationship between tissue sodium ion concentration and tissue glucose, fructose and 

sucrose concentrations are presented in Table 4.5. Analysis of variance results for 

these regressions are presented in Table 4.6.

There was no significant relationship between tissue sodium ion concentration and 

tissue sorbitol concentration in either shoots or roots (Figure 4.3 (a)&(b), Table 4.6). 

The shoot and root glucose, fructose and sucrose concentrations were also not 

significantly affected by the sodium ion concentration (Table 4.6).
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Table 4.5 -  Regression equations derived from scatterplots of the relationship 
between shoot and root sodium ion concentration and shoot and root sorbitol, glucose, 
fructose and sucrose concentrations. Plants were from an upper saltmarsh population 
of Plantago maritima and were grown for nine weeks in 0, 50, 100, 200, 300 or 
400mM NaCl. Shoot and root values for each carbohydrate were log transformed to 
achieve normality.

Equation of line

Carbohydrate

Sorbitol
Glucose
Fructose
Sucrose

___________shoot______

y = 4.76x+ 1.88 
y = (-2.39xlO-> + 1.07 
y = (6 .6 6 x l0 >  + 0.90 
y = (1.53xl0~^)x-0.39

________ root_________

y = 9.70x+ 1.73 
y = -6.19x+ 1.37 
y = (-1.95xlO -^ + 1.16 
y = (1 .3 0 x l0 -^  +0.45

Table 4.6 -  F ratios and corresponding probability levels from an analysis of variance 
of each of the relationships presented in Table 4.5.

*** p <  0.001; ** p< 0 .0 1 ; * p< 0 .05 ; ns p > 0.05, not statistically significant.
____________shoot____ root_____

Sorbitol 1.08"* 0.59"*
Glucose 0.22 "* 0.22
Fructose 0.02"* 1.70"*
Sucrose 4.53 "* 0.43 "*

4.3.1.2 -  Lower saltmarsh population The whole plant, shoot and root total non- 
structural carbohydrates at the end of nine weeks growth are shown in Figure 4.4. 
Analysis of variance results are presented in Table 4.7. Total non-structural 
carbohydrates refers to the sum of the amount of sorbitol, glucose, fructose, sucrose 
and starch present in mgg dw f'.

Table 4.7 -  F ratios and corresponding probability levels from an analysis of variance 
of the effect of NaCl treatment on whole plant, shoots and root total non-structural 
carbohydrate contents. Plants were from a lower saltmarsh population of Plantago 
maritima and carbohydrates were measured at the end of nine weeks growth in 0, 50, 
100, 200, 300 or 400mM NaCl.

*** p <  0.001; ** p < 0 .0 1 ; * p < 0 .0 5 ; ns p > 0.05, not statistically significant.
Source of variation F ratio 
Whole plant 1.93"®
Shoot 5.52 “
Root 4.70 *
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There was no significant effect of increasing NaCl treatment on whole plant total non- 
structural carbohydrate content (Table 4.7, Figure 4.4). Shoot total non-structural 
carbohydrate content decreased significantly with increasing NaCl treatment (Table 
4.7), with plants from the 400mM treatment having a significantly smaller shoot 
carbohydrate pool than plants from the OmM treatment (p<0.01, bonferroni post-hoc 
testing). The carbohydrate pool in the roots significantly increased with increasing 
NaCl treatment (Table 4.7). Plants from the 200mM treatment had a significantly 
larger root carbohydrate pool than plants from the OmM and 50mM treatment 
(p<0.05, for both comparisons with bonferroni post-hoc testing). For the lower salt 
treatments (0 and 50mM), the shoots had a larger carbohydrate pool than the roots, 
while for the higher salt treatments (200 and 400mM), the roots had a larger 
carbohydrate pool than the shoots (Figure 4.4). These differences in partitioning with 
increasing NaCl treatment were significant at the p<0.001 level.

The percentage contribution of sorbitol, glucose fructose, sucrose and starch to the 
shoot and root total carbohydrate pools is presented in Table 4.8. Analysis of 
variance results are presented in Table 4.9.

Table 4.8 -  The effect of NaCl treatment on the percentage contribution of sorbitol, 
glucose, fructose, sucrose and starch to the total non-structural carbohydrate content 
of shoots and roots of lower saltmarsh plants of Plantago maritima. Total non- 
structural carbohydrate refers to the sum of the sorbitol, glucose, fructose, sucrose and 
starch mg gdw f' concentrations. Plants were grown for nine weeks in 0, 50, 100, 
200, 300 or 400mM NaCl. Values represent mean ± standard error.

Treatment

OmM 50mM lOOmM 200mM 300mM 400mM
shoots sorbitol 51.8*’ '̂ 67.1*"’ 67.2*^’ 78.2*’ ° 56.7*"' 60.4*^"

glucose 20.8*^* 12.7*°* 11.5*” 8.0*"' 6.4*" 11.0*"'
fructose 19.7^^ 1 9 ± 2.3 8.4*'-’ 6.3*"° 7.5*"' 8.1*'®
sucrose 0 .4 ^ ' 0.5*°" 0 9 * ° . 3 0.6*°" 3.9*'’ 1.5*°®
starch 7.3*°’ 11.8*"" 12 0*" 6 6.9*"* 25.5*®’ 1 9 0 * 6.8

roots sorbitol 38.7*^“ 43.8*’-̂ 35.0*^® 4 2  6 * 6 6 12.8*"*
glucose 31.6*"" 25.8*^' 25.0*'’ 16.1*°° 4.8*'-'
fructose 1 7 ± 0.3 1 4 * 0.1 0.6*°" 0 4 * 0.1 0.1*°°
sucrose 7.0*'" 3.3*"° 6.1*"" 4.8*'° 5.0*°"
starch 21.0*"’ 25.8*” 33.4*” 36.1*” 7 7 2 * 3.4
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Table 4.9 -  F ratios and corresponding probability levels from an analysis of variance 
for the effect of NaCl treatment on the percentage contribution of sorbitol, glucose, 
fructose, sucrose and starch to the shoot and root total non-structural carbohydrate 
pools. Plants were from a lower saltmarsh population of Plantago maritima and 
carbohydrates were measured at the end of nine weeks growth in 0, 50, 100, 200, 300 
or 400mM NaCl.

*** p <  0.001; ** p < 0 .01 ; * p < 0 .05 ; ns p > 0.05, not statistically significant.
Carbohydrate Shoots Roots_____

Sorbitol 2.35 4.48*
Glucose 5.39 " 15.58 ***
Fructose 3.00* 12.48 ***
Sucrose 4.99 ** 1.82"*
Starch 2.66 6.31 **

For shoots in all treatments, the major carbohydrate was sorbitol (more than 50% of 
the total). In the roots, sorbitol was the major carbohydrate up to 200mM NaCl, after 
which starch was the major carbohydrate (Table 4.8). In the roots and shoots, the 
next largest carbohydrate pool was starch or glucose, followed by fructose and 
sucrose (Table 4.8). There was no significant effect of increasing NaCl treatment on 
the percentage contribution of shoot sorbitol or starch to the total carbohydrate pool 
(Table 4.9). Increasing NaCl treatment significantly decreased the percentage 
contribution of shoot glucose and fructose to the total non-structural carbohydrate 
pool and significantly increased the contribution of sucrose (Table 4.9). With 
bonferroni post-hoc testing, plants from the 200 and 300mM treatments had 
significantly less shoot glucose than the OmM plants (p<0.05 and p<0.01 
respectively), while the 300mM shoots had significantly more sucrose than the 0, 50 
and 200mM plants (p<0.05 for all comparisons). In the roots, the contribution of 
sucrose to the total carbohydrate pool was not significantly affected by increasing 
NaCl treatment (Table 4.9). All other carbohydrates measured were significantly 
affected by increasing NaCl treatment (Tables 4.8, 4.9). The root sorbitol, glucose 
and fructose contents significantly decreased with increasing NaCl treatment (Table 
4.9), while the root starch content significantly increased with increasing NaCl 
treatment (Table 4.9). With bonferroni post-hoc testing, the 400mM roots had 
significantly less sorbitol than the 50mM and 200mM roots (p<0.05 for both 
comparisons), significantly less glucose than the 0, 50 and lOOmM roots (p<0.001 for 
all comparisons), significantly less fructose than the 0 and 50mM roots (p<0.001 and 
p<0.01 respectively) and significantly more starch than the 0 and 50mM roots (p<0.01 
and p<0.05 respectively).
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Shoot and root concentrations of sorbitol, glucose, fructose and sucrose measured at 
the end of nine weeks growth are shown in Figure 4.5 (a)-(e) respectively. Analysis 
of variance results are presented in Table 4.10. Starch amounts are given in mg gdwf 
', while the concentrations of the other carbohydrates are given in mM (for mg gdwf' 
amounts see Appendix 3, Table 2).

Sorbitol: There was no significant effect of increasing NaCl treatment on shoot or root 
sorbitol concentration (Table 4.10). Shoot sorbitol concentration was highest in the 
OmM NaCl treatment, decreasing with the addition of 50mM NaCl, then increasing 
again slightly (Figure 4.5(a)). There was no obvious pattern of sorbitol accumulation 
in the roots (Figure 4.5(a)). The shoots contained significantly more sorbitol than the 
roots (p<0.05).

Table 4.10 -  F ratios and corresponding probability levels from an analysis of 
variance of the effect of NaCl treatment on shoot and root sorbitol, glucose, fructose, 
sucrose and starch concentrations. Plants were from a lower saltmarsh population of 
Plantago maritima and carbohydrate concentrations were measured at the end of nine 
weeks growth in 0, 50, 100, 200, 300 or 400mM NaCl.

*** p <  0.001; ** p< 0 .01 ; * p < 0.05; ns p > 0.05, not statistically significant.
Plant part__________

Carbohydrate shoot root

sorbitol 1.26 1.44"*
glucose 5.62 ** 2.91
fructose 9.31 *** 2.27
sucrose 6.65 ** 0.78
starch 2.22 19.44 ***

Glucose: Shoot glucose concentration decreased significantly with increasing NaCl 
treatment (Figure 4.5(b), Table 4.10). With bonferroni post-hoc testing, plants from 
the OmM treatment had significantly more shoot glucose than shoots from the 50, 100, 
200 and 300mM plants (p<0.05 for all comparisons). There was no significant 
difference between the 400mM shoots and the OmM shoots. There was no significant 
effect of increasing NaCl treatment on root glucose concentrations (Table 4.10). 
There was no significant difference in shoot and root glucose concentrations (p>0.05).

Fructose: Initially, shoot fructose significantly decreased with the addition of 50mM 
NaCl to the growth medium, then increased with the increasing NaCl treatment.
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though not significantly (Figure 4.5(c), Table 4.10). With bonferroni post-hoc testing, 
the OmM shoots had significantly more fructose than the 50mM shoots (p<0.001), the 
100 and 200mM shoots (p<0.01 for both comparisons) and the 300 and 400mM 
shoots (p<0.05 for both comparisons). There was no significant effect of increasing 
NaCl treatm ent on root fructose concentrations (Table 4.10) although the 
concentration decreased with increasing NaCl treatment (Figure 4.5(c)). The shoots 
contained significantly more fructose than the roots (p<0.001).

Sucrose: There was a significant increase in shoot sucrose concentration with 
increasing NaCl treatment (Table 4.10). With bonferroni post-hoc testing, the 
300mM shoots had significantly more sucrose than the 50mM shoots (p<0.01), the 
lOOmM shoots (p<0.05) and the 200mM shoots (p<0.01). There was no significant 
effect of increasing NaCl treatment on root sucrose concentrations (Figure 4.5(d)). 
The roots contained significantly more sucrose than the shoots (p<0.05).

Starch: There was no significant change in shoot starch content with increased NaCl 
treatment (Figure 4.5(e), Table 4.10). Root starch increased significantly with 
increasing NaCl treatment (Table 4.10). With bonferroni post-hoc testing, the 
200mM plants had significantly more root starch than the OmM and 50mM plants 
(p<0.01). The 400mM plants also had significantly more root starch than the OmM 
and 50mM plants (p<0.001) and the lOOmM plants (p<0.05). There were no 
significant differences between the root starch contents of the 0, 50 and lOOmM 
plants nor between the root starch contents of the 200, 300 and 400mM plants. For 
the high salt treatments (200 and 400mM), the roots contained significantly more 
starch than the shoots (p<0.001 and p<0.01 respectively, bonferroni post-hoc testing). 
For the low salt treatments (0, 50 and lOOmM), there was no significant difference in 
root and shoot starch content.

The relationship between tissue sodium ion concentration and tissue sorbitol 
concentration is shown for shoots and roots in Figure 4.6 (a)&(b) respectively. The 
regression equations for this relationship and the relationship between tissue sodium 
ion and tissue glucose, fructose and sucrose concentrations are presented in Table 
4.11. Analysis of variance results for these regressions are presented in Table 4.12.

There was no significant relationship between shoot sodium ion concentration and the 
shoot sorbitol, glucose, fructose and sucrose concentrations (Table 4.12). In the roots, 
the only significant relationship was found between the sorbitol and the sodium ion 
concentrations (Table 4.12): root sorbitol concentration increased significantly as root 
sodium ion concentration increased (Figure 4.6(b)).
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Table 4.11 -  Regression equations derived from scatterplots of the relationship 
between shoot and root sodium ion content and shoot and root log values for sorbitol, 
glucose, fructose and sucrose contents. Plants were from an lower saltmarsh 
population of Plantago maritima and were grown for nine weeks in 0, 50, 100, 200, 
300 or 400mM NaCl. The shoot and root values for each carbohydrate were log 
transformed to achieve a normal distribution.

________________ Equation of line___________________

Carbohydrate____________ shoot____________________ root

Sorbitol y = (5.50xl0'^)x-1-2.24 y = (3.03xl0'^)x -1- 1.67
Glucose y = (-4.25x10 '>  + 1.62 y = (1.60xl0-^)x-t- 1.56
Fructose y = (-4.30x10 >  + 1.47 y = (2.00xl0'^)x -t- 0.08
Sucrose y = (5 .7 7 x l0 V -0 .2 1 y = (1.77xl0 ')x -1-0.63

Table 4.12 -  F ratios and corresponding probability levels from an analysis of 
variance of each of the relationships presented in Table 4.11.

*** p <  0.001; ** p< 0 .0 1 ; * p < 0.05; ns p > 0.05, not statistically significant.
shoot root

Sorbitol 0.04 12.48'
Glucose 0.96 3.61
Fructose -0.90 “ 2.25
Sucrose 1.14"^ 1.85

4.3.1.3 - Sea-Cliff population Whole plant, shoot and root total non-structural 
carbohydrate contents are shown in Figure 4.7. Analysis of variance results are 
presented in Table 4.13. Total non-structural carbohydrates refers to the sum of the 
sorbitol, glucose, fructose, sucrose and starch mg gdw f‘ contents.

Table 4.13 -  F ratios and corresponding probability levels from an analysis of 
variance of the effect of NaCl treatment on whole plant, shoots and root total non- 
structural carbohydrate contents. Plants were from a sea-cliff population of Plantago 
maritima and carbohydrates were measured at the end of nine weeks growth in 0, 50, 
100, 200 or 300mM NaCl.

*** p <  0.001; ** p< 0 .0 1 ; * p < 0 .05 ; ns p > 0.05, not statistically significant.
Source of variation F ratio 
Whole plant 1.79
Shoot 2.66 “
Root 0.71
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There was no significant effect of increasing NaCl treatment on the whole plant, shoot 
or root total non-structural carbohydrate contents. The shoots had a significantly 
larger carbohydrate pool than the roots in all treatments (p<0.001).

The percentage contribution of sorbitol, glucose, fructose, sucrose and starch to the 
total non-structural carbohydrates of shoots and roots is presented in Table 4.14. 
Analysis of variance results are presented in Table 4.15. In the shoots, the major 
carbohydrate pool was starch, contributing greater than 50% to the total carbohydrate 
pool in all treatments (Table 4.14). The next largest pool was the sorbitol pool in all 
treatments. In the roots, the major carbohydrate pools were sorbitol and glucose for 
all treatments (Table 4.14).

Table 4.14 -  The effect of NaCl treatment on the percentage contribution of sorbitol, 
glucose, fructose, sucrose and starch to the total non-structural carbohydrate content 
of shoots and roots of sea-cliff plants of Plantago maritima. Total non-structural 
carbohydrate refers to the sum of the sorbitol, glucose, fructose, sucrose and starch 
mg gdw f' concentrations. Plants were grown for nine weeks in 0, 50, 100, 200, or 
300mM NaCl. Values represent mean ± standard error. Trace refers to values less 
than 0.1% o f  the total.

Treatment
OmM 50mM lOOmM 200mM 300mM

shoots sorbitol 31.1^" 25.4*'' 20.1*'’ 21.4*'’ 13  9*4 4

glucose 7.3*"’ 27*0 .9 1.4*°" 1 4±0.3 0.9^"
fructose trace trace trace trace trace
sucrose 0 2±oo 0.5*®' 0.8*°^ 0.9*°" 1.22*°'
starch 61.4*“’ 71.3*"® 77.7*"' 76.3*"" 84.0*“’

roots sorbitol 41.3*” 40.5*'® 52.3*'" 66.6*'’ 64.5*°°
glucose 30.6*“’ 3 7 7 * 2 .8 32.6*'° 23.1*'-^ 25.4*°°
fructose 6.3*“* 9  1*0.5 8.8*'-' 4  3*0.6 2.3*°°
sucrose 14.5*^’ 7.9*"' 3_7±o,6 5.8*'" 7.8*°°
starch 7  3*0,6 5.9*’’ 2.5*°-' 0.3*°' trace

The percentage contribution of sorbitol and glucose to the shoot total non-structural 
carbohydrate pool decreased significantly with increasing NaCl treatment while the 
percentage starch contribution increased significantly with increasing NaCl treatment 
(Table 4.14, Table 4.15).
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Table 4.15 -  F ratios and corresponding probability levels from an analysis of 
variance for the effect of NaCl treatment on the percentage contribution of sorbitol, 
glucose, fructose, sucrose and starch to the shoot and root total non-structural 
carbohydrate pools. Plants were from a sea-cliff population of Plantago maritima and 
carbohydrates were measured at the end of nine weeks growth in 0, 50, 100, 200 or 
300mM NaCl.

*** p <  0.001; ** p < 0 .01 ; * p< 0 .0 5 ; ns p > 0.05, not statistically significant.
Carbohydrate Shoots Roots_____
Sorbitol 4.11 * 9.79 *"
Glucose 6.39 “ 2.33
Fructose 2.05* 7.56 "
Sucrose 1.17"* 2.06 “
Starch 6.05 " 41.99 ***

With bonferroni post-hoc testing, the 300mM treatment contributed significantly less 
sorbitol and glucose and more starch than the OmM treatment (p<0.05 for all 
comparisons). The 100 and 200mM treatments contributed significantly less glucose 
and more starch than the OmM treatment (p<0.05 for all comparisons). There was no 
effect of increasing NaCl treatment on the shoot fructose and sucrose percentage 
contribution to the carbohydrate pool (Table 4.15). The contribution of root sorbitol 
to the total root carbohydrate pool was significantly increased with increasing NaCl 
treatment, while the percentage fructose and starch contribution decreased 
significantly. With bonferroni post-hoc testing, the 0 and 50mM roots contributed 
significantly more sorbitol to the total carbohydrate pool than the 200mM roots 
(p<0.01 for both comparisons). The 200 and 300mM treatments had contributed 
significantly less fructose to the total pool than the 0 and 50mM treatment (p<0.05 for 
all comparisons, bonferroni post-hoc testing), while the OmM treatment contributed 
more starch to the total carbohydrate pool than the 100, 200 and BOOmM treatments 
(p<0.05, p<0.001 and p<0.001 respectively). The 200mM treatment also had 
significantly less root starch than the 50mM and lOOmM treatments (p<0.001 for both 
comparisons, bonferroni post-hoc testing).

Actual measured shoot and root sorbitol, glucose, fructose, sucrose and starch 
concentrations at the end of nine weeks growth are shown in Figure 4.8 (a)-(e) 
respectively. Analysis of variance results are presented in Table 4.16. Starch 
concentrations are presented as mg gdw f‘, while all other carbohydrate values are
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Figure 4.8 (a)-(e): (a) Sorbitol, (b) glucose, (c) fructose, (d) sucrose and (e) starch shoot 
and root contents of plants from a sea-cliff population of Plantago maritima grown 
hydroponically for nine weeks in 0, 50, 100, 200, 300 or 400mM NaCl. For graphs (a)-(d), 
results are expressed as millimoles of carbohydrate per litre of tissue water (mM). For 
graph (e), starch content is expressed as milligrams of glucose per gram tissue dry weight 
(mg glucose/g dwt). All results represent mean ± standard error of up to 5 replicates.



presented as mM (see Materials & Methods). Sorbitol, glucose, fructose and sucrose 
amounts in mg gdwf' are also given in Appendix 3, Table3.

Table 4.16 -  F ratios and corresponding probability levels from an analysis of 
variance of the effect of NaCl treatment on shoot and root sorbitol, glucose, fructose, 
sucrose and starch concentrations. Plants were from a sea-cliff population of 
Plantago maritima and carbohydrate concentrations were measured at the end of nine 
weeks growth in 0, 50, 100, 200 or 300mM NaCl.

*** p <  0.001; ** p< 0 .0 1 ; * p< 0 .0 5 ; ns p > 0.05, not statistically significant.
Plant part

Carbohydrate shoot_______root

sorbitol 2.30 0.75
glucose 2.06 1.70 “
fructose 0.92 4.14*
sucrose 3.24* 0.66
starch 5.64 ** 42.91 ***

Sorbitol: There was no significant effect of increasing NaCl treatment on shoot or root 
sorbitol concentrations (Table 4.16). Shoot sorbitol concentration increased in the 
300mM treatment but decreased again in the 400mM treatment (Figure 4.8(a)). Root 
sorbitol concentration remained steady over all treatments (Figure 4.8(a)). The shoot 
sorbitol concentration was significantly greater than the root sorbitol concentration in 
all treatments (p<0.001).

Glucose: Shoot glucose concentration decreased with increasing NaCl treatment, 
though not significantly (Figure 4.8(b), Table 4.16). Root glucose concentration 
increased initially then decreased with increasing NaCl treatment, again not 
significantly (Table 4.16). There was no significant difference in glucose 
concentration between roots and shoots.

Fructose: There was no significant effect of increasing NaCl treatment on shoot 
fructose concentration (Table 4.16). Root fructose concentration increased initially 
then decreased significantly with increasing NaCl (Figure 4.8(c), Table 4.16). Roots 
contained significantly more fructose than shoots for all treatments (p<0.001). Root 
fructose concentrations were up to one hundred times smaller than the corresponding 
shoot concentrations.

Sucrose: Shoot sucrose significantly increased with increasing NaCl treatment (Table 
4.16). Root sucrose decreased with increasing treatment but not significantly (Table
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4.16). There was no significant difference between shoot and root concentrations of 
sucrose.

Starch: Shoot starch significantly increased and root starch significantly decreased 
with increasing NaCl treatment (Figure 4.8(e), Table 4.16). With bonferroni post-hoc 
testing, the 200 and 300mM treatments significantly increased the shoot starch 
content over the OmM treatment (p<0.01 for each comparison). In the roots, with 
bonferroni post-hoc testing, the lOOmM treatment had significantly more starch than 
the OmM treatment (p<0.05), the 200mM treatment significantly increased the starch 
content above that of the 0, 50 and lOOmM treatments (p<0.001 for each comparison), 
and the 300mM treatment significantly increased the starch content above that of the 
OmM (p<0.01) and 50mM (p<0.05) treatments. The shoots contained significantly 
more starch than the roots for all treatments (p<0.001), up to one thousand times the 
root concentration for the higher salt treatments.

The relationship between tissue sodium ion and tissue sorbitol concentrations is 
shown for shoots and roots in Figure 4.9 (a)&(b) respectively. The regression 
equations for this relationship and the relationship between tissue sodium ion and 
tissue glucose, fructose and sucrose concentrations are presented in Table 4.17. 
Analysis of variance results for these regressions are presented in Table 4.18.

Table 4.17 -  Regression equations derived from scatterplots of the relationship 
between shoot and root sodium ion and shoot and root concentrations for sorbitol, 
glucose, fructose and sucrose. Plants were from sea-cliff population of Plantago 
maritima and were grown for nine weeks in 0, 50, 100, 200 or 300mM NaCl. The 
shoot and root values for each carbohydrate (except the root sorbitol and fructose 
values) were log transformed to achieve a normal distribution.

Equation of line

Carbohydrate shoot root

Sorbitol y = (5.35xlO->-i- 1.94 y = (8.80xl0'^)x -1- 22.50
Glucose y = (-2 .49x I0> -l- 1.08 y = (-6 .0 0 x l0 'V  -h 1.24
Fructose y = (-1.89xlO ")x- 1.12 y = (-9.20xl0-^)x + 4.99
Sucrose y = (8.42xl0-^)x-0.61 y = (-1.62x10-^ -1-0.41

There was no significant effect of the internal sodium ion concentration on any of the 
root carbohydrate concentrations (Table 4.18). In the shoots, the only carbohydrate 
significantly affected was sucrose. From the regression equation (Table 4.17), with 
increasing shoot sodium ion concentration, the sucrose concentration decreased 
significantly (Table 4.18).
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roots of plants from a sea-cliff population of Plantago maritima. Plants were grown for 
nine weeks in 0, 50, 100, 200, 300 or 400mM NaCl.



Table 4.18 -  F ratios and corresponding probability levels from an analysis of 
variance of each of the relationships presented in Table 4.17.

*** p <  0.001; ** p < 0 .01 ; * p< 0 .0 5 ; ns p > 0.05, not statistically significant.
shoot root

Sorbitol 0.33 0.14"*
Glucose 1.33 0.62
Fructose 0.78 1.90 "*
Sucrose 10.56 ** 2.21 "*

4.3.2 -  One week, one population experiment

Whole plant, shoot and root total non-structural carbohydrate contents are shown in 
Figure 4.10. Analysis of variance results are presented in Table 4.19. Total 
carbohydrate contents are presented in mg gdwf'.

There was no significant difference total non-structural carbohydrate contents of the 
whole plant, shoot or root, with increasing NaCl treatment. The total carbohydrate 
pool in the shoots was significantly larger than that of the roots for each treatment
(p<0.001).

Table 4.19 -  F ratios and corresponding probability levels from an analysis of 
variance of the effect of NaCl treatment on whole plant, shoot and root total non- 
structural carbohydrate contents. Plants were from an upper saltmarsh population of 
Plantago maritima and carbohydrates were measured at the end of one weeks growth 
in 0, 50, 100, 200, 300 or 400mM NaCl.

*** p <  0.001; ** p< 0 .0 1 ; * p< 0 .0 5 ; ns p > 0.05, not statistically significant.
Source of variation F ratio 
Whole plant 1.01"*
Shoot 1.09"*
Root 0.94

The percentage contribution of sorbitol, glucose, fructose, sucrose and starch to the 
total non-structural carbohydrate pool of shoots and roots is presented in Table 4.20. 
Analysis of variance results are presented in Table 4.21.
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plants from an upper saltmarsh population of Plantago maritima . Carbohydrates were 
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mean ± standard error of 6 replicates.



Table 4.20 -  The effect of NaCl treatment on the percentage contribution of sorbitol, 
glucose, fructose, sucrose and starch to the total non-structural carbohydrate content 
of shoots and roots of upper saltmarsh plants of Plantago maritima. Total non- 
structural carbohydrate refers to the sum of the sorbitol, glucose, fructose, sucrose and 
starch mg gdwf' concentrations. Plants were grown for one week in 0, 50, 100, 200, 
300 or 400mM NaCl. Values represent mean ± standard error. Trace refers to values 
less than 0.1% of the total.

Treatment

OmM 50mM lOOmM 200mM 300mM 400mM

shoots sorbitol 5.9*‘^ 3.6*‘" 3.0*°® 3.3*°^ 3.3*°’ 4.5*'°
glucose 04±o.i trace 0 1 ±0.0 0 1*0.0 trace trace
fructose 04±o.i 0 1 ±0.0 0 1 ±0.0 0 1*0.0 0.1*°° trace
sucrose trace trace trace trace trace trace
starch 93 2 ± i -6 96.3*'" 9 6 .9*06 96.6*°' 96.6*°* 95.5*'°

roots sorbitol 51.5*^’ 58.1*"’ 71 4 ± 2.6 69.5*'® 73.4*"-' 82.3*^’
glucose 2 7 2 * 2.6 24.0*"’ 17.9*"' 18.7*"’ 1 4 4 * 1.5 8.9*""
fructose 19.5*‘“ 16.3*"‘ 10.0*'" 8.2*'' 8.4*°’ 4.9*'°
sucrose 11 ±0.3 11 ±0.4 trace 2.8*"° 2.9*'-’ 3.3*'°
starch 0 .7 ^ ' 0.6*°' 0.7*°" 0.8*°' 0 9 * 0.4 0.6*°"

In the shoots, the starch fraction contributed most to the total carbohydrate pool, over 
90% in all treatments. The sorbitol pool was next largest, followed by the fructose, 
glucose and sucrose pools. In the roots, the sorbitol was the major carbohydrate (over 
45% in all treatments), followed by the glucose and fructose pools (Table 4.20).

Table 4.21 -  F ratios and probability levels from an analysis of variance for the effect 
of NaCl treatment on the percentage contribution of sorbitol, glucose, fructose, 
sucrose and starch to the shoot and root total non-structural carbohydrate pools. 
Carbohydrates were measured for plants from an upper saltmarsh population of 
Plantago maritima at the end of one weeks growth in 0, 50, 100, 200, 300 or 400mM 
NaCl.

*** p <  0.001; ** p < 0 .01 ; * p< 0 .0 5 ; ns p > 0.05, not statistically significant.
Carbohydrate Shoots Roots_____
Sorbitol 0.64 15.64
Glucose 8.50 8.57 ***
Fructose 4.48 " 16.71 ***
Sucrose 3.23 2.24 “
Starch 1.62“ 0.51 “
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There was no significant effect of increasing NaCl treatment on shoot starch, sucrose 
or sorbitol contributions to the total carbohydrate pool (Table 4.21). Increasing NaCl 
treatment decreased the glucose and fructose pools significantly (Table 4.21). For the 
glucose pool, with bonferroni post-hoc testing, the OmM treatment had significantly 
more glucose than the 50mM (p<0.001), the lOOmM (p<0.05), the 200mM (p<0.05), 
the 300mM (p<0.01) and the 400mM treatments (p<0.001). The fructose pool in the 
400mM treatment was significantly smaller than that of the OmM treatment (p<0.01 
with bonferroni post-hoc testing). In the roots, there was no significant effect of 
increasing NaCl treatment on the sucrose or starch pools. The contribution of the 
sorbitol pool to the total carbohydrate content increased significantly with increasing 
NaCl treatment, while the contribution of the glucose and fructose pools decreased 
significantly (Table 4.20, 4.21). With bonferroni post-hoc testing, the 0 and 50mM 
treatments had significantly less sorbitol than the lOOmM and BOOmM treatments 
(p<0.001 and p<0.05 respectively for both comparisons) and the 400mM treatment 
(p<0.001 for both comparisons). The OmM treatments also had significantly more 
glucose than the 300 and 400mM treatment (p<0.05 and p<0.001 respectively; 
bonferroni post-hoc testing), and significantly more fructose than the 100, 200, 300 
and 400mM treatments (p<0.05, p<0.01, p<0.01 and p<0.001 respectively, bonferroni 
post-hoc testing). The 400mM treatments had significantly less fructose than the 
50mM treatment (p<0.001) and the 100 and 300mM treatment (p<0.05 for both).

The measured sorbitol, glucose, fructose, sucrose and starch contents of roots and 
shoots of plants from an upper saltmarsh population at the end of one week are shown 
in Figure 4.11 (a)-(e) respectively. Starch is measured in mg gdw f', sorbitol, glucose, 
fructose and sucrose are measured in mM (corresponding mg gdw f' values are given 
in Appendix 3, Table 4). Analysis of variance results are presented in Table 4.22.

Table 4.22 -  F ratios and corresponding probability levels from an analysis of 
variance of the effect of NaCl treatment on shoot and root sorbitol, glucose, fructose, 
sucrose and starch concentrations. Plants were from an upper saltmarsh population of 
Plantago maritima and carbohydrate concentrations were measured at the end of one 
weeks growth in 0, 50, 100, 200, 300 or 400mM NaCl.

*** p <  0.001; ** p< 0 .0 1 ; * p< 0 .0 5 ; ns p > 0.05, not statistically significant.
 Plant part________

Carbohydrate shoot_______root

sorbitol 0.62 1.73
glucose 7.04 *** 1.05“
fructose 3.86 " 1.59"^
sucrose 2.31 1.91
starch 1.13"^ 0.44
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Figure 4.11 (a)-(e): (a) Sorbitol, (b) glucose, (c) fructose, (d) sucrose and (e) starch shoot 
and root contents of plants from an upper saltmarsh population of Plantago maritima 
grown for one week in 0, 50, 100, 200, 300 and 400mM NaCl. For graphs (a)-(d), results 
are expressed as millimoles of carbohydrate per litre of tissue water (mM). For graph (e), 
starch content is expressed as milligrams of glucose per gram of dry weight (mg/g dwt). 
All results represent mean ± standard error of 6 replicates.



Sorbitol: Shoot and root sorbitol concentrations decreased initially with the addition 

of NaCl to the growth medium, then increased with increasing NaCl treatm ent 

although not significantly (Figure 4.11 (a). Table 4.22). The roots appeared to contain 

more sorbitol than the shoots especially in the higher salt concentration, but this 

difference was not statistically significant.

Glucose: Shoot glucose concentration decreased significantly with increasing NaCl 

treatment (Figure 4.11(b), Table 4.22). With bonferroni post-hoc testing, the OmM 

shoots had significantly more glucose than the 50mM  (p<0.001), the 100, 200, 

300mM (p<0.05 for all comparisons) and the 400mM  shoots (p<0.001). There was 

no significant change in root glucose concentration with increasing NaCl treatment. 

The roots contained significantly more glucose than the shoots (p<0.001) for all 

treatments.

Fructose: Shoot fructose concentration decreased significantly with increasing NaCl 

treatment (Figure 4.11(c), Table 4.22). With bonferroni post-hoc testing, the only 

significant difference in fructose concentration was between the OmM shoots and the 

400mM  shoots (p<0.001). There were no significant differences in shoot fructose 

concentration of any other treatments. There was significantly more fructose in the 

roots than in the shoots (p<0.001). The root concentration of fructose was not 

significantly affected by increasing NaCJ treatment (Table 4.22).

Sucrose: The roots contained significantly more sucrose than the shoots (p<0.001). 

From Figure 4.11(d), root sucrose concentration increased with increasing NaCl 

treatment while shoot sucrose decreased initially then increased again. However, 

neither of these changes with treatment were significant.

Starch: The shoots contained significantly more starch than the roots (p<0.001). 

Figure 4 .1 1(e). The amount of starch in the roots was, on average, one hundred times 

sm aller than that of the shoots. N either shoot nor root starch am ounts were 

significantly altered by increasing NaCl treatment (Table 4.22).

The relationship betw een tissue sodium  ion concentration and tissue sorbitol 

concentration is shown for shoots and roots in Figure 4.12 (a)&(b) respectively. The 

regression equations for this relationship and the relationship between tissue sodium 

ion and tissue glucose, fructose and sucrose concentrations are presented in Table 

4.23. Analysis of variance results for these regressions are presented in Table 4.24.
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Figure 4.12 (a)&(b): Scatterplot of the relationship between the tissue millimolar sodium 
ion concentration and the tissue millimolar sorbitol concentration for (a) shoots and (b) 
roots of plants from an upper saltmarsh population of Plantago maritima . Plants were 
grown for one week in 0, 50, 100, 200, 300 or 400mM NaCl.



Table 4.23 -  Regression equations derived from scatterplots of the relationship 
between shoot and root sodium ion concentration and shoot and root values for 
sorbitol, glucose, fructose and sucrose concentrations. Plants were from an upper 
saltmarsh population of Plantago maritima and were grown for one week in 0, 50, 
100, 200, 300 or 400mM NaCl. Shoot sorbitol, glucose, fructose and root sorbitol, 
glucose and sucrose values were log transformed to achieve a normal distribution.

Equation of line

Carbohydrate____________ shoot____________________ root

Sorbitol y = (-7.20x10 '>  + 4.01 y = (1 .2 3 x l0 V -0 .4 7
Glucose y = (-1.54xl0-^)x-0.83 y = (-2.45xl0-^)x+ 1.89
Fructose y = ( -1 .5 4 x l0 > -0 .7 7 y = (-2.10xl0'^)x + 1.26
Sucrose y = (8 .1 5 x 1 0 ^ y = (2 .52x l0-')x - 1.61

Table 4.24 -  F ratios and corresponding probability levels from an analysis of 
variance of each of the relationships presented in Table 4.23.

*** p <  0.001; ** p < 0 .01 ; * p< 0 .05 ; ns p > 0.05, not statistically significant.
shoot root

Sorbitol 0.13"* 16.46 ***
Glucose 6.84* 2.14"*
Fructose 8.23 “ 4.21
Sucrose 0.33 6.55*

Shoot glucose and fructose concentrations were significantly decreased with 
increasing shoot sodium ion concentration (Table 4.23. 4.24). There was no 
significant effect of increasing shoot sodium ion concentration on the sorbitol or 
sucrose concentrations. In the roots, the sorbitol and sucrose concentrations increased 
significantly with increasing tissue sodium ion concentrations (Figure 4.12(b), Table 
4.24).

4.3.3 - Nine week simultaneous experiment 

4.3.3.1 - Carbohydrates

The amount of total non-structural carbohydrates (mg gdw f') in whole plants, shoots 
and roots of plants of Plantago maritima from an upper saltmarsh, a lower saltmarsh 
and a sea-cliff population at the end of nine weeks growth is shown in Figure 4.13 (a)- 
(c). Analysis of variance results are presented in Table 4.25.
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Figure 4.13 (a)-(c): Total non-structural carbohydrates (mg/g dwt) for (a) 
whole plants, (b) shoots and (c) roots of plants from an upper saltmarsh, a lower 
saltmarsh and a sea-cliff population of Plantago maritima . Carbohydrates 
were measured at the end of nine weeks growth in 0, 50 or 300mM NaCl. 
Results are expressed as mean ± standard error of up to 6 replicates.



Table 4.25 -  F ratios and corresponding probability levels from an analysis of 
variance of the effect of NaCl treatment and population on whole plant, shoot and root 
total non-structural carbohydrate concentrations. Plants were from an upper 
saltmarsh, a lower saltmarsh and a sea-cliff population of Plantago maritima and 
carbohydrates were measured at the end of nine weeks growth in 0, 50 or 300mM 
NaCl.

______________ Carbohydrates_____________

Source of variation whole plant_______shoot_________ root

Population 21.99*" 20 .90” * 12.40***
Treatment 5.21 * 8.80*** 1.99"*
Population*treatment______2.71 *________ 0.23 ________ 2.40

Increasing NaCl treatment significantly increased the total carbohydrate content of the 
whole plant, the shoots but not the roots (Table 4.25). Significant differences were 
found between populations for the whole plant, shoot and root total non-structural 
carbohydrates (Table 4.25). For the total whole plant and shoot carbohydrates, the 
upper saltmarsh population had significantly more non-structural carbohydrates than 
the lower saltmarsh and sea-cliff populations (p<0.001 for all comparisons, bonferroni 
post-hoc test). There was no significant difference between these two latter 
populations. (Figure 4.13 (a)&(b)). For the root total carbohydrates, the lower 
saltmarsh population had significantly less total carbohydrates than the upper 
saltmarsh and sea-cliff populations (p<0.001, for both comparisons, bonferroni post- 
hoc test). No significant differences were found in the response of populations to 
increasing NaCl treatment for total shoot or total root carbohydrate content (Table 
4.25, Figure 4.13(b)). Significant differences were found in the response of 
populations to increasing NaCl treatment for the whole plant total carbohydrate 
content (Table 4.25). The upper saltmarsh population had significantly more whole 
plant carbohydrates in the OmM treatment than the sea-cliff and lower saltmarsh 
populations (p<0.05, bonferroni post-hoc test) and significantly more carbohydrates 
in the 50mM treatment than the lower saltmarsh population (p<0.05 bonferroni post- 
hoc test). The lower saltmarsh population was also the only population to show 
significantly increased whole plant carbohydrate content in the 300mM treatment 
compared with the OmM treatment (p<0.05, bonferroni post-hoc test).

The percentage contribution of each carbohydrate measured to the total shoot and root 
non-structural carbohydrate pools is presented in Table 4.26. Analysis of variance 
results for each shoot carbohydrate are presented in Table 4.27(a), and for each root 
carbohydrate in Table 4.27(b).
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Table 4.26 -  The effect of NaCl treatment on the percentage contribution of sorbitol, 
glucose, fructose and sucrose in shoots and roots of upper saltmarsh (um), lower 
saltmarsh (Im) and sea-cliff (sc) plants of Plantago maritima, to the total carbohydrate 
content. Total carbohydrate refers to the sum of the sorbitol, glucose, fructose and 
sucrose mg gdw f' concentrations. Plants were grown for nine weeks in 0, 50 or 
300mM NaCl. Values represent mean ± standard error.re^g

Carbohydrate

Tissue NaCl pop sorbitol glucose fructose sucrose starch

shoots OmM um 5B.6*'" 4 5 ±o .8 3.5*°" 0.4*°' 38.0*"'
Im 4 8  9 ±3.4 4 _2 ±o .8 2 9 *0.8 0.3*°' 43.7*"
sc 34.8*'-^ 5.6*'-" 1.6*°' 0.1*°° 57.9*"’

50mM um 40.3^"^ 5.6*'-" 4  9 * 1.0 1 1*°.4 48  2*3*

Im 4 4 ,4 *2-7 4  4 ±o .8 3.3*°" 1.3*°* 46.7*"
sc 34.7*"-^ 2  4 ±o .6 1.5*°' 0.4*°' 61.1*'"

BOOmM um 32.1* -̂̂ 2 1^3 16.3**° 1.3*°' 48.3*^"
Im 4 2 . 9 * 3.3 4  8 ±3.o 2 3 * ° .6 1.3*°-' 48.7*'"’
sc 2 8 _9 ±4.4 2.3*"-̂ 1 8 * °  5 0.1*°° 67.0*^’

roots OmM um 22 _4 ±2-2 7.2*'-" 4 _7±°.5 3.5*" 62.3*'°
Im 22.T*^ 10.0*" 6.3*'" 1.3*°' 59.6*’ '
sc 14.5*'“ 8.8*'-' 5.4*'^ 1.0*°' 70.4*'"

50mM um 2 1  4 ±4.3 10.0*"^ 3.2*°'' 3.3*'° 62.1*"’
Im 17.5*'* 6.8*°" 3.2*°-' 3.1*'° 69.5*""
sc 12.4*'" 10.5*'’ 9 0 * 1 6 1.2*°" 67.0*'"

BOOmM um 2 8  4*50 6.0*'° 3.3*°* 4.1*" 58.3*’ "
Im 2 4 _4 ± i .5 6.4*'^ 3.1*°’ 3.3*°' 62.8*'*
sc 18.5*^' 4.1*'* 0.6*°" 2.1*'" 75.1*'*

Shoots: For all carbohydrates, there was no significant difference in response of 
populations to increasing NaCl treatment (Table 4.27(a)). There was a significant 
difference in percentage sorbitol, fructose, sucrose and starch between populations 
(Table 4.27(a)). The sea-cliff population contained significantly less sorbitol and 
sucrose than the two saltmarsh populations (p<0.001 for each comparison with 
bonferroni post-hoc test) and significantly more starch than the two saltmarsh 
populations (p<0.001 for each comparison with bonferroni post-hoc test). The upper 
saltmarsh population had significantly more fructose than the lower saltmarsh and 
sea-cliff populations (p<0.001 for each comparison with bonferroni post-hoc test).

All populations decreased the amount of shoot sorbitol present with increasing NaCl 
treatment (Table 4.26), with the BOOmM treatment having significantly less sorbitol 
than the OmM treatment (p<0.01, bonferroni post-hoc test). The BOOmM treatment
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significantly decreased the amount of glucose present in the shoots of the sea-cliff and 

upper saltm arsh populations. The low er saltm arsh population increased the 

percentage glucose with increased NaCl treatment, though not significantly (Table 

4.26, Table 4.27(a)). The contribution of shoot fructose to the overall carbohydrate 

pool was not significantly affected by increasing NaCl treatm ent (Table 4.27(a)), 

while both the sucrose and starch fractions increased significantly with increased 

NaCl treatment, the 300mM  treatment plants containing significantly more sucrose 

and starch than the OmM treatments (p<0.01 and p<0.05 respectively), (Table 4.26, 

Table 4.27(a)).

Roots: For the sorbitol fraction, there was a significant effect of population on the 

percentage contribution to the total carbohydrate pool (Table 4.26). The sea-cliff 

population contained significantly less sorbitol that the two saltmarsh populations 

(p<0.01 for both comparisons). There was no significant difference between the two 

saltmarsh populations. The upper saltmarsh population contained significantly more 

sucrose than the lower saltmarsh and sea-cliff populations. Increasing NaCl treatment 

did not significantly affect the contribution of sorbitol, sucrose or starch to the total 

carbohydrate pool (Table 4.27(b)). The contribution of glucose and fructose to the 

total pool decreased significantly with increasing NaCl treatment, the OmM treatments 

containing more o f these carbohydrates than the 50mM  and 300m M  treatm ents 

(p<0.05 for both comparisons for glucose; p<0.01 for both comparisons for fructose, 

bonferroni post-hoc test).

For the sorbitol, glucose, sucrose and starch fractions, there was no significant 

difference in response of populations to increasing NaCl treatment (Table 4.27(b)). 

The contribution of fructose to the overall carbohydrate pool decreased significantly 

with increasing NaCl treatment and the response of fructose to increasing NaCl 

treatm ent was significantly different between populations (Table 4.27(b)). The 

300mM treatment significantly decreased the amount of fructose present in the sea- 

cliff roots com pared with the 50mM treatment (p<0.001, bonferroni post-hoc test), 

while increasing NaCl treatment had no significant effect on the fructose content of 

the two saltmarsh populations (Table 4.26).

For the sorbitol, glucose, fructose and sucrose (mM) concentrations referred to in the 

following section, the corresponding mg gd w f' amounts are given in Appendix 3, 

Table 5.
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Table 4.27 (a)&(b): F ratios and corresponding probabilities calculated from an 
analysis of variance of the effect of NaCl and population on the percentage 
contribution of sorbitol, glucose, fructose, sucrose and starch to the total non- 
structural carbohydrate pool in (a) shoots and (b) roots. Plants were from an upper 
saltmarsh, a lower saltmarsh and a sea-cliff population of Plantago maritima. 
Carbohydrates were measured at the end of nine weeks growth in 0, 50 or 300mM
NaCl.

*** p <  0.001; ** p< 0 .0 1 ; * p < 0 .05 ; ns p > 0.05, not statistically significant, 
(a)  Carbohydrate_____

Source of variation sorbitol glucose fructose sucrose starch

Population
Treatment
Population*treatment

10.50 “ * 
7.30 "  
1.95

0.64
3.47*
1.36

14.90 *** 
0.88 
1.32“

16.95 **• 
12.09 *** 
1.22

18.16***
3.64*
0.45

(b) Carbohydrate

Source of variation sorbitol glucose fructose sucrose starch

Population
Treatment
Population*treatment

6.51 ** 
3.21 
0.20

0.00
3.90*
1.58"^

0.96 
6.50 ** 
5.38 **

3.51 *
1.07
0.32

3.08
0.17"*
0.92

Sorbitol: Figure 4.14 (a)&(b) show the actual shoot and root m illim olar
concentrations of sorbitol for the upper saltmarsh, the lower saltmarsh and the sea- 
cliff populations of Plantago maritima measured at the end of nine weeks growth. 
Analysis of variance results are presented in Table 4.28.

There was a significant effect of population on shoot sorbitol concentration (Table
4.28). With bonferroni post-hoc testing, the upper saltmarsh and sea-cliff populations 
were the only populations significantly different from each other (p<0.05), with the 
upper saltmarsh population containing significantly more sorbitol than the sea-cliff 
population (Figure 4.14(a)). There was no significant effect of increasing NaCl 
treatment on shoot sorbitol concentration (Table 4.28). From Figure 4.14(a), the 
upper saltmarsh and sea-cliff populations showed a decrease in sorbitol concentration 
with increasing NaCl, while the lower saltmarsh population showed an increase in 
shoot sorbitol concentration. This difference in accumulation was significant (Table
4.28). Root sorbitol concentration was significantly affected by population (Table
4.28). With bonferroni post-hoc testing, the two saltmarsh populations were the only 
populations significantly different from each other (p<0.05). From Figure 4.14, 
increasing NaCl treatment caused a significant increase in root sorbitol concentration
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Figure 4.14 (a)&(b): Sorbitol concentrations for (a) shoots and (b) roots of plants from 
upper saltmarsh, lower saltmarsh and sea-cliff populations of Plantago maritima grown 
hydroponically for nine weeks in 0, 50 or 300mM NaCl. Results expressed as 
millimoles per litre tissue water (mM). Values represent mean ± standard error of up to 
6 replicates.



in all three populations (Table 4.28). Comparing shoot and root sorbitol
concentrations, shoots contained significantly more sorbitol than roots (p<0.01), with
all three populations showing no significant differences in the partitioning of sorbitol 
for all treatments (population*treatment*tissue, p>0.05).

Table 4.28 -  F ratios and corresponding probability levels from an analysis of 
variance of the effect of NaCl treatment and population on shoot and root sorbitol 
concentrations. Plants were from an upper saltmarsh, a lower saltmarsh and a sea- 
cliff population of Plantago maritima and carbohydrate concentrations were 
measured at the end of nine weeks growth in 0, 50 or 300mM NaCl.
*** p <  0.001; ** p< 0 .0 1 ; * p < 0 .05 ; ns p > 0.05, not statistically significant.

Source of variation________shoots roots

Population 3.76 * 4.64 *
Treatment 0.64 7 .4 5 "
Population*treatment 2.90* 1.34“

Glucose: Shoot and root glucose concentrations for all three populations measured 
after nine weeks growth are shown in Figure 4.15 (a)&(b) respectively. Analysis of 
variance results are presented in Table 4.29

Table 4.29 -  F ratios and corresponding probability levels from an analysis of 
variance of the effect of NaCl treatment and population on shoot and root glucose 
concentrations. Plants were from an upper saltmarsh, a lower saltmarsh and a sea- 
cliff population of Plantago maritima and carbohydrate concentrations were 
measured at the end of nine weeks growth in 0, 50 or 300mM NaCl.

*** p <  0.001; ** p< 0 .0 1 ; * p < 0.05; ns p > 0.05, not statistically significant.
Source of variation________ shoots roots

Population 0 .98“ 1.31“
Treatment 0.37 “  3.24 “
Population*treatment______ 1.27“ 2 .16“

Shoot glucose concentrations showed different patterns of accumulation with 
increasing NaCl treatment for each population, though this was not statistically 
significant (Table 4.29). The upper saltmarsh population increased, then decreased 
the concentration of shoot glucose in response to increasing NaCl treatment (Figure 
4.15(a)). The lower saltmarsh population showed increased shoot glucose with 
increasing NaCl treatment, while the sea-cliff population showed decreased glucose
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Figure 4,15 (a)&(b): Glucose concentrations for (a) shoots and (b) roots of plants from 
upper saltmarsh, lower saltmarsh and sea-cliff populations of Plantago maritima grown 
hydroponically for nine weeks in 0, 50 or 300mM NaCl. Results expressed as 
millimoles per litre tissue water (mM). Values represent mean ± standard error of up to 
6 replicates.



concentration with increasing NaCl treatment (Figure 4.15(a)). There was no 
significant effect of increasing NaCl treatment on shoot glucose concentration in any 
population (Table 4.29). Root glucose concentration for the upper saltmarsh and sea- 
cliff population increased then decreased with increasing NaCl treatment, while for 
the lower saltmarsh population, root glucose concentration increased with increasing 
NaCl treatment (Figure 4.15(b)). There was no significant effect of increasing NaCl 
treatment on root glucose concentration however (Table 4.29), and there were no 
significant differences between populations in glucose accumulation with increasing 
NaCl treatment (Table 4.29). Roots contained significantly more glucose than shoots 
(p<0.001) for all populations in all treatments.

Fructose: Shoot and root fructose concentrations for the three populations measured 
after nine weeks growth are shown in Figure 4.16 (a)&(b) respectively. Analysis of 
variance results are presented in Table 4.30.

Table 4.30 -  F ratios and corresponding probability levels from an analysis of 
variance of the effect of NaCl treatment and population on shoot and root fructose 
concentrations. Plants were from an upper saltmarsh, a lower saltmarsh and a sea- 
cliff population of Plantago maritima  and carbohydrate concentrations were 
measured at the end of nine weeks growth in 0, 50 or 300mM NaCl.

*** p <  0.001; ** p< 0 .01 ; * p < 0 .05 ; ns p > 0.05, not statistically significant.
Source of variation________ shoots_______ roots________

Population 19.80*** 1.74“
Treatment 5.30 ** 6.07 **
Population*treatment______ 2.44 ________ 11.59 ***

Significant population differences were found in shoot fructose accumulation (Table 
4.30). With bonferroni post-hoc testing, the upper saltmarsh population was 
significantly different from the lower saltmarsh and the sea-cliff populations (p<0.001 
for both comparisons). There was no significant difference between the sea-cliff and 
lower saltmarsh populations (p>0.05). From Figure 4.16(a), this difference can be 
seen to be due to the response of the upper saltmarsh population to the 300mM 
treatment, which caused accumulation of a large amount of fructose. Increasing NaCl 
treatment significantly increased the amount of fructose present in the shoots with all 
populations showing the same pattern of accumulation (Table 4.30). Again, this 
difference was due to the 300mM treatment which contained significantly more 
fructose than the 50mM shoots (p<0.05) and the OmM shoots (p<0.01). Root fructose 
concentrations are shown in Figure 4.16(b). Increasing NaCl treatment significantly
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Figure 4.16 (a)&(b): Fructose concentrations for (a) shoots and (b) roots of plants from 
upper saltmarsh, lower saltmarsh and sea-cliff populations of Plantago maritima grown 
hydroponically for nine weeks in 0, 50 or 300mM NaCl. Results expressed as 
millimoles per litre tissue water (mM). Values represent mean ± standard error of up to 
6 replicates.



altered the concentration of fructose in the roots with each population showing a 
significantly different pattern of fructose accumulation over increasing NaCl (Table 
4.30, Figure 4.16(b)). The upper saltmarsh and lower saltmarsh populations showed 
no significant increase in fructose content with increasing NaCl treatment (p>0.05, 
bonferroni post-hoc test). The sea-cliff population, however, showed a significant 
decrease in fructose content with the 300mM treatment. Roots from both the 50mM 
and OmM treatments contained significantly more fructose than the 300mM roots 
(p<0.001 for both comparisons, bonferroni post-hoc test). This concentration of 
fructose was also significantly less than the concentration of fructose in the 300mM 
treatment for the two saltmarsh populations (p<0.01, for both comparisons, bonferroni 
post-hoc test).

There was a significant population*treatment*tissue interaction (p<0.001), brought 
about by the different partitioning of fructose between roots and shoots for each 
population. For the 0 and 50mM treatments, the upper and lower saltmarsh 
population showed no significant difference in partitioning between roots and shoots 
(p>0.05 for all comparisons, bonferroni post-hoc test), while roots of plants from the 
sea-cliff population contained significantly more fructose than shoots (p>0.01 and 
p<0.001 for the OMm and 50mM treatments respectively, bonferroni post-hoc test). 
There was no significant difference between root and shoot fructose concentrations in 
any population with the 300mM treatment.

Sucrose: Figure 4.17 (a)&(b) show shoot and root sucrose concentrations for each 
population measured after nine weeks growth. Analysis of variance results are 
presented in Table 4.31.

Table 4.31 -  F ratios and corresponding probability levels from an analysis of 
variance of the effect of NaCl treatment and population on shoot and root sucrose 
concentrations. Plants were from an upper saltmarsh, a lower saltmarsh and a sea- 
cliff population of Plantago maritima and carbohydrate concentrations were 
measured at the end of nine weeks growth in 0, 50 or 300mM NaCl.

*** p <  0.001; ** p< 0 .0 1 ; * p< 0 .0 5 ; ns p > 0.05, not statistically significant.
Source of variation shoots roots

Population 11.13 **• 2.01
Treatment 13.70 "* 3.33
Population*treatment 0.99 0.91

128



O  : 

C  'o  ^  ■

3
C /3

8.0 ,
7.0 J

6.0 i
i

I
5.0 I

4.0

3.0 j

2.0 

I.O j
i
I

0.0 I jn  -MU
Upper marsh Lower marsh 

Population

(a)
□  OmM 
■  50mM
□  300mM

Sea-Cliff

_©

8.0

7.0

6.0 

5.0
BV ^
e  1  4.0 o E
u
e
u

3.0 

^  2.0

1.0 

0.0
Upper marsh Lower marsh 

Population

□  OmM 
(b) HSOmM

□  300mM

Sea-Cliff

Figure 4.17 (a)&(b): Sucrose concentrations for (a) shoots and (b) roots of plants from 
upper saltmarsh, lower saltmarsh and sea-cliff populations of Plantago maritima grown 
hydroponically for nine weeks in 0, 50 or 300mM NaCl. Results expressed as 
millimoles per litre tissue water (mM). Values represent mean ± standard error of up to 
6 replicates.



There was a significant difference in shoot sucrose concentration between populations 
(Table 4.31), with both saltmarsh populations accumulating equivalent amounts of 
sucrose (p>0.05, bonferroni post-hoc test) and significantly more sucrose than the 
sea-cliff population (p<0.001 for both comparisons, bonferroni post-hoc test). For all 
populations, increasing NaCl increased the amount of sucrose accumulated (Table 
4.31), up to 50mM NaCl above which no significant increase in sucrose concentration 
was seen (p>0.05, bonferroni post-hoc test) (Figure 4.17(a)). Root sucrose 
concentration increased with increasing NaCl treatment in all populations, though this 
increase was not significant (Table 4.31). There was no significant effect of 
population on sucrose concentration and all populations showed the same response to 
treatment (Table 4.31, Figure 4.17(b)). For all populations and treatments, the roots 
contained significantly more sucrose than the shoots (p<0.001).

Starch: Figure 4.18 (a)&(b) show the starch content of shoots and root respectively, 
for each population measured after nine weeks growth. Analysis of variance results 
are presented in Table 4.32.

Table 4.32 -  F ratios and corresponding probability levels from an analysis of 
variance of the effect of NaCl treatment and population on shoot and root starch 
contents. Plants were from an upper saltmarsh, a lower saltmarsh and a sea-cliff 
population of Plantago maritima and carbohydrate contents were measured at the end 
of nine weeks growth in 0, 50 or 300mM NaCl.

*** p <  0.001; ** p< 0 .0 1 ; * p < 0.05; ns p > 0.05, not statistically significant.
Source of variation shoots roots

Population 12.92 *** 7.74 "
Treatment 20.55 ” * 1.59
Population*treatment 0.45 1.22“

Shoot starch content increased with increasing NaCl treatment for all populations 
(Table 4.32, Figure 4.18(a)). With bonferroni post-hoc testing, there was no 
significant difference between the 300mM and 50mM shoot starch contents (p>0.05), 
but the 300mM and 50mM shoots contained significantly more starch than the OmM 
shoots (p<0.001 for both comparisons). There was no significant difference in starch 
content of the sea-cliff and upper saltmarsh populations. The lower saltmarsh 
population contained significantly less shoot starch than the upper saltmarsh and sea- 
cliff populations (p<0.001 for both comparisons, bonferroni post-hoc test). There was 
no significant difference in root starch amounts with increasing NaCl treatment 
(Table 4.32). Roots of the lower saltmarsh contained significantly less starch than
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Figure 4.18 (a)&(b): Starch content for (a) shoots and (b) roots of plants from upper 
saltmarsh, lower saltmarsh and sea-cliff populations of Plantago maritima grown 
hydroponically for nine weeks in 0, 50 or 300mM NaCl. Results expressed as 
milligrams of glucose per gram dry weight. Values represent mean ± standard error of 
up to 6 replicates.



roots of the upper saltmarsh population (p<0.05, bonferroni post-hoc test) and the sea- 
cliff population (p<0.01, bonferroni post-hoc test). Roots contained significantly 
more starch than shoots for each population and each treatment (p<0.001).

The relationship between shoot and root internal sodium ion concentration and 
sorbitol concentration for an upper saltmarsh, a lower saltmarsh and a sea-cliff 
population of Plantago maritima is shown in Figure 4.19 (a)-(c) respectively. The 
regression equations for this relationship and the relationship between shoot sodium 
ion concentration and shoot glucose, fructose and sucrose concentrations for each 
population are presented in Table 4.33(a). The regression equations for the roots are 
presented in Table 4.33(b). Analysis of variance results for these regressions are 
presented in Table 4.34.

Table 4.33(a)&(b) -  Regression equations derived from scatterplots of the 
relationship between shoot and root sodium ion and shoot and root sorbitol, glucose, 
fructose and sucrose concentrations. Plants were from an upper saltmarsh, a lower 
saltmarsh and a sea-cliff population of Plantago maritima and were grown for nine 
weeks in 0, 50, or 300mM NaCl. For the upper saltmarsh population, the shoot 
glucose, fructose and sucrose and the root glucose concentrations were log 
transformed to achieve a normal distribution. For the lower saltmarsh values, all 
carbohydrate concentrations in both shoots and roots were log transformed for 
normality. In the sea-cliff population, shoot glucose, fructose, sucrose and root
fructose values were log transformed for normality, 
(a) Population

Upper marsh Lower marsh Sea-Cliff

Sorbitol
Glucose
Fructose
Sucrose

y = -0.03x -1- 64.94 
y = (1 .2 9 x l0 >  + 0.66 
y = (1.46xl0'^)x-1-0.54 
y = (1 .55xl0-')x-0 .68

y = (3 .1 4 x l0 > - ( -1.55 
y = (1.57xlO'^x-1-0.48 
y = (4 .14xl0-> -h0 .26  
y = (2.49xl0 '^)x- 1.17

y = -2.65x + 37.38 
y = (-4.60x10 '*)-1-0.60 
y = (3.39x10-'')-t-0.10 
y = (1 .17xl0-')x- 1.43

(b) Population

Upper marsh Lower marsh Sea-Cliff

Sorbitol
Glucose
Fructose
Sucrose

y = 0 .14x-1-33.33 
y = (8 .2 1 x l0 > -i-  1.03 
y = (5.01xl0'^)x-1-6.58 
y = (8.20xl0'^)x-1- 2.88

y = (3.02xl0'^)x-H 1.11 
y = (9.85xl0 '')x -1-0.80 
y = (-3.73x10-^-1-0.56 
y = (5 .5 7 x 1 0 -^ -0 .2 8

y = 0.04x -t- 24.27 
y = -0.06x -I- 20.38 
y = (-5.49xl0-^)x-i-1.21 
y = (-2.11xl0-^)x-i-1.14

In the upper saltmarsh population, there was a significant increase in shoot sucrose 
with increasing shoot sodium ion concentration (Table 4.34). None of the other
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carbohydrates measured were significantly affected by shoot sodium ion 
concentration. In the roots, there was a significant increase in sorbitol concentration 
with increasing sodium ion concentration (Table 4.34, Figure 4.19(a)). In the lower 
saltmarsh population, there was a significant increase in shoot and root sorbitol and 
sucrose concentrations with increasing sodium ion concentration (Table 4.34, Figure 
4.19(b)). There was no significant effect of sodium ion concentration on glucose or 
fructose concentration in the shoots or roots. In the sea-cliff population, there was no 
significant effect of sodium ion concentration on any of the carbohydrates measured 
in either the shoots or the roots (Table 4.34).

Table 4.34 -  F ratios and corresponding probability levels from an analysis of 
variance of each of the relationships presented in Table 4.33. um upper saltmarsh; Im 
lower saltmarsh; sc sea-cliff.

*** p <  0.001; ** p<0.01; * p<0.05; ns p > 0.05, not statistically significant.
shoot root

um Im sc um Im sc
Sorbitol 0.78 4.92* 0.02 "* 6.54* 8.55* 0.86
Glucose 0.07 0.22 0.79 0.95 "* 0.41 "* 1.29
Fructose 7.74* 1.15"* 0.72 0.27 "* 0.11 "* 4.50
Sucrose 14.66 " 12.99 ** 3.45 "* 1.32 "* 8.79* 0.36

4.3.3.2 -  Gas exchange measurements

Leaf respiration measured for an upper saltmarsh, a lower saltmarsh and a sea-cliff 
population of Plantago maritima at the end of nine weeks growth in 0 or 50mM NaCl 
is shown in Figure 4.20. Analysis of variance results are presented in Table 4.35.

Table 4.35 -  F ratios and corresponding probability levels from an analysis of 
variance of the effect of NaCl and population on leaf respiration. Plants were from an 
upper saltmarsh, a lower saltmarsh and a sea-cliff population of Plantago maritima 
and respiration was measured at the end of nine weeks growth in 0 or 50mM NaCl.
*** p <  0.001; ** p<0.01; * p<0.05; ns p > 0.05, not statistically significant.

Character
Source of variation Respiration
Population 0.27
Treatment 1.76"*
Population*treatment_____ 1.23
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Figure 4.20: Total leaf respiration for an upper saltmarsh, a lower saltmarsh and a sea-cliff 
population of Plantago maritima at the end of nine weeks growth in 0 and 50mM NaCl. 
Values represent mean ± standard error.



There was no significant effect o f population or increasing NaCl treatment on leaf 

respiration (Table 4.35). The apparent differences in respiration seen in Figure 4.20  

were not statistically significant probably due to the low replication o f plants for the 

respiration measurements (n=3).
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4.4 -  Discussion

In many plants, the two major stable end-products of photosynthesis are sucrose and 

starch. In sucrose accumulating plants, a major portion of fixed carbon is found as 

sucrose, and sucrose is the form in which most fixed organic carbon is translocated 

from source to sink (Avigad & Dey, 1997). In the populations of Plantago maritima 

studied here, sucrose is replaced by sorbitol in importance, and can account for up to 

80% of the total non-structural carbohydrate pool in the leaves (Tables 4.2, 4.8). 

Even in plants grown in the absence of exogenously applied NaCl, sorbitol was a 

major carbohydrate (Table 4.26). The replacement of sucrose by an alditol as a major 

end product of photosynthesis in species that accumulate alditols in their leaves, has 

been reported before (Lewis, 1984a; Popp & Smirnoff, 1995). W ang et a i ,  (1996) 

report that, in apple, another sorbitol accumulating species, this polyol accounts for 

between 60 and 80% of the carbohydrates in this species, while in peach leaves, the 

sorbitol content is frequently more than twice the sucrose content (Escobar-Guiterrez 

& Gaudillere, 1997). That Plantago maritima accumulates sorbitol in high amounts 

regardless of the external salt concentration, has been reported previously (Briens & 

Lahrer, 1983b). In the case of the populations of Plantago maritima  studied here, the 

amount of sorbitol present (expressed on a percentage o f total tissue non-structural 

carbohydrate) in shoot and root tissue of plants grown in the absence of external 

NaCl, varied according to the age of the plants and the population from which the 

plants came. In leaves of plants from the upper saltmarsh population, for example, 

after one weeks growth, the major proportion of carbohydrate was starch (>90%), 

with the rem aining 10% consisting mainly of sorbitol (Table 4.20). In both the 

saltmarsh populations after nine weeks growth, sorbitol was the major carbohydrate in 

the shoots and in the roots, while in the sea-cliff population after nine weeks growth, 

starch was the major carbohydrate in the shoots and in the roots (Table 4.26). Despite 

these variations in sorbitol accumulation, the contribution of sorbitol to the total 

carbohydrate pool was always greater than the contribution made by sucrose, with or 

without the presence of NaCl in the growth medium, and its accumulation to large 

am ounts even in the absence of external NaCl w ould suggest it as a m ajor 

photosynthetic product in Plantago maritima.

Sorbitol is known to be a major photosynthate in woody Rosaceae e.g. Prunus, Pyrus, 

and Malus species (Bieleski & Redgwell, 1977; Moing et ah, 1992). ap Rees, (1984) 

states that 'even where sugar alcohols are major products of photosynthesis and 

important in storage and translocation, they do not appear to replace sucrose entirely'. 

In both shoots and roots of all Plantago maritima populations studied here, however, 

the sucrose pool, compared with the sorbitol pool, was a minor fraction contributing 

less than 4% to the total non-structural carbohydrate pool after nine weeks in a saline
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growth medium in all populations (Table 4.26) and made a negligible contribution to 
the overall carbohydrate pool in the upper saltmarsh population after seven days 
growth (Table 4.20). For the purposes of comparison, barley, a known sucrose 
accumulator, contains up to 50mM sucrose in the leaves (Koroleva et a l ,  1997). In 
the experiments conducted here, the sucrose concentration of the leaves rarely rose 
above 5mM. Thus, even though sucrose was not entirely replaced, sorbitol can be 
considered the major carbohydrate in Plantago maritima.

Although the control mechanisms of cellular carbon partitioning into sorbitol vs. 
sucrose and starch in a source leaf are unknown (Escobar-Guiterrez & Gaudillere, 
1997), that sucrose may contribute in some way to the sorbitol pool has been 
hypothesised for peach leaves (Moing et a i ,  1992) and for apple tissue (Priestley, 
1983). Sucrose catabolism producing glucose and fructose could, indirectly, provide 
the substrate for sorbitol synthesis. In apple, glucose 6-phosphate represents a major 
branch point in metabolism leading through aldose-6-phosphate reductase (EC 
1.1.1.200) to sorbitol (Negm & Loescher, 1981), or through sucrose phosphate 
synthase (EC 2.4.1.14) to sucrose (Bruneau et al., (1991) cited in W ang et al., 
(1996)). Assuming a similar pathway of sorbitol synthesis exists in the leaves of 
Plantago maritima, any alteration in the pathway favouring sorbitol synthesis would 
therefore, reduce the amount of glucose 6-phosphate available for sucrose synthesis 
and any increase in sucrose catabolism would release glucose for use in the sorbitol 
synthesis pathway. In peach leaves (a sorbitol accumulator) and olive leaves (a 
mannitol accumulator), a small sucrose pool was found in salt-grown plants (Moing et 
al., 1992; Gucci et al., 1998) and it was suggested that this small pool was the result 
of sucrose being finely tuned to the demands of export and degradation to glucose and 
fructose. Thus, increased glucose catabolism in the direction of sorbitol synthesis and 
increased catabolism of sucrose into glucose and fructose (finely controlled) could 
possibly help to explain the low levels of sucrose accumulated in the populations of 
Plantago maritima studied here. Labelling experiments, using radioactive carbon, 
could help to elucidate the relationship, if any, between the concentrations of the 
sorbitol and sucrose fractions and the amount of newly-assimilated carbon partitioned 
into these sugars.

One basic way of investigating the change, if any, in the partitioning of glucose 
between sorbitol and sucrose synthesis is to look at the sorbitol:sucrose ratio. If there 
was an increase in glucose degradation in the direction of sorbitol synthesis, there 
should be an increase in the sorbitol:sucrose ratio. Such a change was reported for 
excised apple stems in response to increased water stress (Wang et al., 1996) and for 
peach leaves in response to normal photoperiod activity (Moing et al., 1992). Taking 
the second nine week experiment as a representative, based on the millimolar
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concentrations of each of these two carbohydrates (sorbitol and sucrose) measured for 
Plantago m aritim a  populations in this study, there was a decrease in the 
sorbitohsucrose ratio in both roots and shoots of all populations with increasing 
external NaCl treatment (the decrease was significant only in the shoots) (see Table 
4.36 below). This could suggest that either (i) there was an increase in the 
preferential use of glucose for sucrose synthesis (ii) the pathway of sorbitol synthesis 
is not the same as that reported for members of the Rosaceae (iii) assuming the 
sorbitol synthesis pathway in Plantago maritima  to be the same as that of the 
Rosaceae, the decreased sorbitol:sucrose ratio could suggest feedback inhibition in the 
pathway of sorbitol synthesis resulting in the build-up of sucrose or (iv) there was no 
significant change in tissue sorbitol content in response to increasing external NaCl 
treatment, while sucrose content increased significantly. As no enzymes or synthesis 
pathways were studied in these experiments, and as no definitive evidence of the 
enzymes or pathway of sorbitol synthesis in Plantago maritima exists to the authors 
knowledge, the assumption was made that point (iv) was the case.

Table 4.36: The effect of NaCl treatment on the sorbitol:sucrose ratio of shoots and 
roots of three populations of Plantago maritima at the end of nine weeks growth in 0, 
50 or 300mM NaCl. Values represent mean ± standard error.

Treatment

Population OmM 50mM 300mM

Upper saltmarsh shoot 294  37±4i.o 141.11*'" = 45.29*^"
root 23 77 ±8.8 15.08*"' 14.84*^’

Lower saltmarsh shoot 464.51*"’ " 234.68*® '̂ 52.18*'""
root 34.66*’ ’ 14.18*^® 15.58*""

Sea-Cliff shoot 1475.43*^''-^ 329.49*'"’ " 561.04*""*
root 37.80*'"^ 21.21*"' 10.68*"'

In all three populations investigated here, after nine weeks growth, increased external 
NaCl concentrations did not alter the sorbitol levels (calculated on a tissue water 
basis) significantly in the shoots but the roots showed significantly increased root 
sorbitol concentrations with increasing NaCl. (Table 4.28). After one weeks growth, 
the upper saltmarsh population showed no significant change in the sorbitol content of 
shoots or roots with increasing NaCl treatment (Table 4.22). These results would 
appear to suggest that Plantago maritima does not preferentially accumulate sorbitol 
in response to increased salinity. This lack of a significant increase in leaf sorbitol 
content with increasing external NaCl treatment after one week in the upper saltmarsh 
population and nine weeks in all three populations of Plantago maritima investigated
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here (Tables 4.22, 4.28) contradicts previous findings that increased levels of sorbitol 
were found in shoots of Plantago maritima in response to increased external NaCl 
concentrations (Ahmad et ah, 1979; Briens & Lahrer, 1983b). Ahmad et a i, (1979) 
found an eight-fold increase in sorbitol content of Plantago maritima shoots after one 
week with an increase in external NaCl concentrations from OmM NaCl to 400mM 
NaCl and a one hundred-fold sorbitol content increase in the roots under the same 
conditions, although the shoots always contained more sorbitol than the roots. In the 
study conducted by Briens & Lahrer, (1983b) on three species of Plantago'. P. 
lanceolata, P. coronopus and P.maritima, the authors suggest a relationship between 
increasing external NaCl concentrations and increasing internal sorbitol content of the 
leaves. However, this author does not feel the reported relationship is significant 
enough to merit attributing to sorbitol a role as a compatible metabolite. Also worthy 
of note in relation to the populations of Plantago m aritim a  studied in this 
investigation, is the significant increase in shoot sucrose content with increasing 
external NaCl treatment in all populations (Table 4.31) after nine weeks growth (see 
previous paragraph for significance).

For the populations of Plantago maritima investigated here, after nine weeks growth, 
the sorbitol concentration (mM) was greater in the shoots than in the roots (Figure 
4.14), corresponding perhaps with a significantly increased sodium level in the shoots 
compared with the roots (Chapter 3, Figures 3.4, 3.5). However, in the one week 
experiment, with the upper saltmarsh population, there was no statistically significant 
difference in shoot and root sorbitol concentrations (Figure 4.11), even though the 
shoots of these plants contained significantly more sodium ions than the roots 
(Chapter 3, Figure 3.6(a)). Thus, the results presented here contradict results 
published previously that Plantago maritima accumulates large quantities of sorbitol 
in response to increasing internal sodium ion concentrations. Ahmad et a l, (1979), 
found a significant relationship between internal sodium ion concentrations and 
internal sorbitol concentrations for shoots of Plantago maritima grown for one week 
in external NaCl molarities of greater than 200mM. This led the authors to conclude 
that sorbitol must have a role in the osmotic adjustment of this species. In its 
purported role as a compatible metabolite, sorbitol, in the populations investigated 
here, showed significant accumulation in leaves of the lower saltmarsh population in 
the second nine week experiment only, in response to increased internal sodium ion 
concentrations (Figure 4.19(b), Table 4.34). In the roots, the accumulation of sorbitol 
in response to increased internal sodium levels was significant for the lower saltmarsh 
population after nine weeks increasing NaCl exposure (Table 4.34) and the upper 
saltmarsh population after one week and nine weeks exposure to increasing NaCl 
treatment (Tables 4.24, 4.34). Thus, despite the variation in response of individual
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populations with respect to sorbitol accumulation, the roots appear to be the main site 

of sorbitol accumulation in Plantago maritima. Sorbitol may, therefore, be used in 

osmotic adjustment in the roots of the saltmarsh populations studied here. The sea- 

cliff population showed no significant pattern of sorbitol accumulation in either roots 

or shoots with increasing internal sodium ion concentrations (Table 4.34).

Lewis, (1984b) reports that sinks seem to have a limited capacity for alditol (of which 

sorbitol is a representative) synthesis from sucrose or hexoses but they have a greater 

capacity than m ature leaves (the source) for using them. B ieleski, (1977) has 

reported, on the basis of pulse-labelling experim ents, that sorbitol is poorly 

m etabolised in fully-expanded pear leaves and suggested that actively growing 

regions would use sorbitol readily and that maturing tissues would tend to lose this 

ability. The results of Negm & Loescher, (1981), would tend to support this view as 

sorbitol dehydrogenase activity was decreased in young meristematic leaves but not in 

mature leaves. It would, therefore appear that some tissues e.g. fully expanded 

leaves, contain enzym es involved in sorbitol synthesis, while others e.g. young 

meristematic leaves, contain the enzymes involved in sorbitol degradation (Negm & 

Loescher, 1981). This is also the case for the enzym es involved in mannitol 

biosynthesis and catabolism  in celery plants (Stoop et al., (1996) and references 

therein). In a review of various studies on the contents of sieve-tube sap, Ziegler, 

(1975), reports that sorbitol was found as a major constituent of sieve-tube sap in 

species that store this polyol in their leaves and fruits. In apple, sorbitol is synthesised 

in the mature leaves and translocated via the phloem to various sink tissues (Bieleski, 

1969; Wang et al., 1996), while Moing et al., (1992) report that the enzymes involved 

in sorbitol catabolism (sorbitol dehydrogenase and sorbitol oxidase) are not expressed 

in mature peach leaves, and the fate of any synthesised sorbitol in mature leaves, must 

therefore, be either translocation or storage. In B ieleski’s 1969 paper on sorbitol 

translocation in apple, the concentration of sorbitol in the leaves is around 150mM, a 

concentration which is reached in the experiments conducted here (e.g. Figures 4.2(a), 

4.14(a)), and the author states that ‘at such high concentrations, phloem accumulates 

sorbitol as readily as sucrose or glucose, and the ratio o f sugars entering the phloem 

will resem ble their ratio in the leaves’. Once in the phloem , the sorbitol is not 

metabolised and is transported to the sink tissues in concentrations similar to those 

found in the phloem (Bieleski, 1969). The occurrence of large amounts of sorbitol in 

the roots of the three populations of Plantago m aritim a  studied here (up to 75mM, 

Figure 4.14(b)), despite the low ability of the sink tissues to synthesise sorbitol 

(Lewis, 1984b), indicates that the sorbitol may have been transported via the phloem, 

from the site of synthesis, the leaves, to the roots for metabolism. The increased 

ability of the roots to utilise sorbitol as a source of energy compared with the shoots.
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may, in part, explain the significant relationship between the internal sodium ion 

content o f the roots (sink) and the sorbitol content o f the roots for the upper saltmarsh 

and lower saltmarsh populations after nine weeks growth (Table 4.34). The sorbitol 

content o f the roots may be more important than that o f the shoots in helping combat 

the increased sodium ion content in the roots. As the roots can metabolise the sugars 

more efficiently than the shoots, this may help in maintaining the integrity o f the root 

membranes and support continued growth even at high sodium  and potassium ion 

concentrations. High concentrations o f proline in maize root tips has been associated 

with high rates o f ion uptake and accumulation (Stewart & Lee, 1974) and the same 

could be suggested for sorbitol in roots o f  P lan tago  m aritim a.  The one week  

experiment with the upper marsh population, showed a small proportion of the leaf 

carbohydrate pool to be sorbitol while the root carbohydrate pool was dominated by 

this carbohydrate (expressed as a percentage o f  the total non-structural carbohydrate 

pool) (Table 4.20). W hile from these experiments it is im possible to say if  this is due 

to a decreased synthesis o f sorbitol in the leaves or an increased transport o f sorbitol 

to the roots, the use o f sorbitol in the roots as an energy source during the first days of 

exposure to high NaCl concentrations, could, perhaps, be seen as an initial salt 

tolerance mechanism enabling the plant to cope with increasing influxes o f potentially 

toxic ions. H owever, if  this were the case, why is there a high root sorbitol 

concentration even in the absence o f  exogenously supplied NaCl? Ahm ad et a i ,  

(1979) report sorbitol concentrations o f close to O|0,mol g 'dwt in the roots for plants 

grown without NaCl in the growth medium. In contrast, when converted to ‘|0.mol g 

'dwt values’, the OmM root concentrations o f sorbitol for all three populations of 

Plantago maritima  studied here, are significantly higher (o f the order o f 200)xmol g' 

'dwt, see Appendix 3, Table 5). This could suggest, perhaps, that sorbitol is 

translocated to the roots regardless o f the growth conditions and may argue further for 

the case that sorbitol is used as a high-energy carbon source for growth or 

maintenance in the roots as explained below.

There is a chemical advantage o f polyol synthesis over sucrose synthesis as a store o f  

energy. Sucrose synthesis from glucose and fructose consum es three high-energy 

phosphates, while in alditol synthesis, four high-energy phosphates are consumed. 

Either none or only one o f these high energy phosphates is conserved during sucrose 

catabolism. In the conversion of an alditol to a sugar, three high energy equivalents 

are recovered making alditols thermodynamically better than sucrose as stores o f  

energy (Lew is, 1984b). Gorham (1981) (cited in Briens & Lahrer, (1983b)), has 

suggested that the adverse conditions o f growth experienced in tim es o f stress, can 

lead to the storage o f sorbitol i.e. 'a non-metabolically labile primary metabolite', and 

when more favourable growth conditions are restored, this sorbitol pool can be used
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to meet the carbon requirements for growth. This has been shown to be the case for 
celery, a mannitol synthesiser (Stoop et a l,  1996). Further studies on the metabolism 
of sorbitol after the alleviation of salt stress in Plantago maritima would be needed to 
ascertain if sorbitol fulfils this important role.

Next to sucrose, starch is, in general, the principle reserve carbohydrate in plants, 
being localised mainly in the chloroplasts of leaves and the amyloplasts of non
photosynthetic tissues (Avigad & Dey, 1997). The populations of Plantago maritima 
investigated here were no exception. After sorbitol, starch was the biggest contributor 
to the carbohydrate pool in the shoots of the saltmarsh populations after nine weeks 
for both experiments and in the roots of all three populations for the second nine week 
experiment only (Table 4.26). In the upper saltmarsh population after one week, and 
in the sea-cliff population after nine weeks starch was the major carbohydrate in the 
shoots, contributing more to the total carbohydrate pool than sorbitol (Tables 4.20, 
4.26).

Herold et al., (1980) states that 'ageing leaves often have a high starch content which 
may reflect a lowered demand for sugars by sink tissues and subsequent accumulation 
in the leaves'. Starch synthesis is promoted by the build up of phosphorylated sugars 
in the chloroplast which occurs with decreased sink demand. An increase in starch 
content of barley leaves with increasing NaCl was related to decreased cell division 
and growth (Greenway & Munns, 1980). Although no record of leaf number was 
kept in the course of these experiments, previous studies of the effect of increasing 
NaCl on the growth of Plantago maritima showed a decrease in leaf production with 
increasing external NaCl (Sheehy-Skeffington & Jeffrey, 1985; Flanagan & Jeffries, 
1988) after nine and thirteen weeks respectively. As young, expanding leaves can be 
considered as sinks for carbon use, a decrease in the production of leaves with 
increased external NaCl treatment could, possibly, constitute a decreased sink demand 
and, presumably, lead to increased starch synthesis in the older, source leaves. 
Growth of the populations of Plantago m aritim a  investigated here was also 
significantly decreased with increased external NaCl treatment (Chapter 2), which 
could have led to an increased starch content. The contribution of starch to the total 
carbohydrate pool, as a percentage of the total non-structural carbohydrates, in the 
leaves of all three populations was significantly increased with increasing NaCl 
treatment (Table 4.26) after nine weeks. Also, in all three populations, the starch 
content in the shoots was significantly higher than the starch content of the roots thus 
confirming the possible effect of decreased sink demand on starch synthesis. The 
starch content of the roots also significantly increased with increasing NaCl treatment 
after nine weeks (Table 4.26). This could be due to the use of starch as a long-term 
carbon storage compound in the roots. Increased concentrations and accumulation of
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starch in leaves has been viewed as a mechanism for coping with stress (Herold et a l,  
1980). In experiments with tobacco, pot-bound plants were found to have increased 
foliar starch content. When transferred to larger pots, the plants rapidly lost this 
starch and following complete recovery were often more robust and had higher rates 
of photosynthesis than plants that were never pot-bound. The authors concluded that 
mobilisation of starch which accumulates during periods of low sink activity provides 
a substrate for accelerated synthesis of new plant materials when the stress is 
alleviated (Herold & McNeill, 1979 - cited in Herold, (1984)). Perhaps the 
accumulation of starch in the leaves of Plantago maritima is a stress response with a 
similar purpose.

In a study of carbon partitioning in peach leaves using radioactive COj, Escobar- 
Guiterrez & Gaudillere, (1997) found that starch synthesis was increased when the 
flux of carbon through the sorbitol biosynthesis pathway became saturated. In peach 
leaves, starch serves as an overflow for carbon when the pathway of synthesis of 
soluble sugar is saturated. Thus, the significant increases in starch content with 
increased external NaCl treatment after nine weeks may, in Plantago maritima, be 
due to feedback inhibition of sorbitol synthesis by sorbitol itself suggesting in vivo 
regulation of aldose 6-phosphate reductase activity (Escobar-Guiterrez & Gaudillere, 
1997). While this could be used as an explanation for significantly increased starch 
accumulation all three populations after nine weeks growth (Table 4.26), this would 
not explain, however the large quantities of starch found in the leaves of upper 
saltmarsh plants after one week in saline treatment. In this case, over 90% of the total 
non-structural carbohydrate pool in the leaves was starch. The sorbitol concentration 
of the leaf tissue was of the order of 4mM and this was much less than the 
concentrations accumulated by this population after nine weeks (of the order of 
70mM). Perhaps in the early stages of growth, Plantago maritima  is a starch 
accumulator, a ‘high starch’ plant. Starch in the leaves is a short-term carbohydrate 
store. The translocation of sorbitol to the roots for catabolism could result in the 
shoots having to use starch as the main carbon source.

There were significant population differences in the amounts of sorbitol and starch 
accumulated. In the two saltmarsh populations, sorbitol was the major carbohydrate 
fraction in the shoots and the roots, while in the sea-cliff population, starch was the 
major contributor to the shoot and root carbohydrate pool after nine weeks (Table 
4.26). In its purported role as a compatible metabolite, perhaps the decreased 
amounts of sorbitol in the leaves of the sea-cliff population could explain the inability 
of this population to survive nine weeks in 400mM NaCl (Chapter 2). Enzyme 
studies could help to further clarify population differences, if any, in the ability of the 
plants to synthesise sorbitol. The accumulation of starch as the major shoot
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carbohydrate in the sea-cliff population could also point towards an alteration in the 
relationship between sorbitol and starch partitioning in the populations.

It has been suggested that the accumulation of compatible metabolites in plant tissues 
under conditions of stress, can alter the growth of the plants as more carbon is 
diverted from growth into the production of the compatible metabolites (Schwarz & 
Gale, 1981; Yeo, 1983; Gale & Zeroni, 1985). Measurement of respiration has been 
proposed as a means of evaluating the cost, to plants, of accumulating compatible 
metabolites. As there was no effect of increased external (or internal) sodium ion 
concentrations on the sorbitol content of the shoots of the Plantago maritima  
populations investigated here, it would not be expected that there would be an 
increase in shoot respiration. This was indeed the case (Table 4.35). However, the 
methods used for the determination respiration were dubious and this point will be 
addressed further in Chapter 5. As it has been hypothesised in the course of this 
discussion that root sorbitol and not shoot sorbitol concentrations may be more 
important in salt tolerance in Plantago maritima, the measurement of root respiration 
may have been of more value. Again, this point will be addressed in Chapter 5.

4.5 Conclusions

1. Plantago maritima  appears to accumulate sorbitol as a major product of 
photosynthesis, up to 80% of the total non-structural carbohydrate pool in the shoots 
after nine weeks growth. Sucrose contributed less than 4% to the total non-structural 
carbohydrate pool in both shoots and roots.

2. For each population, the sorbitol pool was the largest soluble carbohydrate pool 
regardless of the external NaCl concentration.

3. The shoots of Plantago maritima contained more sorbitol than the roots, although 
the translocation of sorbitol from the shoots to the roots for catabolism is 
hypothesised.

4 (a) The role of sorbitol accumulation in leaves as a mechanism of salt tolerance in 
Plantago maritima is contested. Contrary to previous publications, none of the 
populations of Plantago maritima investigated here showed an increased leaf sorbitol 
pool in response to either external NaCl treatment of internal sodium ion 
concentrations.

(b) However, there was a significant relationship between increasing root sodium 
ion concentrations and increased sorbitol contents for the two saltmarsh populations at 
the end of nine weeks. It was suggested that the root concentrations of sorbitol are
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more im portant than the shoot sorbitol concentrations for salt tolerance in these 

populations of Plantago maritima.

5. The lack of any significant relationships between shoot or root sorbitol contents 

and internal or external sodium ion concentrations in the sea-cliff population may 

explain the inability of this population to survive the highest NaCl treatment.
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Chapter 5 -  General discussion

This thesis was concerned with evaluating the growth, ion content and carbohydrate 
changes that occur in Plantago maritima populations in response to increasing salinity 
stress. Changes in fresh weight, dry weight, inorganic ion content and soluble 
carbohydrates, especially sorbitol, along with the process of ion efflux were measured 
to enable a full picture of the salt tolerance mechanisms of the species to be derived. 
Previous reports had suggested that a sugar alcohol, sorbitol, accumulates in members 
of the Plantaginaceae in response to salt stress and, therefore has a major function in 
this family as a compatible metabolite (Ahmad et al., 1979; Gorham et a l ,  1981; 
Briens & Lahrer, 1983b) enabling continued growth under adverse conditions. One 
of the main aims of this study was, therefore, to investigate the occurrence of sorbitol 
in relation to external and internal sodium ion concentrations in different populations 
of Plantago maritima and to determine, if possible, the function of this purported 
compatible metabolite in salt tolerance within this species. It was hoped that on the 
basis of differing habitats, upper saltmarsh, lower saltmarsh and sea-cliff, differences 
in the sorbitol response (and all measured variables) of the three chosen populations 
to increasing NaCl would further elucidate the mechanisms of salt tolerance in this 
species.

5.1 -  The salt tolerance mechanisms of Plantago maritima 

Growth and ion accumulation

That Plantago maritima can withstand high external NaCl concentrations is a feature 
of the species that has been reported before (Flowers et al., 1977; Ahmad et al., 1979; 
Briens & Lahrer, 1983b; Flanagan & Jeffries, 1988). However, is Plantago maritima 
really a halophyte? According to the definition proposed by Flowers et al., (1977), a 
‘true’ halophyte is ‘any plant which survives to complete its lifecycle at high 
salinities’. Other accepted features of halophytic plants include the ability to uptake 
and withstand high sodium ion concentrations in their cells coupled with a decrease in 
cellular potassium ion concentrations, and in some cases, growth is stimulated by the 
presence of salt in the external growth medium e.g. members of the Chenopodiaceae 
are obligate halophytes and optimum growth is achieved in the presence of 100- 
200mM NaCl (Flowers, (1972) and see Glenn & O'Leary, (1984) for a review of 19 
plant genera). From the growth experiments conducted in this study (Chapter 2), a 
variety of results were obtained, some suggesting Plantago maritima  to be a 
halophyte species, others suggesting P.maritima to be a salt-tolerant species.
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The ability to survive and to continue to grow, albeit minimally, at 300mM NaCl, has 
been seen as indicative of substantial salt tolerance e.g. Apium graveolens (Everard et 
al, 1994). All three populations of Plantago maritima survived 300mM NaCl which 
would suggest a high level of salt tolerance. However, can Plantago maritima 
reproduce at such high external NaCl concentrations, a central requirement of a 
successful halophyte? Although Plantago maritima has been shown to produce 
inflorescences in high salt concentrations (200mM NaCl) in previous studies and, 
indeed, salt was shown to be necessary for the production of flowers (Briens & 
Lahrer, 1983b), none of the populations of P. maritima studied here produced flowers 
and all populations showed reduced growth capabilities in the higher salt treatments 
(Chapter 2). In the course of collecting seed for this study, many of the lower 
saltmarsh plants did not produce inflorescences and those that were produced 
contained very little seed. Low seed-set in a lower saltmarsh population of Plantago 
maritima was also found by Gregor, (1939). With respect to salt-induced stimulation 
of growth, previous studies have suggested that low levels of NaCl (up to 75mM) 
could stimulate the growth of Plantago maritima (Erdei & Kuiper, 1979; De Boer et 
a i, 1985). Growth of the lower marsh population of Plantago maritima appeared to 
be stimulated by the presence of 50mM NaCl in the growth medium but this was not 
borne out in further experiments of the same duration (Chapter 2). This difference in 
growth response can be attributed to the inherent variability of the species, which 
could be due to the cultivation of Plantago maritima in a controlled environment. 
This concept of increased variation when growing in cultivation was reported by 
Gregor (1956) (cited in Bradshaw, (1965)) and the author attributes the variation to 
the removal of selection processes from the growth environment i.e. ‘where selection 
is acting in a stabilising manner it can permit the population to assume a uniform 
phenotype, while retaining considerable genetic variation e.g. Plantago maritima 
from the wild in Iceland showed less than one-quarter the variation in plant size of a 
sample of the same population growing in cultivation’ (Gregor, 1956). Other species 
which showed this increased variation when grown in cultivation include; Succisa 
pratensis, Centaurea jacea, Atriplex littorale, A. sarcophyllum  (Turesson, 1922). 
Thus, in relation to NaCl induced growth stimulation and ability to reproduce at high 
external NaCl concentrations, this author concludes that Plantago maritima is not a 
true halophyte.

However, other growth features displayed by Plantago maritima could be considered 
halophytic responses to increased NaCl concentrations. The plasticity of leaf shape is 
an adaptive response to increased salt and the concomitant increase in succulence has 
been seen as a salt tolerance response in many species (Black, 1958; Jennings, 1968; 
Jenn ngs, 1976). Although there was no significant difference in biomass partitioning
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between the shoots and the roots of Plantago maritima with increased external NaCl 
treatment, the decreased leaf length reduced the amount of above ground biomass thus 
decreasing the surface area for evapotranspiration, which has been seen as a salt 
tolerance response (Black, 1958; Poljakoff-Mayber, 1975). The importance of root 
modifications in stress tolerance has been emphasised by Hare et a l,  (1998). These 
authors state that ‘as root size, morphology, depth, length, density and hydraulic 
conductance are all critical determinants in meeting the transpiration requirements of 
the shoot, such modifications (in shoot:root ratio) might account largely for the 
improved stress tolerance of many plants’. However, studies with other saltmarsh 
species e.g. Hallimione portulacoides and Aster tripolium  have shown no change in 
dry weight biomass partitioning between shoots and root with increased salinity due 
to a decrease in both shoot and root biomass (Jeffries & Rudmik, (1990) and 
references therein). In this latter paper, the authors suggest that maintenance of a 
similar shoot:root ratio under different salinities may be used as a measure of the 
plants ability to acclimate to saline conditions as the lower biomass reduces resource 
demand for growth and maintenance. Therefore, in relation to development of 
succulence, reduced shoot growth, and constant shoot:root ratio with increasing 
external NaCl concentrations, Plantago maritima behaved as a halophyte.

Another feature of higher plant halophytes is the ability to withstand high 
concentrations of ions in the cells (Flowers et al., 1977; Flowers, 1985). Indeed, 
halophytes actively take up large quantities of sodium ions into their cells when 
exposed to high NaCl levels in the growth medium (Hasegawa et al., 2000). The 
concentration of ions in the plant cells is seen as a mechanism for reducing the water 
potential inside the cell allowing continued water uptake into the roots (Flowers, 
1972; Flowers et al., 1977). In this respect, Plantago maritima behaved as a 
halophyte. Plants from all populations accumulated sodium to high levels in the 
shoots and the roots, with sodium being preferentially transported to the shoots 
(Chapter 3). The potassium ion content decreased in conjunction with increasing 
sodium ion content, another feature of halophytes (Munns et al., 1983), leading to a 
low KVNa"^ ratio in both shoots and roots. The concentration of potassium in the 
shoots and roots only fell below the minimum requirement for this ion after thirteen 
weeks salinity exposure. For the nine week experiments, the shoots and roots 
contained sufficient potassium for healthy growth as defined by Marschner, (1995). 
Recently, increasing evidence is being presented that the maintenance and 
accumulation of potassium ions under saline conditions is an important feature of salt 
tolerance ((Erdei et al., (1995); Zhu et al., (1998) and references therein). The ability 
of Plantago maritima to maintain a certain concentration of potassium ions in
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conditions of increasing external salinity, could be an important salt tolerance 
mechanism of this species.

In relation to the concentrations of sodium ions accumulated in the shoots of the three 
populations studied here, a study of three Atriplex  species, which require salt for 
optimum growth, found leaf sodium ion concentrations of the order of 400mM to be 
responsible for decreased growth and gas exchange of the species (Dunn & Neales, 
(1992) In the study conducted here, Plantago maritima accumulated sodium to much 
higher concentrations (up to 800mM in leaves of the lower marsh population after 
nine weeks growth). While this could be seen as a possible break-down in the 
regulation of ion uptake in P. maritima, it, in conjunction with decreased growth, 
could also be seen as a further mechanism of salt tolerance. In their paper on 
halotolerant eukaryotes, Munns et a i,  (1983) discuss the water relations of halophytes 
and conclude that halophytes depend on the accumulation of chloride and sodium ions 
in individual cells as the osmotic pressure is mostly derived from these ions. The 
authors further concluded that if uptake of these ions is active (suggested by electrical 
potentials of membranes), turgor and growth would eventually decrease with 
increasing NaCl as the active ion influx will become saturated. Once the rate of 
sodium and chloride ion uptake becomes constant, increases in internal ion 
concentration can only occur when growth decreases assuming sodium and chloride 
ions to be major internal osmotic solutes. Growth decrease is, therefore, a necessary 
feature of halophytes that use inorganic ions as a way of maintaining water uptake. A 
decrease in water content of plant tissues has also been seen as an adaptive response 
to salt stress (Glenn & O'Leary, 1984). Leaf growth, in particular, decreased 
significantly with increasing NaCl treatment in all three populations of Plantago 
maritima as did the shoot water content (Chapter 2) and as the shoots contained high 
sodium levels (Chapter 3), this decreased growth and water content was a direct 
response to these high sodium levels benefiting further growth as outlined above.

The accumulation of inorganic ions in the cell walls of two varieties of Oryza sativa 
has been suggested by Flowers et al., (1991) as an important aspect of the plants 
response to salt, as evidenced by leaf rolling, at low (50mM) external NaCl which 
would bring about small change in the internal water potential of the plant. As the 
apoplastic volume is low (approximately 3% of the total cell volume (Shabala, 
2000)), only a few ions would be required to accumulate in the cell walls to have an 
inordinate effect on the water relations of the plant (Flowers et al., 1991) causing a 
dramatic cessation of leaf growth (Munns, 1993). Further evidence for the role of the 
apoplast in ion accumulation is suggested by a negative correlation between water and 
sodium ion concentrations which, from their studies on rice, Flowers et a l ,  (1991) 
believe is a consequence of a proportion of the ions accumulated in the leaves
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remaining in the cell walls, causing water to be withdrawn from the protoplast to the 
apoplast, and water is lost to the atmosphere by the normal evaporative processes. 
The accumulation of ions in the apoplast was also used as an explanation for the 
sensitivity of photosynthesis in Oryza sativa  to increased external NaCl 
concentrations (Yeo et a l,  1991). Volkmar et a l ,  (1998), however, are of the opinion 
that the continuity of the transpiration stream with the cytoplasm may make it 
impossible for the xylem stream to release salts into the apoplast and therefore, they 
are most likely accumulated in the vacuole. In the study of Plantago maritima 
populations conducted here, there was a decrease in shoot water content with 
increasing sodium ion content (Chapter 2) but this was not significant and as the study 
of intracellular partitioning of ions was outside the scope of this thesis this author is 
assuming that the cell walls do not contain appreciable quantities of inorganic ions 
and that the decreasing shoot water content was, as previously suggested, a 
mechanism for concentrating the inorganic ions accumulated in the leaves thus 
creating a favourable water potential for further water uptake (Hsaio et a i ,  1976; 
Glenn & O'Leary, 1984; Glenn et al., 1992).

The results obtained from the growth and ion accumulation experiments would 
therefore suggest Plantago maritima to be partially salt tolerant, which was suggested 
previously by Erdei & Kuiper, (1979), and which is not unusual for a dicotyledenous 
species. Glenn & O'Leary, (1984), from a study on nineteen plant species, from ten 
families, sub-divided the term ‘halophyte’ into ‘miohalophytes’ -  plants capable of 
growth in saline conditions, but showing optimum growth on fresh water, and 
‘euhalophytes’ -  plants which show growth stimulation in the presence of NaCl. At 
the end of the study it was concluded that, ‘among dicot families, it appears that 
partial salt tolerance is more widespread than the more complete form of tolerance 
characteristic of euhalophytes’.

Ion efflux

A feature of Plantago maritima which could contribute to the salt tolerance of the 
species was the increasing efflux of ions from the leaves in response to increased 
NaCl treatment (Chapter 3). No salt glands have been reported for Plantago maritima 
to this authors knowledge and as it has been suggested that species which use 
succulence as a method of coping with excess ion concentrations show little 
development of salt glands (Crawford, 1989), it seems likely that Plantago maritima 
does not possess salt glands. The efflux of ions from the leaves of P. maritima plants 
was most probably a passive process which could have involved the transpiration 
stream, as seen for many glycophytes (Shabala, (2000) and references therein). The
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excretion (active or passive) of excess ions from leaves of salt-exposed plants is seen 
as a tolerance response for species such as Atriplex hortensis (Jeschke & Stelter, 
1983), Limonium vulgare (Ziegler & Luttge, 1966), Sporobolus virginicus (Naidoo & 
Naidoo, 1998), Spartina anglica, Glaux maritima and Armeria maritima (Rozema et 
a l ,  1981). All of the above species use active excretion via salt glands to rid 
themselves of excess ions. The ion efflux results obtained from this study (Chapter 3) 
show sodium to be the most effluxed ion and potassium to be retained in the cell and 
effluxed in low amounts even when the leaf potassium ion content exceeded the leaf 
sodium ion content. Similar results were suggested for the quantities of ions actively 
excreted from leaves of Armeria maritima, Spartina anglica, Limonium vulgare and 
Glaux maritima (Rozema et al., 1981). As the potassium level in the leaf is one of the 
main factors in salt tolerance (suggested by work with Arabidopsis mutants (Zhu et 
al., 1998; Shabala, 2000)), the retention of potassium in the leaves could be seen as 
another mechanism of salt tolerance. The passive efflux of ions from the leaves 
through the transpiration stream does not involve energy expenditure of the type 
required for active ion excretion against a concentration gradient, as seen with species 
using salt glands, and could therefore be considered an energy inexpensive way of 
removing excess ions.

Sorbitol synthesis

The accumulation of a compatible metabolite in cells of plants exposed to stress 
(drought, salinity, temperature) has been suggested as a mechanism of tolerance to the 
imposed stress (Lewis & Smith, 1967; Morgan, 1984; Richter & Popp, 1992; Popp & 
Smirnoff, 1995; Samaras et al., 1995). Compatible metabolites have been suggested 
to have a role in cellular osmotic adjustment by maintaining turgor, an important 
physiological adaptation for minimising the effects of decreasing cellular water 
content (Morgan, 1984). Many studies have shown a positive correlation between the 
accumulation of compatible metabolites e.g. quaternary ammonium compounds, 
sugars, sugar alcohols, and increased tolerance of the accumulating species to a 
specific stress. In their paper on the importance of organic solute accumulation in 
eight saltmarsh species and four sand-dune species, for example. Storey et al., (1977) 
showed the accumulation of glycinebetaine, in particular, to be an important feature 
of members of the Chenopodiaceae, Amranthaceae, and many Gramineae especially 
when exposed to conditions of low soil water potential. The accumulation of proline 
has been linked to drought tolerance in species such as Triglochin maritima. Aster 
tripolium, Puccinellia maritima and Armeria maritima (Stewart & Lee, 1974). The 
accumulation of the sugar alcohol, sorbitol, has been suggested as a feature of salt 
tolerance in members of the Plantaginaceae (Ahmad et al., 1979; Briens & Lahrer,
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1983b; Flanagan & Jeffries, 1988). Molecular genetic studies using transgenic plants 
have also provided evidence for the role of organic solutes in salt and drought stress 
e.g. see (Pilon-Smits et a i ,  1995; Hayashi et a l ,  1997; Romero et a i ,  1997). 
However, the results presented in this thesis would appear to contradict the role of 
sorbitol accumulation in Plantago maritima in salt tolerance.

The question of whether polyol accumulation is an adaptation to or a consequence of 
stress imposition has been asked in relation to mannitol accumulation in celery 
{Apium graveolens) (Everard et a i,  1994). Despite the enhancement in salt tolerance 
of mannitol producing transgenic tobacco (Tarczynski et al., 1993), when compared 
with nitrogen- and sulphur-containing compatible solutes in plants, or with polyols in 
other organisms e.g. fungi and algae, polyols in higher plants are unique as they are 
often primary products of photosynthesis with central metabolic and physiological 
roles under non-stressed conditions (Loescher, 1987). Tissue content is, therefore, 
linked with photosynthetic carbon anabolism, catabolism and translocation and stress- 
induced accumulation may be a symptom of rather than an adaptation to stress. With 
reference to transgenically engineered mannitol producing tobacco, an increase in 
salinity tolerance in the transgenic plants has been suggested to be due to decreased 
growth rate and not the presence of mannitol per se (Karakas et al., 1997). Slower 
growth may allow plants to sequester harmful ions in the vacuole at a rate consistent 
with ion uptake thus preventing salt build-up in the cytoplasm (Greenway & Munns, 
1983, cited in Karakas et al., (1997). However, it has also been hypothesised by Yeo 
(1983) and others that a diversion of carbon from growth into carbohydrate 
production would ‘be of an order that would seriously compete with growth’. 
Therefore, the lowered growth rates observed in the transgenic tobacco plants, could 
be due to the increased presence of mannitol and it could be said that this compound, 
indirectly, by decreasing growth, assisted in salt tolerance. The function of 
accumulating large amounts of so-called compatible osmolytes in response to stress 
conditions is, therefore, not always immediately obvious. In the populations of 
Plantago maritima studied here however, sorbitol does not accumulate in increasing 
amounts when plants are stressed casting doubt on the role of this polyol in salt 
tolerance in this species.

The concentrations of sorbitol measured for the shoots and roots of the Plantago 
maritima populations studied here are low compared with other comparable measured 
values for Plantago maritima i.e. approximately one-tenth the values presented by 
Ahm ad et al., (1979) after one week grown in 400mM NaCl for the shoots and 
approximately one-quarter the root values. However, assuming (i) a purely 
cytoplasmic location for this carbohydrate and (ii) the extreme case that the cytoplasm 
occupies 10% of the cell volume and thus contains 10% of the cell water, the shoot
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cytoplasm concentrations of sorbitol measured at the end of nine weeks growth in this 
series of experiments (shown in Table 5.1), are of the order of 0.5-1.0M, which is 
much higher than the vacuolar concentrations (assuming 90% vacuolar volume and 
90% water content) (shown in Table 5.2) which are of the order of 0.04-0.3M. Such 
cytoplasmic concentrations are high and could, in themselves, pose a problem for the 
water relations of the plant cells, and the question has to be asked: Is the location of 
sorbitol in leaf cells exclusively cytoplasmic?

Table 5.1: The estimated molar concentration of sorbitol present in the cytoplasm of 
the shoot cells of three populations of Plantago maritima grown varying lengths of 
time in 0, 50, 100, 200, 300 or 400mM NaCl. Values were calculated from measured 
HPLC values assuming that the cytoplasm occupies 10% of the cell volume, and 
therefore contains 10% of the cell water. Values represent mean ± standard error, um 
= upper saltmarsh, Im = lower saltmarsh, sc = sea-cliff.

Treatment

Population duration OmM 50mM lOOmM 200mM 300mM 400mM

um 1 week 004±oo 0.03^° 0.03*°° 0.03*°° 0.03*°° 0.05*°°
9 weeks (a) 0.98^^ 0.82^^ 0.84*°‘ 0.91*"' 1.42*°' 1 72*0.7

(b) 072±o.i 0 .51^ ' 0.50*°°
Im 9 weeks (a) 2 90^09 1.16"°' 1.32*°^ 1.78*°^ 1.52*°' 2 19*0.8

(b) 040^)0 0.50*°° 0.80*°'
sc 9 weeks (a) 1.03^' 0 .94*°2 0.79*°' 1 40*0.2 0.71*°'

(b) 0 .40^ ' 0.34*°° 0.74*°"

Table 5.2: The estimated molar concentration of sorbitol present in the vacuole of the 
shoot cells of three populations of Plantago maritima grown varying lengths of time 
in 0, 50, 100, 200, 300 or 400mM NaCl. Values were calculated from measured 
HPLC values assuming that the vacuole occupies 90% of the cell volume, and 
therefore contains 90% of the cell water. Values represent mean ± standard error, um 
= upper saltmarsh, Im = lower saltmarsh, sc = sea-cliff.

Treatment

Population duration OmM 50mM lOOmM 200mM 300mM 400mM

um 1 week <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
9 weeks (a) 0.11*°° 0.1*°° 0  1*0.0 0.1*°° 0.16*°° 0.20*°'

(b) 0.09*°° 0.06*°° 0.06*°°
Im 9 weeks (a) 0.32*°' 0.13*°° 0.15*°° 0.20*°° 0.17*°° 0 24*02

(b) 0.04*"° 0.05*°° 0.09*°°
sc 9 weeks (a) 0 11*0.0 0.10*°° 0 0 9 *0° 0.16*°° 0.08*°°

(b) 0.04*°° 0.04*°° 0.08*°°
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The accumulation of compatible metabolites in response to increased internal ion 
(especially sodium) concentrations has always assumed a vacuolar location for these 
ions and consequently, a mainly cytoplasmic location for the carbohydrate (Flowers et 
a l ,  1977; Rodriguez et a l,  1997). The compartmentation of inorganic ions in the 
vacuoles of halophytic plant cells has been suggested by comparative enzymes studies 
and the use of x-ray microanalysis techniques. Gorham & Wyn Jones, (1983), in a 
study involving Suaeda maritima, the mature leaves of which have large vacuoles, 
investigated ion compartmentation within mature and young, developing leaves using 
x-ray microanalysis. They concluded that for young leaves, with small vacuolar 
volumes, most of the inorganic ions are located in the cytoplasm, while for mature, 
highly vacuolated leaves, the majority of the ions are compartmentalised in the 
vacuole. The development of succulence in L ycopersicon  sp. in response to 
increasing inorganic ion concentrations was also seen as an indicator of successful ion 
storage in the vacuole (Taha et al., 2000). All populations of Plantago maritima 
showed increased leaf succulence in response to increasing internal sodium ion 
concentrations, suggesting a vacuolar location of these ions. Studies investigating ion 
compartmentation have also found evidence of a protein, a NaVH^ antiporter which, 
together with low ion channel conductance in the direction of the cytoplasm, ensures 
effective ion compartmentation in the vacuole e.g. (Staal et al., 1991; Niu et al., 1995; 
Prins, 1995; Rausch et al., 1996; Blumwald, 1999). This compartmentation of ions 
would suggest a primarily cytoplasmic location for any solute accumulated which had 
a role to play in the balancing of water across the tonoplast. However, Gorham et al., 
(1981) have also suggested that evidence points towards a vacuolar location of free 
sugars in plant cells, although the authors do state that this ‘does not preclude a 
cytoplasmic location for some of the carbohydrates’. A study of celery protoplasts 
and mannitol content reported that 20% of the mannitol present was found in the 
cytosol with 80% in the vacuole (Keller & Matile, 1989). However, assuming the 
vacuole occupies 93% of the cell volume, the cytoplasmic concentration of mannitol 
would be notably higher (329mM) than that of the vacuole (102mM). In celery, no 
excess salts are taken up by the plant (it is a salt excluder), and mannitol accumulation 
in both the vacuole and the cytoplasm may be used to balance the external water 
potential (Stoop et aL, 1996). Further studies with celery, this time with plasma 
membrane vesicles, have provided evidence for the existence of an active proton- 
cotransporting mannitol carrier in the plasma membrane (see Salmon et al., (1995) 
cited in Stoop et al., (1996)) which could suggest the accumulation of mannitol in the 
vacuole and redistribution in the cytosol in response to stress. Although nothing 
similar has been reported for sorbitol, mannitol and sorbitol are chemically very 
similar compounds; both are hexitols differing only in their optical isomerism and not
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in their general and chemical properties and both can be synthesised from fructose 
depending on the enzyme involved (Bieleski, 1982). Therefore, it is not beyond the 
bounds of possibility that there could be a sorbitol carrier in the plasma membrane 
enabling vacuolar location of sorbitol and possible transport to the cytoplasm in 
response to stress. In their study of mannitol accumulation in celery leaves in 
response to increased NaCl levels, Everard et a i,  (1994) reported that the difference 
in total tissue mannitol accumulation between stressed and non-stressed leaves was 
33mM. The authors conclude that ‘it is hard to see how such small increases in 
polyol accumulation could counter the increased osmotic demand of the vacuole, 
unless there was movement of the polyol from the vacuole to the cytoplasm in 
response to stress’ (Everard et a l ,  1994). In the experiments conducted for this 
thesis, only in the lower saltmarsh Plantago maritima populations was there an 
increase in total shoot sorbitol content between the 0 and 300mM NaCl treatments, 
and then it was only an increase of approximately 25mM (Chapter 4). In the upper 
saltmarsh and sea-cliff populations of Plantago maritima, there was a decrease in 
shoot sorbitol content with increased external NaCl (Chapter 4) further strengthening 
the argument against this carbohydrate as a purely cytoplasmic osmolyte.

If the location of sorbitol in leaf cells of Plantago maritima  is not exclusively 
cytoplasmic and as there was no significant accumulation of this carbohydrate in 
response to increasing internal or external NaCl (Chapter 4), this would suggest that 
the carbohydrate may not have the role proposed for it by previous authors in the 
active osmotic adjustment of the plant cells (Ahmad et al., 1979; Briens & Lahrer, 
1983b). If the presence of sorbitol in Plantago maritima is not a direct response to 
increased salt stress, why bother accumulating this carbohydrate in the first place? As 
already mentioned (Chapter 1, Chapter 4), the sugar alcohols, when catabolised to 
their respective sugars, release more energy than the utilisation of sucrose (Lewis, 
1984b). This suggests that sugar alcohols are better stores of energy than the sugars. 
As tolerance depends on the energy status of the cell, many tissues of stressed plants 
are likely to have an increased demand for rapidly metabolisable carbohydrate (Hare 
et al., 1998). The increased energy of sugar alcohols compared with sucrose has been 
seen as an advantage in that, once the stress has been relieved, sugar alcohol 
utilisation can meet the energy requirements for growth, a view of all osmolytes, not 
only sugar alcohols, proposed by Greenway & Munns, (1980). In a study of olive 
(Oleaceae), a mannitol accumulating species, during salinity stress and subsequent 
relief, Tattini et al., (1995) showed that upon removing the salt stress, olive plants 
which had been subjected to up to lOOmM NaCl for four weeks, showed increases in 
photosynthetic rates, fresh weight accumulation and relative growth rates to a similar 
level as non-stressed plants and showed reduced salt stress symptoms when exposed
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to a second cycle o f salinity. W hile these authors did not measure mannitol content of 

the plants at any stage, the increased production of mannitol in celery cells has been 

shown to reduce growth inhibition by NaCl by tw ice as much as ce lls  that 

accumulated sucrose (Stoop et a i ,  1996) and use o f mannitol as a carbon source has 

been suggested as being beneficial to plants as it provides more energy for growth and 

development (Stoop et a i ,  1996). Sorbitol may also have a role in ensuring adequate 

nutrient supply in plants under salinity stress. Som e nutrient elements e.g. boron and 

calcium  have limited within-plant m obility and under conditions o f decreased soil 

availability, plants can be deficient in these ions (Brown et a l ,  1999). A  recent study 

involving tobacco (Nicotiana tabacum)  transgenically m odified to produce sorbitol, 

showed increased boron transport under conditions o f boron deficiency which enabled 

healthy growth and flower production compared with non-transgenic plants (Brown et 

al.,  1999). Sorbitol could, therefore, be very important in m ediating phloem  

translocation o f elements which are otherwise mobility limited within plants.

Osmotic adjustment

Osm otic adjustment is the decrease o f osm otic potential by the accumulation o f  

organic as well as inorganic solutes within the cells (Morgan, 1984). If sorbitol is not 

involved in cellular osm otic adjustment in response to increased external salinity, 

what, then, does Plantago maritima  use in osmotic adjustment? From the van’t H off 

equation (see below), the osmotic potential o f inorganic ions and organic solutes can 

be calculated, assuming 0.9 as the activity coefficient for inorganic ions and 1.0 as the 

activity coefficient for soluble sugars (Hopkins, 1995). The equation is as follows:

'F, = -C y R T

Where 'Fj = the osm otic potential o f the solute, C = the molal concentration of the 

solute (m oles kg ' H2O), R = universal gas constant (0.00831 kg MPa mol ' °K '), T = 

absolute temperature (293 K) and y = activity coefficient o f the solute.

For the final nine-w eek experiment, using this equation and knowing the osmotic 

potential o f the leaf sap, the contribution o f  sorbitol and the main inorganic cations 

(Na"̂  + K"̂ ) to the osm otic adjustment o f the leaf cells was determined. The leaf sap 

osm otic potentials are presented in Table 5.3 and the percentage contribution o f  

sorbitol and inorganic ions to this osmotic potential are shown in Table 5.4.
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Table 5.3: Leaf sap osmotic potentials calculated for three populations of Plantago 
m aritim a  at the end of nine weeks growth in 0, 50 or 300mM NaCl. Osmotic 
potentials were calculated using psychrometry. Values represent mean ± standard 
error of 5 replicates, um = upper saltmarsh, Im = lower saltmarsh, sc = sea-cliff.

Osmotic potential

Population OmM 50mM 300mM

um _2 i 9±o.2 -2.28^-^ - 2 . 88*°-^

Im -1.58*°" -1 98± o.2 -3  27±o.5

sc -1.75^" -1 84±o.i -2 .80^ '

Table 5.4: The percentage contribution of sorbitol and inorganic ions (Na"̂  + K"̂ ) to 
the osmotic adjustment of shoots of three populations of Plantago maritima at the end 
of nine weeks growth in 0, 50 or BOOmM NaCl. The osmotic potentials of sorbitol 
and the inorganic ions were calculated from the van’t Hoff equation using measured 
millimolar values. Values represent mean ± standard error, um = upper saltmarsh, Im 
= lower saltmarsh, sc = sea-cliff.

% contribution to osmotic adjustment

Population

sorbitol (Na^ -h K^)

OmM 50mM 300mM OmM 50mM 300mM

um 5.20*'-' 4 _2 7 ±o .9 48.52*’-' 69.78*'"’ 71.20*'*"
Im 5.74^-^ 6.22*" 8.41*"’ 55.97*'' 111.01*"^" 209.75* '̂®
sc 1 2 9 ±o.4 1.62*°^ 13.22*^" 86.92*'"^ 84.54*® 175.00*” ’

In all cases, the inorganic ions contributed more to the cellular osmotic adjustment 
than sorbitol and in some cases this contribution was greater than needed i.e. over 
100%. The presence of sorbitol in shoots of Plantago maritima is a feature of the 
species i.e. sorbitol is the primary photosynthate of the species, and although sorbitol 
may be involved in salt tolerance as a compatible metabolite i.e. balancing the water 
potentials across the tonoplast membrane, this carbohydrate does not have a major 
role in the osmotic adjustment of the species. The accumulation of inorganic ions to 
high concentrations in the shoots would appear to be more important in the ability to 
survive exposure to high external salt concentrations, presumably by decreasing the 
internal water potential of the cells, causing reduced growth, which, in turn, further 
increases the ion content of the cells, allowing further osmotic adjustment (Munns et 
a i ,  1983). The contribution of inorganic ions to the osmotic adjustment of cells has 
long been known to be important in salt tolerance (Flowers et a l,  1977; Jeffries & 
Rudmik, 1984; Flowers, 1985) and Yeo, (1983) and M arschner, (1995) have 
suggested that the method of osmotic adjustment involving inorganic ion 
accumulation, compartmentation in the vacuole and consequent water potential 
balancing via organic solutes in the cytoplasm, is energetically much more efficient
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than overall osmotic adjustment via organic solutes. The reasons for this energy 
efficiency are: (i) salt ions are readily available and their absorption does not require 
much energy; (ii) ion transport to the shoot in the transpiration stream is metabolically 
inexpensive and (iii) the utilisation of ions as osmotica saves on photosynthates which 
can instead be used for growth, and saves on their transport via the phloem which is 
metabolically demanding (Taha et a l,  2000).

Thus, although sorbitol does not appear to have an osmotic adjustment role in the 
shoots of the populations of Plantago maritima studied here, the presence of this 
carbohydrate in substantial amounts could be beneficial in other ways as outlined in 
the previous section. To recap, sorbitol could help in rapid recovery and growth once 
salt stress has been relieved, and may prevent the plants from being as susceptible to 
further periods of elevated salt (as seen for mannitol and olive (Tattini et al., 1995)). 
Sorbitol could also prevent cellular desiccation by acting as a compatible metabolite 
controlling the water balance across the tonoplast membrane as suggested for other 
organic solutes. Of course, as no osmotic readings were obtained for the roots of the 
three populations, no further analysis of the role of sorbitol in the osmotic adjustment 
of the roots could take place. It may well be that, as the roots showed a significant 
increase in sorbitol content with increased internal sodium ion content (Chapter 4), 
sorbitol may have an osmotic role in the roots which may supersede that of the 
inorganic ions.

Briens & Lahrer, (1983b) measured the sorbitol content of shoots and roots of three 
Plantago species, P. coronopus, P. lanceolata and P. maritima, and found no clear 
relationship existed between the water availability in the collection sites and the 
sorbitol content of the plants. The authors concluded that the polyol status of each 
species of Plantago was determined at a genetic level. When comparing the three 
populations of Plantago maritima investigated here, significant differences were 
found in the root sorbitol content of the two saltmarsh populations and the sea-cliff 
population (Chapter 4), with the two saltmarsh populations having more sorbitol in 
their roots than the sea-cliff population. One of the main conclusions of this thesis is 
that root sorbitol concentrations may be more important than shoot sorbitol 
concentrations in conferring salt tolerance in Plantago maritima. The significantly 
lower root sorbitol concentrations in the sea-cliff population, could, therefore result in 
lowered salt tolerance and help to explain the death of these sea-cliff plants at the 
highest (400mM) NaCl level (Chapter 2). Sorbitol does appear to be important in the 
growth and survival of Plantago maritima populations but there was no evidence for
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the role of this carbohydrate in the osmotic adjustment of the cells when exposed to 
high external NaCl levels.

It is the opinion of the author that the shoots and roots of Plantago maritima have 
separate mechanisms for coping with high inorganic ion concentrations. The shoots 
accumulate large quantities of ions, preferentially sodium, and can rid themselves of 
an proportion of these ions through ion efflux or shedding of old, salt-laden leaves. 
The remaining ions are stored in the vacuole where they help to lower the water 
potential of the cell and help water movement from the roots to the shoots to continue. 
A decreasing shoot water content in response to increasing external NaCl helps to 
concentrate these ions further also helping continued water flow into the leaves. 
Sorbitol concentrations, which are naturally high in the leaves, help to balance the 
water potentials of the vacuole and cytoplasm across the tonoplast membrane i.e. 
sorbitol fills the role of a compatible metabolite, but sorbitol is not actively involved 
in osmotic adjustment and need not necessarily have a purely cytoplasmic location. 
The large amounts of inorganic ions accumulated in the leaf cells are the main form of 
osmotic adjustment in the shoots of Plantago maritima. The roots, however, while 
also accumulating substantial amount of sodium ions, though to a lesser extent than 
the shoots, are proposed to use translocated sorbitol as an active osmotic adjuster 
helping to lower the water potential of the root cells, thus allowing continued water 
uptake and survival at high external salinities. The accumulated sorbitol may also aid 
in root recovery enhancing plant growth after the salt stress has been relieved.

5.2 - Population differences

It was hypothesised that a study of Plantago maritima from three different habitats 
(populations) should lend itself to the investigation of inherited differences between 
these habitat types and perhaps, through observed differences in response to imposed 
NaCl treatments, lead to some understanding of the salt tolerance mechanisms 
employed by Plantago maritima. Such a use of related genotypes has been suggested 
previously (Greenway & Munns, 1980) and similar studies have been carried out on 
populations of Salsola kali (L.) (Russian thistle) (Reimann & Breckle, 1995), and 
Agrostis stolonifera (L.) (Hodson et a i ,  1985). It could be argued that the two sites 
on the saltmarsh from which P. maritima seed was collected would not be separate 
enough to represent distinct populations, given that Plantago maritima is a wind- 
pollinating outbreeder. However, Gregor, (1946), in a study of Plantago maritima in 
Britain, reported that ‘in the wind-pollinated sea-plantain, a spatial segregation well 
within the dispersal limits of pollen is apparently enough to afford a degree of 
isolation which will allow communities to assume a genetic individuality of their
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own’, and that owing to random drift and migration of unrepresentative samples into a 
colony of plants, local differences will occur and it is ‘only to be expected that 
populations occupying similar habitats will not be genotypically identical’. Genetic 
differentiation between populations of plant species occupying heterogeneous 
environments is widely observed and intraspecific variation in saltmarsh species 
indicates that heritable morphological and physiological differences not only occur 
frequently between populations in different parts of a marsh but often genetic 
differences are obvious between groups of plants separated by distances of only a few 
metres (Jeffries & Rudmik, 1984).

In their paper on Plantago maritima populations, Sheehy-Skeffington & Jeffrey, 
(1985) found a high level of salt tolerance in an inland population which was 
attributed to the location of the inland population downwind from a coastal population 
which the authors felt could have led to gene flow between the populations. Although 
Gregor, (1946) has stated that it is not inconceivable that closely located colonies of 
plants could be genetically distinct and despite ecotypes having been found for 
various saltmarsh species (Gray & Scott, 1980; Jeffries et a i,  1981), for the two 
saltmarsh populations of Plantago maritima  investigated here, there were no 
significant differences of any kind between the populations in response to increased 
external NaCl concentrations. Taken on its own, this result could suggest simply that 
the two ‘populations’ were too genetically similar and from habitats, within which, 
the selection pressures were not different enough to create distinct ecotypes. 
However, when plants of Plantago maritima from a completely different habitat are 
added to the equation, a different picture emerges. The sea-cliff population of 
Plantago maritima is not, conceivably, exposed to the identical selection pressures 
experienced by the saltmarsh populations e.g. regular submergence by salt water. 
However, this population also showed no significant differences, compared with the 
two saltmarsh populations, in growth rate, inorganic ion accumulation, ion efflux or, 
for the most part, carbohydrate responses to increasing NaCl treatment. The only 
difference was a significantly reduced leaf length which was a genetic feature of this 
population as it was present in the absence of any NaCl in the growth medium 
(Chapter 2), and a significantly smaller root sorbitol content. The significantly 
smaller leaf length would, by the criteria of Raunkiaer (1908) (cited in Gregor, 
(1946)) mean the sea-cliff population to be an ecotype of Plantago maritima. In 
brief, these criteria are (i) the character must be caused by the plants relationship with 
the environment, (ii) it must be easy to use and obvious in nature and (iii) it must 
represent a single characteristic, allowing comparisons between populations. Gregor, 
(1946), has defined ecotypic differentiation as ‘hereditary differentiation occasioned 
by the selective action of the habitat environment’. The existence of ecotypes within
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a plant species has been recognised for sometime (Kuiper, 1990) and ecotypic 
differentiation within a species may provide one means of coping with environmental 
heterogeneity (Pezeshki & DeLaune, 1997). Under the selection pressure of a 
variable habitat, a homogeneous species can evolve into diverse specialised 
populations, which are distinct genetically (Pezeshki & DeLaune, 1997). Such 
differentiation has been reported for many saltmarsh species, e.g. Limonium vulgare 
(Boorman, 1967), Puccinellia maritima (Gray & Scott, 1980), Salicomia europaea 
(Jeffries et a l, 1981).

The lack of significant differences between the three populations in other features of 
salt tolerance would lead this author to agree with Sheehy-Skeffington & Jeffrey, 
(1985), that Plantago maritima has a genetic pre-disposition to salt tolerance, and 
while perhaps not as highly developed in the sea-cliff population as seen by death of 
plants at NaCl levels above 300mM, and a lack of significant sorbitol response in the 
roots, this tolerance is, nevertheless, sufficient to enable long-term survival of the 
species in high external salinities. This genetic level of salt tolerance is not found for 
all salt tolerant species. In a similar study conducted using three populations of 
Agrostis stolonifera, (which has evolved ecotypes possessing different degrees of salt 
tolerance, salt tolerance being related to native soil salinity), no evidence of 
genetically inherited salt tolerance between a saltmarsh, sea-cliff or inland population 
of this species was found (Ahmad & W ainwright, 1977). Salt tolerance was 
positively related to habitat. The inheritance of salt tolerance in Plantago maritima as 
a species could be seen as adaptation ensuring survival of populations under 
fluctuating conditions.

5.3 - Respiration and sorbitol accumulation -  method critique

One of the proposed aims of this thesis was to test the hypothesis that in response to 
an external stress, increasing diversion of carbon from growth into the production of 
organic solutes is detrimental to the plant (in terms of growth) and causes either an 
increase in respiration due to increased maintenance costs i.e. requirements for 
compartmentation and secretion of inorganic ions and for the repair of cellular 
damage (Penning de Vries, 1975; Shone & Gale, 1983; Yeo, 1983; Cheeseman, 1988) 
or a decrease in respiration due to the decrease in mass to be maintained (Amthor, 
1989). Yeo (1983), estimated that in a tissue with 90% vacuolar volume, adjustment 
to 200mM NaCl would require accumulation of 0.5g of glucose for each existing 
gram of dry weight, and this would compete seriously with growth.

Some of the problems encountered when measuring the respiration of Plantago 
maritima plants subjected to different NaCl treatments i.e. leaves being too small to
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fit the leaf chamber used which meant that only plants grown in 0 and 50mM NaCl 
could be investigated, the lack of root respiration measurements and the need to 
extrapolate from whole plant measurements of fresh and dry weight conversion 
factors for individual leaves, meant that the respiration results obtained were limited 
and dubious in nature. As only the 0 and 50mM plants were investigated and as the 
plants shoot responses to these NaCl treatments were not significantly different from 
each other, in terms of growth, ion accumulation and sorbitol accumulation, it would 
be expected that any measured R values would also not be significantly different from 
each other i.e. measuring R would be a futile exercise if one is to assume that R is 
affected by shoot dry weight, inorganic ion concentrations and sorbitol assimilation. 
An alternative method of measuring respiration, most probably a destructive method, 
would be better suited to the plants under investigation here.

5.4 -  Further research

As the work on Plantago maritima  carried out here only looked at sorbitol 
distribution between shoots and roots of the same plants, a cruder picture of sorbitol 
synthesis and use was obtained, possibly obscuring the true role of sorbitol in this 
species. To elucidate the actual changes in sorbitol partitioning in P.maritima  
between vacuole and cytoplasm in response to stress, work on individual subcellular 
compartments would need to be undertaken and this, unfortunately was outside the 
scope of this project. The author feels, however, given the chemical and biological 
similarities between mannitol and sorbitol, this subcellular partitioning could, indeed 
find a role for sorbitol in the salt stress response of Plantago maritima. Further 
emphasis for assessing the role of subcellular sorbitol concentrations in salt tolerance 
comes from a study involving transgenic fructan accumulating tobacco plants. Pilon- 
Smits et a l ,  (1995) showed that tobacco plants, genetically modified to accumulate 
fructan, showed increased drought resistance compared with wild-type plants. The 
authors concluded, however, that the amounts of fructan accumulated in the whole 
plant seemed too low to have an osmotic effect but that cellular fructan concentrations 
may have been high enough to have a specific effect in certain organs or subcellular 
compartments. Again this points towards the need for further study at a cellular and 
subcellular level. Romero et a l ,  (1997) introduced genes controlling the enzymes of 
trehalose synthesis into tobacco plants and found increased accumulation of this sugar 
correlated with increased resistance to drought in the modified plants. However, 
again, the concentrations of trehalose (a non-reducing disaccharide of glucose) 
accumulated were considered too low to have a role in conventional osmoprotection 
and the authors concluded that the low trehalose levels may affect metabolic and
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hormonal pathways rather than act as just a compatible metabolite. A similar result 

i.e. accumulated amounts too low to have a role in osmotic adjustment of the plant, 

w ere found for betaine synthesis in tobacco (Sakam oto & M urata, 2000) and 

references therein. Thus, although plants can be engineered to produce compounds 

involved in stress tolerance, the role of these com pounds in engineered plants is 

unclear and poses questions as to their role in plants which naturally accumulate these 

compounds. It may not be the concentration in the solution that is important but the 

local concentration at a surface may be more im portant than the absolute amount 

(Sakamoto & Murata, 2000).

Enzyme studies could also help to tease out the response of various tissues to an 

increase in salt stress. Stoop et a l ,  (1996) in their review of mannitol synthesis and 

use in response to external stress, especially in celery, state that the size of the 

mannitol pool is critical in regulating the salt tolerance of plants. In celery, the down- 

regulation of use of the mannitol pool, evidenced by decreasing activity of mannitol 

dehydrogenase (the enzymes responsible for conversion of mannitol to mannose) in 

sink tissues, allowing the mannitol pool to increase and thus provide some tolerance 

to increased salt concentrations. Studies on sorbitol enzym es could find similar 

results for this carbohydrate and help determine the role, if any, of this polyol in stress 

tolerance.

Control of ion uptake seems a likely avenue for improving the salt tolerance of crop 

species. The gene locus controlling NaVK"^ discrim ination has been identified in 

Triticum  and confers enhanced discrimination and, often, enhanced tolerance when 

introduced through recombination with elated species (Volkm ar er a/., (1998) and 

references therein). Recent work in Canada has highlighted the im portance of the 

NaVH^ antiport in inorganic ion accumulation and sequestration and A rabidopsis  

thaliana plants genetically modified to have this protein have shown increased salt 

tolerance (Blumwald, 1999). Regulation of ion selectivity could also be a means of 

enhancing salt tolerance especially as work with A ra b id o p s is  has shown the 

concentration of potassium in the plant to be very important in salinity resistance (Zhu 

et al., 1998). The choice of which species to use for further investigations is 

important also. From reading for this thesis, this author feels that, although advances 

in the understanding of salt tolerance mechanisms are being made, much of the work 

is disjointed in that numerous different species are being investigated, many of which 

will have different responses to increasing salinity and thus, piecing together a unified 

picture of salt tolerance for a model plant is not being attempted. Much of the work 

investigating the role of ion uptake and selectivity in salt tolerance in halophytes has 

been carried out using Plantago  and A trip lex  species. This author is in agreement 

with (Rausch et al., 1996), who state that ‘it would be advantageous if future work
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would focus on species of these [Plantago, Atriplex]  genera, rather than adding 

incomplete data sets on other species to our fragmentary knowledge’.

5.5 -  Final conclusions

The results obtained from this thesis have shown that:

1. Plantago maritima  is a salt-tolerant plant, displaying some halophyte features, 

capable of growth in NaCl concentrations of up to 400mM  NaCl.

2. Inorganic ion accumulation is the main salt tolerance m echanism  of Plantago 

maritima enabling osmotic adjustment to increasing NaCl concentrations.

3. Sorbitol accum ulation in the shoots does not appear to be a salt tolerance 

m echanism  of this organ as there was no significant response of sorbitol 

concentrations to increased NaCl. Sorbitol accumulation in the roots in response to 

increased NaCl, however, is suggested as the main tolerance mechanism of the roots.

4. Efflux of inorganic ions, especially sodium, from the leaves, is suggested to aid in 

salt tolerance by removing excess ions from the leaf cells.

5. A comparison of responses of three different populations of Plantago maritima  

suggested the salt tolerance mechanisms of the sea-cliff population to be less well- 

developed than those of the saltmarsh populations. However, the survival of all three 

populations (from differing habitats) to high (300mM ) NaCl, would suggest a genetic 

pre-disposition (a degree of adaptation) of Plantago m aritim a  to high salt levels 

which would aid in the survival of this species under fluctuating conditions.
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Appendix 1
T able 1: Composition o f Hoaglands solution used in the growth of Plantago maritima. 
The solution was modified with sodium salts being replaced with potassium salts. Recipe 
modified from Hewitt (1966).

Full nutrient_______________ g 1'̂  mM

Stock 1

KNO 3 60.66 6

Ca(N03)2.4H20 94.46 4

Stock 2

(N H J,SO , 26.42 2

M gS04.7H 20 24.64 1

Stock 3

KCl 3.72 0.5

H 3 BO 3 3.09 0.5

M nS04.4H20 1 . 1 1 0.05

ZnS04-7H20 0.57 0 . 0 2

CUSO4 .5 H 2 O 0 . 1 2 0.005

(NH4),Mo,024.4H ,0 0 . 1 2 0 . 0 0 1

Stock 4

Fe EDTA 6.57 0.18

Stock 5

KH 2 PO 4 21.94 1 . 6

2mls o f each stock solution were added together and made up to 1 litre. This gave a 1/5 

dilution final strength nutrient solution.



Table 2: Experimental NaCl treatments and their corresponding water potentials as 
determined by dew point psychrometry (using a W escor® HR-33T Dew Point 
Microvoltmeter).

NaCl treatment Water potential 

(mM) (-MPa) (bar)

0 0.4 4

50 0.6 6

100 0.7 7

200 1.0 10

300 1.4 14

400 1.9 19



Appendix 2

Table 1: Comparison table of millimolar shoot and root sodium ion concentrations for 
plants of Plantago maritima from three populations. Plants were grown hydroponically 
for 1, 9 or 13 weeks in 0, 50 or 300mM NaCl. Values represent mean ± standard error of 
up to 6 replicates, (a) and (b) refer to results from experiments of the same duration, 
conducted at different times, um = upper saltmarsh, Im = lower saltmarsh, sc = sea-cliff.

Treatment
OmM 50mM 300mM

Pop duration shoot root shoot root shoot root
um 1 week 32.40^^' 66.09*"° 147.43*^"' 109.27±‘*" 328.07*""’ 252.18±'*-*

9 weeks (a) 13.79*"' 4 .98*05 170.64*""“ 55.98*'"' 276.68 152.53

(b) 16.01*"" 9.93*'’ 250.05*"' 60.89*’“ 570.10*"“" 257.07*'"'
13 weeks 60.18*"'^ 9.86*'" 436.51*"̂ '‘ 61.91*'" 1438.12*""" 228.83*"'-"

Im 9 weeks (a) 78.16*"'“ 8.05*^* 167.46*"'" 184.18*™" 421.16*"'" 146.83*"'-"

(b) 14_94± 3. i 9.26*"“ 355.82*'"-' 57.53*" 823.55*'“'-’ 209.08*'"*
13 weeks 38.56*"' 11.00*"" 574.64*"’ " 56.85*" 1163.33*'""" 224.23*""-*

sc 9 weeks (a) 23.88*'* 14.46*"" 530.72*'"'^ 85.79*"" 1365.62 306.07

(b) 20.42*"' 16.20*'" 278.77*"'" 63.19*"* 545.86*""" 236.60*""
13 weeks 32.84*^* 9 99± o  5 424.53*'*" 48.26*” 660.59*"'* 185.67*’"-'



Table 2: Comparison table of millimolar shoot and root potassium ion concentrations for 
plants of Plantago maritima from three populations. Plants were grown hydroponically 
for 1, 9 or 13 weeks in 0, 50 or 300mM NaCl. Values represent mean ± standard error of 
up to 5 replicates, (a) and (b) refer to results from experiments of the same duration, 
conducted at different times, um = upper saltmarsh, Im = lower saltmarsh, sc = sea-cliff.

Treatment
OmM 50mM 300mM

Pop duration shoot root shoot root shoot root
um 1 week 382.75*'” 171 47*78.9 183.64*'’ * 112.44*'"“ 118.8*'“-' 99.84*""

9 weeks (a) 2286.6r^'^ 61.08*'“'' 108.01*""® 72.58*"-"' 64.25 51.10

(b) 219.63* '̂'® 67.85*'^' 106.66*"'" 65.85*'“* 87.51*'“-* 61.93*'"
13 weeks 2 9 1  l l ± 5 8 . 4 76.43*** 131.60*"’ 51.81*'“' 96.98*""' 40.06*®’

Im 9 weeks (a) 251.89**^^ 50.88*” 116.80*®"' 163.14*"'“ 71.55*“"“ 28.21*'"

(b) 1 8 9  7 1  ±28.5 59.39*'°" 140.36*'®" 52.31*'“ ' 76.13*""’ 219.63*'®““
13 weeks 2 7 2 4 8 * 5 5 . 5 84.08*®’ 187.65*^’ ® 55.60*'" 89.45*'" 46.42*"'

sc 9 weeks (a) 378.05*^^^ 9 8  4 7 * 2 0 .2 103.64*"'" 78.05*"'“ 68.01 14.65
(b) 302.56*^'^ 121.51*-’ * 76.10*'“' 56.72*'“' 74.06*" 48.11*"®*

13 weeks 246.9 85.01*'“" 72.25*"-' 62.10*'"“ 38.32*"-" 36.78*"-'

Table 3: Shoot and root KVNa^ ratios for plants of Plantago maritima from three 
populations. Values were calculated from millimolar sodium and potassium ion 
concentrations measured at the end of 1 or 9 weeks growth in 0, 50 or 300mM NaCI. 
Values represent mean ± standard error of up to 6 replicates, (a) and (b) refer to results 
from experiments of the same duration, conducted at different times, um = upper 
saltmarsh, Im = lower saltmarsh, sc = sea-cliff.

Treatment
OmM 50mM 300mM

Pop duration shoot root shoot root shoot root
um 1 week 12.47*'-' 2.53*" 1.33*“-" 099*0" 0.36*“ ' 0.38*“-'

9 weeks (a) 18.02*'' 13.77*"' 0.63*“ ' 1.46*“' 0.23 0.34

(b) 15.43*” 7.15*'" 0.44*“' 1.07*“ ' 0.16*““ 0 24*0“

Im 9 weeks (a) 12.78*"* 10.01*"® 0.68*“" 1 12*0.' 0.27*“-" 0.20*“ '

(b) 13.55*'" 6.75*“' 0.42*“ ' 0.89*“ ' 0.10*““ 0.88*“'
sc 9 weeks (a) 16.22*'' 7.33*'-' 0.20*““ 0.89*°" 0.05 0.05

(b) 15.37*'* 8 24*1“ 0.28*““ 0.94*“ ' 0.14*““ 0.19*“'



Appendix 3

Table 1: The absolute amounts of sorbitol, glucose, fructose, sucrose and starch
present in shoots and roots of an upper saltmarsh population of Plantago maritima 
after nine weeks growth in 0, 50, 100, 200, 300 or 400mM NaCl. Values represent 
mean ± standard error. Amounts are expressed as umolg/g dwt.

Treatment
OmM 50mM lOOmM 200mM 300mM 400mM

shoots sorbitol 835_7±284.6 711.0*'^"' 807 .3* '" ' 761.3*” * 1215.5*'*’ ’ 879.4*1®°"
glucose 138. r'*'* 82 4±22.6 9 4  9±22.4 85.9*'"' 87.2*"’ 63.1*'“ '
fructose 9 2  7±29.6 69.6*^^’ 67.3*'''* 69.6*'®' 79.3*"®'' 51.7*'*’
sucrose 6.2*'® 4  4±i.o 11.6*'" 11.5*'’ 9.6*"" 12.6*"’

roots sorbitol 598.7*‘‘'-' ^42,9*278.3 440.7*87’ 616.0*"° 629.3*'°"’ 653.8*°®
glucose 228.5*''°® 192.9*'” 227.8*®°’ 227.2**'-' 128.8*'“' 82.6*““
fructose 1 2 2 .3 ±>4.8 118.6*'®' 106.5*''*" 138.2**®" 34.6*'° 25.0*'“
sucrose 48.6*'®-^ 25.3*®' 51.8*"'® 41  9*20 13.5*’ ® 8.1*“°

Table 2: The absolute amounts of sorbitol, glucose, fructose, sucrose and starch
present in shoots and roots of a lower saltmarsh population of Plantago maritima after 
nine weeks growth in 0, 50, 100, 200, 300 or 400mM NaCl. Values represent mean ± 
standard error. Amounts are expressed as umol/g dwt.

Treatment

OmM 50mM lOOmM 200mM 300mM 400mM

shoots sorbitol 1396.4*'^'’ 1120.4*"'®* 1053.1*""* 1149.0*’®' 710.6*"* 570.7*’'-'
glucose 538.4**'“ 205.8*"® 168.6*'’ ' 120.9*'®" 80.1*'®" 97.0*'”
fructose 492.1*'°“° 113.4*'"" 120.2*'“° 96.2*'"' 92.0*""’ 71.3*®-'
sucrose 5.1*°' 3.9*°' 6 .4*" 4.7*'-' 24.5*'"-’ 8.3*'®

roots sorbitol 505.5*"’ 559.5* '"’ 582.3*"'-’ 980.8***® 280.2*'"’
glucose 419.7*"' 330.7**'’ 418.0*"“ ' 381.8*"“® 86.5**-“
fructose 22.0*“' 17.5*'® 9 '7 * 3.8 9 7 ± i .6 2.5*°-'
sucrose 51.2*"" 21.0*" 57.7*"“-* 59.9*"® 51.8*’ '



Table 3: The absolute amounts of sorbitol, glucose, fructose, and sucrose present in 
shoots and roots of a sea-cliff population of Plantago maritima after nine weeks growth 
in 0, 50, 100, 200, or 300mM NaCl. Values represent mean ± standard error. Amounts 
are expressed as umol/g dwt.

Treatment

OmM 50mM lOOmM 200mM 300mM

shoots sorbitol 7 6 3  4 ± io 8.2 636.3"'^' 585.6"” ^ 697.9""’ ’ 480.2"'""
glucose 2 1 8  1 ± U 3 .4 68.1"^°’ 41.3"'^ 4 7 _ 7 " ' 2 o 29.6"'"
fructose 0  9 ± o.4 0.6"°^ 0.3"°' 0.4"°' 0.3"°"
sucrose 2.5^”-̂ 6 .6 " '’ 12.7"*' 14.7"'*' 22.1""-'

roots sorbitol 145.0^” ' 1 4 9  p 2 8 .6 159.0"'^ 180.3"'"" 116.1
glucose 130.0"'*'' 135.5"^'’-' 100.6"'"' 64.8"'^" 46.3
fructose 23.r^‘ 33 .0" '' 27.1""' 12.5"'-' 4.2
sucrose 30.7"“ ' 1 7 _ 0 ± 5 .6 6.1"" 8.8"'° 7.5

Table 4: The absolute amounts of sorbitol, glucose, fructose, sucrose and starch
present in shoots and roots of an upper saltmarsh population of Plantago maritima 
after one weeks growth in 0, 50, 100, 200, 300 or 400mM NaCl. Values represent mean 
± standard error. Amounts are expressed as umol/g dwt. Trace refers to carbohydrate 
amounts <0.1 umol/g dwt.

Treatment

GmM 50mM lOOmM 200mM 300mM 400mM

shoots sorbitol 44.0"®' 36.1"*" 32.8""" 33.7""' 33.9"'" 36.3"""
glucose 2.8"°’ 0.5"°" 0.9"°" 0.9"°" 0.4"°" 0.3"°°
fructose 3.2"°* 1.0"°" 1.3"°' 0.9"°' 0.7"°" 0.3"°'
sucrose 0.1"°° 0.1"°° trace trace trace 0.1"°°

roots sorbitol 26 .2"" 23.0""° 30.7"'’ 36.3""’ 4 4  3 " 6 .6 55.0"'°"
glucose 1 4  7 " 3 .3 9.8""' 7.1"°’ 9.5"'" 8 .9" '’ 6.1"""
fructose 10.2"'^ 7.2""' 4  1 "° .7 4.3"°’ 5.3"'° 3.1"'°
sucrose 0.3"°' 0.3"°' trace 0.9"°’ 0.9"°® 1.3"°'



Table 5: The absolute amounts of sorbitol, glucose, fructose and sucrose in shoots and 
roots of upper saltmarsh (um), lower saltmarsh (Im) and sea-cliff (sc) plants of 
Plantago maritima, after nine weeks growth in 0, 50 or 300mM NaCl. Values represent 
mean ± standard error. Amounts are expressed as umol/g dwt.

_______________Carbohydrate______________

shoots

roots

NaCl pop sorbitol glucose fructose sucrose

OmM um 607.5*'*" 51.0*'°' 39.0*'" 2.2*°-^
Im 335.4*^"® 29.0*'* 20.5*®-̂ 1.0*°^
sc 2 8 4 _ 7± 33 .4 46.3*'°’ 13.3*"" 0.2*°°

50mM um 5 1 4  9±88.I 69.4*'*' 62.2*"-' 7.1*"®
Im 3 9 4  9±26.o 40.0**" 30.2*’ " 6.9*"*
sc 321 7±2o.7 21.4*"^ 13.9*"' 2.0*°"

300mM um 400.4*^^' 26.3*"' 216.0*'°^" 8  9*0."

Im 4 7 9  0±68.5 64.5*"*" 27.2*** 8.4*"'
sc 264.9*^"' 21.3*"' 16.1*^* 0  4*0.2

OmM um 2 8 4  9±45.o 9 2  1 * 2 '. ' 58.3*** 20.5*"’
Im 165.8*^’ ' 82.0*"^' 42.7*’ ° 6.2*""
sc 189.5*''" 117.5*''’® 70.8*'®" 7.0*'®

50mM um 2 9 7  8±68.o 146.7*"^' 45.3*"" 25.2**°
Im 177.5*‘*' 71.3*'°’ 32.9*" 16.2*"'
sc 167.5*'°® 140.7*'"’ 125.3*"'" 8.9* ''

BOOmM um 401.7*"''' 8 4  7* '7 .* 46.4*’ * 30.2*’ '
Im 258.9*""’ 6 9  2*'6 3 33.2*’ ° 18.6*'"
sc 184.5*""* 39.2*'*° 5.7*"® 11.2*"'
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Figure 2 (a) & (b): A plot of (a) leaf fresh weight against leaf area and (b) shoot fresh 
weight against shoot dry weight for an upper saltmarsh, a lower saltmarsh and a sea-cliff 
population of Plantago maritima at the end of nine weeks growth in 0 or 50mM NaCl. 
From the equation of each regression line, a conversion factor for (a) relating leaf fresh 
weight to leaf area and (b) determining leaf dry weight from leaf fresh weight was 
calculated. These factors were important in calculating respiration measurements.



Appendix 5

Table 1: The estimated molar concentration of sorbitol present in the cytoplasm of the shoot 
cells of three populations of Plantago maritima grown varying lengths of time in 0, 50, 100, 200, 
300 or 400mM NaCl. Values were calculated from measured HPLC values assuming that the 
cytoplasm occupies 10% of the cell volume, and therefore contains 10% of the cell water. 
Values represent mean ± standard error, um = upper saltmarsh, Im = lower saltmarsh, sc = sea- 
cliff.

Treatment
Population duration OmM 50mM lOOmM 200mM 300mM 400mM

um 1 week 0 0 4 ^ 0 0.03*°° 0.03*°° 0.03*°° 0.03*°° 0.05*""
9 weeks (a) 0.98*°^ 0.82*"' 0.84*°' 0 9 1 * 0. ' 1.42*°' 1.72*°'

(b) 0.72*°' 0.51*"' 0.50*°°
Im 9 weeks (a) 2.90*°’ 1.16*°' 1.32*°" 1.78*°' 1.52*°' 2.19*°*

(b) 0.40*°° 0.50*°° 0.80*°'
sc 9 weeks (a) 1.03*°' 0.94*°' 0.79*"' 1.40*°' 0.71*°'

(b) 0.40*°' 0.34*°° 0.74*°"

Table 2: The estimated molar concentration of sorbitol present in the vacuole of the shoot cells 
of three populations of Plantago maritima grown varying lengths of time in 0, 50, 100, 200, 300 
or 400mM NaCl. Values were calculated from measured HPLC values assuming that the 
vacuole occupies 90% of the cell volume, and therefore contains 90% of the cell water. Values 
represent mean ± standard error, um = upper saltmarsh, Im = lower saltmarsh, sc = sea-cliff.

Treatment
Population duration OmM 50mM lOOmM 200mM 300mM 400mM

um 1 week <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
9 weeks (a)

Od

0.1*"" 0 1*0° od

0.16*°" 0.20*°'

(b) 0.09*°° 0.06*°° 0.06*°"
Im 9 weeks (a) 0.32*°' 0.13*°° 0.15*°° 0.20*°" 0 17*0" 0.24*°'

(b) 0.04*°° 0.05*°° 0.09*°"
sc 9 weeks (a) 0 .11^“ 0 .10^“ 0.09*"° 0.16^° 0.08^°

(b) 0.04^° 0.04^° 0.08^°



Table 3: The percentage contribution of sorbitol and inorganic ions (Na'^ + K"̂ ) to the osmotic 
adjustment of shoots of three populations of Plantago maritima at the end of nine weeks growth 
in 0, 50 or 300mM  NaCl. The osmotic potentials of sorbitol and the inorganic ions were 
calculated from the van’t Hoff equation using measured m illim olar values. Values represent 
mean ± standard error, um = upper saltmarsh, Im = lower saltmarsh, sc = sea-cliff.

% contribution to osmotic adjustment 

sorbitol__________________________ (Na^ + K^)______________

Population OmM 50mM 300mM OmM 50mM 300mM

um ~j 99±o.6 5.20*'' 48.52*"' 69.78*'’ ’ 71.20*""

Im 5 .7 4 ^ ' 6.22*’ ' 8.41*"® 55.97*^-^ 111.01*'®" 209.75*^^®

sc 1_29^4 1.62^^ 13.22*"' 86.92*'^'' 84.54*®-' 175.00*’^’


