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CHAPTER I 

INTRODUCTION 

Approximately 4ø^ of the world's land surface is considered axid 

or semi-arid (Fisher and Turner, 1978). Demands for increased world 

agricultiiraú. productivity may require that these areas be utilized. 

This has spawned an interest in the responses of plants to environ-

mental stresses (Levitt, I98O). 

Although productivity in surid and semi-arid lands is primaxily 

limited by water, soil sind groundwater salinity sire often limiting 

factors for many species (Epstein, I98O). Additionally, irrigation 

in these sireas often leads to secondary salinization due to a 

combination of water of poor quality and high evaporation rates. 

As Flowers et al. (1977) point out, it is impro'bable that 

technological advances will solve these problems, a biological 

approach should be considered. If arid areas are to be used for 

cultivation, an understanding of the physiology and ecology of salt 

tolerant plants would be beneficisLl. 

The genus Atriplex is well represented in arid and ssLLine 

habitats all over the world (Osmond et al., I98O). Many species of 

Atriplex are known to tolerate ssilt concentrations in the rsinge of 

300-700 mM NaCI (Ashby and Beadle, 1957; Black, I96O; Gale et al., 

1970; Flowers et ELL., 1977)• Furthermore, many speQÍes are known 

to be high in protein ajid represent a valuable forage in these areas 



(Goodin and McKelI, I97O; Jones, 1970; Goodin, 1979 a,b). 

This genus has also been used extensively in a variety of 

physioIogicsLl and ecological studies. The classic studies by 

Turesson (1922 a,b) that led to the concept of ecotypes were done 

with species of Atriplex. Much of the early important work on 

C. metabolism was done with species of Atriplex (Osmond, 19^7; 

Laetsch, I968; BJorkman and Gauhl, I969). Since this genus includes 

both C^ and Ĉ ^ species, Atriplex spp. have been used in many 

comparative physiological studies (Bjorkman et SLI,, 1970; Slatyer, 

1970), SLnd in attempts at hybridizing C^ and G^ species (Bjorkman et 

al.. 1971). 

Atriplex canescens (Pursh) Nuttall, fourwing ssLltbush, is a C. 

halophytic shrub that is sporsLdicalIy common on loose sandy soils 

throughout the western United States and Mexico (Stutz et al., 1975)« 

It is the most widespread perennial species of Atriplex in North 

America ranging from southern CansLda to central Mexico and from just 

west of the lOOth meridian to the Pacific Ocean (Stutz and Sanderson, 

1979). 

Over this wide range, Atriplex canescens has adapted to a 

vaxiety of habitats ajid environments. Some of the variablity of 

this species is due to phenotypic plasticity. However, most of this 

variablity is genetic and ascribable to polyploidy and interspecific 

hybridization (Stutz ajid Sanderson, 1979). 

Although most populations of Atriplex canescens are tetraploid, 

populations of diploid, hexaploid, stnd dodecaploid forms are known. 



Evidence suggests that the tetraploid SLnd hexaploid forms are 

autopolyploid derivatives of the diploid form (Stutz et al., 1975» 

Stutz and Sanderson, 1979). Morphologically, these different forms 

are quite distinct and are easily recognized in the field (Scioli, 

1980). The dodecaploid and other forms are primarily the result 

of hybridization with other species of Atriplex (Stutz and Sanderson, 

1979). 

Several studies have advocated the virtues of Atriplex 

canescens as a potential forage on marginal lands. Its potential for 

production of high-protein biomass under conditions of aridity and 

salinity make it particularly attractive as a forage (Goodin, 1979 a, 

b; Northington et al., 1979). For similar reasons, it has been 

recommended that A. canescens be used to revegetate mine spoils in 

the western U.S. (Hassel, 1977; Nord, 1977; Plummer, 1977; Aldon, 1978; 

McKelI, 1978; Monsen and Pliimmer, 1978; Richardson and McKell, I98O). 

Recently it has been suggested that this species has potential as a 

source of biomass for energy production (Newton et al., I982). 

It is remarkable that there have been few physiological studies 

on Atriplex canescens considering its wide geographical range and 

potential uses. Furthermore, there has been little work comparing 

the physiology of diploid and polyploid forms of any species other 

than tomato. This study investigates the response of growth, 

photosynthesis, and PEP carboxylase activity of diploid, tetraploid, 

and hexaploid forms of A. canescens to salinity. 



CHAPTER II 

LITERATURE REVIEW 

Halophytes and Ssainity Tolerance 

Over the last 25 years, the literature concerned with halophytes 

and the responses of plajits to salinity has grown considerably. 

Several reviews have examined various aspects of salt toleramce 

and halophytes including those by Bernstein and Hayward (1958), 

Jennings (I968), Waisel (1972), Stroganov (1973)i Reimold and Queen 

(1974), Flowers (1975)i Poljakoff-Mayber and Gale (1975)1 Flowers et 

al. (1977). Greenway and Munns (I98O), Levitt (I98O), and Osmond et 

al. (1980). From these reviews, a picture of halophytes emerges as 

plants capable of surviving and reproducing in environments with 

high concentrations of electrolytes. Normally these environments 

are characterized by high levels of NstCI, but may also include 

Na^SO., MgSO , CaSO^, MgCI , KCL, and Na CO^ (Flowers et al., 1977). 

Halophytes may exhibit growth stimulation with some level of 

ssLlinity in the growth medium. It appears however, that the ssLlinity 

level required for stimulation may reflect conditions of the 

experiments. For exsLmpIe, Gale et al. (1970) demonstrated that in 

Atriplex halimus, salinity enhanced growth only when relative 

humidity was low. 

Much of the literature on halophytes has involved the development 

of classification schemes based upon ssLlt tolerance mechanisms and 



salinity levels required for growth stimulation or survivsLl. Waisel 

(1972), for example, distinguished obligate ajid facultative 

halophytes. Barbour (I970), Flowers et al. (1977), and Osmond et al. 

(1980) pointed out that most evidence, at least with higher plants 

fails to support the validity of such a cIsLssification. Furthermore, 

the work of Brownell (I965, I968) on the essentisLlity of sodium as a 

micronutrient for some plajits fails to indicate such a distinction, 

since the levels needed are so low (Caldwell, 1974). 

Attempts have also been made to classify halophytes as either 

salt-accumulating or salt-excluding types (Waisel, 1972). According 

to the scheme of Levitt (I98O), these would correspond to salt-

tolerant and ssLlt-avoiding, respectively. Osmond et al. (I98O) 

argued that even in classic comparisons such as those of the mangrove 

species Rhizophora mucronata and Aegialites ajmulata the distinction 

of salt-accumulating and salt-excluding is not entirely valid. 

Strictly spesLking, avoidajice mechanisms include processes which 

maintain low concentrations of salts within the cytoplasm. 

Techniques such as increases in succulence or plant growth serve to 

dilute ssLlts. Other mechsLnisms such as excretion of salts through 

specisLl glands, accumulation of salts in special epidermsLl trichomes, 

ssLlt leaching, guttation, leaf shedding, sind trstnsport to roots all 

function to regulate the salt content of shoots (Walsel, 1972). 

According to Levitt (I98O), toIersLnt plsLnts osmoregulate by 

accumulating ions ajid/or organic solutes. Probably, hsilophytes 

employ combinations of avoidance ajid tolerance mechajiisms, so that 



a strict classification on this basis is not justified (Osmond et al., 

1980). 

The key to salt tolerajice is the ability to maintain a favorable 

water potential grsLdient through the plant without exposing the 

cytoplasm to toxic levels of salts. Flowers (1975), Flowers et al. 

(1977)» and Osmond et al. (I98O) have reviewed the ionic relations 

of halophytes. It is well established that halophytes are genersLlIy 

capable of rapid sustained transport of salts from roots and 

accumulation of salts to high concentrations in the shoot. Often 

cations will accumulate in excess of inorganic ions such as chloride. 

Salts of organic acids, principsLlly oxalate, are synthesized to 

balance this cation excess (Osmond, I963)« Osmond (I963) suggested 

that the capacity for oxalate synthesis may be inversely correlated 

with chloride tolerance. 

Part of the capacity for high rates of ion accumulation in 

halophytes probably occurs at the root. Poljakoff-Mayber (1975) 

reported that halophytes often have very narrow cortex regions in the 

root. Osmond et SLI. (I98O) suggested that this could indicate a 

smaller sink of ions in the root ajid therefore partisLlIy SLCcount for 

the high transport rates. 

While it is not entirely clesLr to what extent this transport is 

apoplastic or symplastic, or how much control is exerted on the 

transport process, the potentisLl for rapid increases in salt levels 

in the leaves is a problem. As Osmond et SLL. (I98O) point out, 

passive apoplastic transport would not likely be responsive to 



hormonal signals if salt input exceeded uptsLke by leaf cells. 

Presumably, the avoidance mechajiisms mentioned above, particularly 

salt glands, salt bladders, amd increases in succulence, provide 

sidditionsLl controls over leaf ion concentrations. 

Epidermal salt glands and trichomes actively unloSLd ssLlt from 

the interior of the leaf. Several studies have confirmed the 

presence of such trichomes that excrete salt in Atriplex spp. 

(Black, 195^; Osmond et al., 1969a; Pallaghy, 1970; Mozafar and 

Goodin, 1970). As much as 50^ of the salt transported to the shoot 

may be excreted into epidermal trichomes (Osmond et al., I98O). As 

leaves mature these bladders may collapse and coalesce to form a 

dense layer over the entire surface of the lesLf. This scurf also 

affects leaf energy balance by increasing lesLf reflectance (Mooney 

et al., 197^). 

Increases in succulence in response to salinity have long been 

noted in several studies of halophytes (Black, 1958; Greenway, I968; 

Osmond et al., I98O). This response is still not well understood 

but it undoubtedly involves an interaction of ion uptake, cell 

water relations, and cell WSLII metabolism. 

lon relations in Atriplex canescens specificsLlly are still not 

entirely understood. WsLlIace et al. (1973) found evidence that A. 

canescens excluded more salt than other species of Atriplex grown 

under slmilax conditions. Furthermore, there was not much difference 

in concentration between roots and shoot. A later study by WsLlIace 

and Kleinkopf (197^) showed that salts did accumulate in the shoots 
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of A. canescens. Ruess and Wali (I98O) suggested that A. canescens 

excludes salt at the level of the rhizosphere. Work by Richaxdson 

and McKelI (I98O) showed that as the salinity of the medium increased, 

salt uptake and succulence increased. 

Salinity and Growth 

It hsLs often been observed that halophytes such as Atriplex spp. 

may show stimulation of growth at external NSLCI levels which SLre 

inhibitory to non-halophytes (Eaton, 1927; Ashby and Beatle, 1957; 

Blumenthal-Goldschmidt and Poljakoff-Mayber, I968; Greenway and 

Osmond, 1970; Wallace et al., I973; Dooley, 1975; Kleinkopf et al., 

1975; Tiku, 1976). Most of these studies have shown that growth rate 

and dry matter production increases with salinity up to about 100 to 

200 mM NSLCI. Above this level however, growth tends to decrease. 

The salinity levels for mstximum growth SLnd the upper limits for 

survival axe quite vaxiable, even for a given species. Gale et al. 

(1970) found that when Atriplex halimus was grown in 125 ^ NaCI, 

stimulation occurred only when humidity was low. Greenway (I968) 

suggested that the stimulation of halophytes by ssLlinity is a result 

of rapid ion uptake. That is, at high NaCI concentrations the rate 

of solute accumulation may be more rapid than required for osmotic 

adjustment. The turgor pressure and thus cell e:q)ansion would be 

greater than at low salinity levels. Increased cell expansion would 

increase leaf axea stnd presumably further increase growth due to a 

laxger photosynthetic SLxea. Gale and Poljakoff-Mayber (1970) 



reported such an increase in total lesLf area with salinity with 

Atriplex halimus. Photosynthetic rates on a lesLf axea basis, 

however, declined with salinity. 

Salinity and Photosynthesis 

In salt-sensitive plajits, photosynthesis is usually reduced by 

the presence of salts (Nieman, 1962; Osmond et SLL., I98O). It is 

genersLlly thought that photosynthesis in halophytes is much less 

sensitive to salinity (Gale et SLL., 1970)« Most studies indicate 

that a distinction should be made between the effects of NaCI on 

stomatal and nonstomatal or mesophyll components of photosynthesis. 

For example, GsLle et al. (I967) examined the components of photo-

synthesis of species of Allium, Phaseolus, and Gossypium as effected 

by ssLlinity. Allium was unable to adjust osmotically so that turgor 

was lost, stomatSLl resistance increased, and photosynthesis was 

reduced. In Phaseolus, and initial increase in stomatal resistance 

reduced photosynthesis but stfter severSLl days, mesophyll resistance 

SLISO increased, further reducing photosynthesis. Gossypium showed 

little increases in stomatal resistajice but a significant increase 

in mesophyll resistajice caused a reduction in photosynthesis. 

Longstreath and Nobel (1979) have further paxtitioned the 

mesophyll component of photosynthesis into the effects of intemal 

leaf anatomy and inherent COp diffusion resistance of the mesophyll 

cells. An increase in mesophyll axea per unit leaf area should 

decrease mesophyll resistance. It was found that mesophyll axea per 

unit lesLf area increased significajitly with salinity for Gossypium 
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but mesophyll resistance still increased indicating a biochemical 

effect of salinity. Atriplex patula however showed only slight 

changes in mesophyll surfstce area per unit leaf area ajid totSLl 

mesophyll resistajice. This suggests that the biochemical component 

was affected by salinity but not to the same degree as it was in 

Gossypium. Gale SLnd PoIjsLkoff-Mayber (1970) found that photosynthesis 

in Atriplex halimus was only slightly reduced by salt concentrations 

up to 440 mM. Stomatal resistance increased with salinity and 

presumably caused most of the reduction in photosynthesis. Mesophyll 

resistajice, however, was reduced below control plants by low levels 

of salinity. Higher levels of salinity did increase in mesophyll 

resistance above controls. They attribute the increase in mesophyll 

resistajice at high salt levels to changes in chloroplast structure 

as found eaxlier by Blumenthal-Goldschmidt and Poljakoff-Mayber 

(1968). Thus, a noticeable reduction in photosynthesis occurred 

only when both stomatal and mesophyll resistances increased. 

The above studies and others suggest that hsLlophytes increase 

their water use efficiency in response to salinity. This could 

occur if stomatal resistance is increased and transpiration is 

reduced whereas mesophyll resistance to COp remained constant or 

decreased with salinity. This is evident from the data of Gale ajid 

Poljakoff-Mayber (1970), Kaplan and Gale (1972), and DeJong (1978). 

DeJong (1978) argued that C^ halophytes may have aji sidvajitsige in 

saline environments because of their high carboxylation efficiences 

which enables them to msLintsLÍn high rates of photosynthesis when 
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leaf conductance is reduced. Caldwell (1974) reports that several 

experiments conducted on ssLline sites in the field have shown C^ 

species, including Atriplex csLnescens, to be more water use efficient 

than C^ specles. 

Salinity SLnd Enzymes 

Even though halophytes can tolerate levels of ssLlinity that are 

toxic to nonhalophytes, most evidence shows that, Iji vitro, metabolic 

processes axe just as sensitive to salinity as those of nonhalophytes. 

This suggests that the salt concentration in the cytoplasm of leaf 

cells of halophytes remains low (Greenway SLnd Osmond, 1972; Flowers 

et al., 1976; Osmond et al., I98O). Some reviews, particulaxly 

those by Waisel (1972) ans Levitt (I98O), imply that the enzymes of 

halophytes are tolerajit to high NSLCI concentrations. This idea 

however, seems to rely heavily on evidence obtained from halophytic 

bacteria ajid SLlgae. 

Several studies have shown that enzymes extracted from halophytes 

and nonhalophytes respond similaxly to ÍJi vitro salt additions 

(Greenway and Osmond, 1972; Flowers, 1972 a,b). Flowers (1972 b) 

exajnined the In vitro effect of NSLCI on the stctivity of four enzymes 

from the hsLlophytes Beta vulgaxis, Ha1 m1 one portulacoides, SsLlicornia 

rajnasissima, SLnd Suaeda maritima and found that the activities of 

msLlic dehydxogenase, glucose-6-phosphataLse, SLnd peroxidase were 

reduced in SLLI four species. The aLctivity of ATPase was reduced by 

NSLCI in Halimione and Suaeda, but was stimulated in Beta SLnd 

SsLlicornia. With the exception of the ATPase, these responses are 
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similax to those of Pisum sativum, a very ssLlt sensitive species. 

Osmond and Greenway (1972) found that PEP carboxylase isolated from 

C^ hsLlophyte, Atriplex spongiosa, was more sensitive to NSLCI than 

that from the C^ nonhalophyte, Phaseolus vulgaxis. 

It has also been demonstrated that for both halophytes and 

nonhalophytes, enzyme SLctivity varies little when plants were grown 

with NaCI (Weimberg, I967, 1970; Greenway and Osmond, 1972; Flowers, 

1972 a,b). Weimberg (1970) examined the activity of 18 different 

enzymes in Pisum seedlings grown with and without vaxious salts added 

to the medium. For all the enzymes tested, including PEP carboxylase, 

there was no difference in activity between control and salt treated 

plants. A study by Greenway ajid Osmond (1972) showed that growth 

with salt did not affect the activity of seversLl enzymes of the 

halophytes Atriplex spongiosa and Salicomia australis or the 

glycophyte Phaseolus vulgaris. SimllsLr results were obtained by 

Osmond ajid Greenway (1972) for RiíBP carboxylase SLnd PEP carboxylase 

using the same species. 

Some results indicate that enzymes from ssilinized plajits axe 

Just as sensitive to in vitxo salt additions as those from nonsalinized 

plants. Flowers et al, (1978) investigated the activity of PEP 

caxboxylase ajid msilic enzyme from the halophyte Suaeda maxitima. 

There waLS no signif icant diff erence in response to iji vitro NSLCI 

between salinized SLnd nonsalinized individuals. Dooley (1975) 

found that catalsLse activity from Atriplex halimus and A. hortensis 

was inhibited by in vitro saLlt additions, regardless of the salt 
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treatment during growth. 

In contrast, some reseaxch indicates positive effects of salt on 

enzyme SLctivity. When the C^ halophyte, CsLkiIe msLritima was grown 

with 100 mM NaCI in the medium, Beer et al. (1975) found that PEP 

caxboxylase stctivity was 30^ higher than when plants were salt-

depleted. They aLlso noted that for both salinized and salt-depleted 

plants, PEP carboxylase was stimulated by 3ji vitro NSLCI concentrations 

up to 200 mM. In a similar study, Shomer-IIan and Waisel (1973) 

showed that ssLlinization of saJLt-depleted Aeuropus litorsLlis 

increased PEP carboxylase activity significantly. They SLLSO 

suggested that this plant was switching from C^ to Ĉ ^ caxbon fixation. 

A subsequent examination of this phenomenon by Downton and Torokfalvy 

(1975) fsLiIed to substantiate the switch frora C^ to C. metabolism. 

In fact, Aeluropus was found to function only as a Ĉ , plant. 

Porath and Poljakoff-Mayber (1964, I968) found that ssatnity 

increased gIucose-6-phosphate dehydrogenase ajid glucose phosphate 

isomerase activities in Pisum. This appaxently led to an increase 

in respiration by the pentose phosphate pathway. 

A remaxkable, though probably exceptionsLl case of salinity 

enhancing enzyme activity is found in Mesembryanthemum crystsLlIinum. 

It is well documented that this species can be converted from C^ 

metabolism to crassulacean acid metabolism (CAM) with salt treatment 

(Winter and von Willert, 1972; Winter, 1973 a,b; Treichel et al., 1974; 

Winter, 1974 a,b,c; Winter smd Luttge, 1976; Bloom, 1979). 

Treichel et al. (197^) demonstrated that there was a concurrent 
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increase in PEP carboxylase with the shift to CAM. Osmond et al. 

(1980) axgued that this was probably a response to water stress 

rather than NaCl uptake. 

A very comprehensive study by Flowers et al. (1976) separated 

malic dehydrogenase activity in the halophyte Suaeda maritima aLnd the 

nonhalophyte Pisum sativum into two fractions. In both species, one 

of the fractions was stimulated by NSLCI in growth medium. Furthermore, 

fractions from salt grown plants were stimulated more by In vitro 

NaCI SLdditions than those from nonssLlinized plants. 

Most of the above studies suggest that the distinction between 

halophytes and nonhalophytes is the result of differences in the 

ability to regulate salt distribution in the shoot. In other words, 

halophytes are more effective at controlling the ionic environment 

of the cytoplasm so that the enzymes axe not exposed to high salt 

concentxations (Greenway and Osmond, 1972; Osmond et al., I98O). 

Compartmentalization of salts within the cell presupposes the 

existence of a mechanism for osmotic adjustment to maintain favorable 

water relations within the cell. Storey and Wyn Jones (I975i i977» 

1979) have shown that as NaCI concentration of the leaf sap 

increases, proline and quaxternaxy ajnmonium compounds, such as 

choline and glycinebetsLine, axe produced. Presumably, these 

compounds function as nontoxic osmotica in osmotic adjustment. In 

support of this hypothesis, Flowers et al. (1978) showed that both 

maLlic enzyme and PEIP carboxylase were not significantly inhibited 

by in vitro sidditions of proline and betaine. 
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Physiology and Polyploidy 

There have been few physiological or ecological studies compaxing 

diploid and polyploid plants. Fabexge (I963) found that diploid and 

tetraploid tomato (Lycopersicon esculentum) plants did not differ 

significantly in growth rates or water content. Chen and Tong (1945) 

showed that autotetraploid derivatives had lower transpiration rates 

than did the diploid plants. Stebbins (1950) observed that a common 

effect of increased ploidy level is an increase in cell succulence. 

Tal aLnd Gardi (1976) found that autotetraploid tomato plants 

had a higher relative water content and succulence and less negative 

xylem pressure thsLn diploids. It was suggested these differences 

could be the result of lower transpiration and higher root pressure 

in the polyploids. Under ssLlinity, dry weight and water content 

decreased while succulence increased for both plant types, with the 

decreases being smaller and the increases greater for polyploids. 

It was suggested that the better growth performance of polyploids 

under saline conditions is due to their better water status. In a 

similar study, TSLI (1977) found that when expressed on a fresh weight 

basis, polyploids had lower RNA and protein contents than diploids 

while DNA levels were similar in both plant types. Under salinity, 

diploid smd polyploid plants were affected similarly with respect to 

DNA, abscisic acid, protein, and lîNAaLse activity, although the 

absolute levels for eSLCh were different. The results of this study 

were contraxy to the eaxlier idea that polyploid plants axe less 

affected metaboIicaLlly by saLlinity than aure diploids. 
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Albuzio et al. (1978) found that compaxed to diploids, 

autotetraploid tomato plants exhibited higher protein but has a 

reduced dry matter content and protein synthesis rate. Activities 

of malate dehydrogenase, nitrate reductase, acid invertase, and 

acid phosphatase were enhanced in polyploids while peroxidase was 

reduced and esterase not affected. Isoelectric focusing, however, 

revesLled no differences in these enzymes. RuBP carboxylase and PEP 

caxboxylase activities wexe also reduced in the polyploids which 

resulted in lower assimilation of COp. 

Tal (1980) discusses the problem of reconciling the results that 

show that autotetraploids axe adaptively infexior with the fact that 

polyploids have been successful evolutionaxily. As he points out, 

most studies on polyploidy use newly derived autotetraploids. It is 

thought that such plants should be more SLdaptable due to the 

multiplication of the genome. Albuzio et SLI. (1978) found no 

consistant relationship between the changes in the activities of 

certain enzymes and the change of gene dosage. In other words, an 

unbalanced gene expression in the autotetraploids led to disruption 

in control of metabolism compaxed to the diploid progenitors. 

A recent series of studies on natural polyploids of tall fescue 

(Festuca axundinacea) has shown that increased ploidy levels are 

usually physiologically superior. Randall et al. (1977) found that 

decaploid genotypes of tall fescue haid net photosynthetic rates 

49 to 90^ higher than any of the 10 hexaploid genotypes studied. 

Compared to the hexaploids, the decaploid genotypes SLLSO had I.3 to 
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2.0 fold higher RuBP caxboxylase activity and lower activities of 

photorespiratory and nitrate reduction enzymes. 

More recently, Byme et al. (I98I) examined the leaf anatomy 

and gas exchange of tetraploid, hexaploid, octaploid, and decaploid 

plants of tall fescue. 00^ exchange rate increased with ploidy 

while diffusive resistance decreased. Several of the SLnatomical 

features did not change consistently with ploidy level. For mesophyll 

cell length, width, and volume and bundle cap tissue, the decaploids 

were intermediate to the lower ploidy levels. Joseph et al. (I98I), 

working with the same material, found that in addition to the increase 

in photosynthesis with ploidy, chlorophyll content and RuBP 

caxboxylase concentration increased. There was no significant 

change in total protein nor the specific activity of RuBP caxboxylase. 

These studies suggest that with increased ploidy level, a higher 

percentage of the total protein is RiiBP carboxylase and results in 

higher rates of 00^ uptake. 



CHAPTER III 

MBTHODS AND MATERIALS 

The seed stock for this study was obtained from plants neax 

Las Cmces, New Mexico in November of I98O. For each ploidy level, 

one population was selected as a seed source. Seeds from vaxious 

plants in a given population were pooled. Eaxlier cytological 

studies by Dunford (1979) have confirmed the ploidy level of these 

populations. 

Before planting, seeds were dewinged and washed for five hours 

to remove saponin (Twitchell, 1955; Nord SLnd Van Atta, I96O; Scioli, 

I98I). The seeds of each ploidy level were then sown in flats with 

a 2:1 mixture of sand and peat. Foux weeks after sowing on April 4, 

I98I, typical seedlings were transferred to liquid culture in the 

greenhouse. InitiSLlIy seedlings were transplanted into full strength 

HosLgland's solution (Hoagland and Arnon, 1950) in one liter foil 

wrapped bottles. After seven days, NaCI treatments were begun on 

esqperimentaLl groups with ssLlinization increased by 50 mM every two 

days until the appropriate levels were reached. The final treatments 

consisted of a control group with HosLgland's solution only and groups 

of Hoagland's solution plus 50, 100, 200, or 400 mM NaCI. Bottles 

were raLndomly SLrrstnged on the greenhouse benches. 

The solution levels were checked every three or four days SLnd 

distilled water was aLdded as needed to restore the original volume. 

18 
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Throughout the experiment, solutions were chajiged every 8-10 days. 

Water use was recorded whenever distilled water was added or solutions 

were changed. 

During this period, the averaLge daily maximum and minimum for 

relative humidity in the greenhouse was 97^ and 50^, respectively. 

AveraLge daily temperature extremes were 28 C and 18 C. 

Whole plant photosynthetic rates were determined by COp 

depletion using a flow through system similar to that described by 

Perry (1981). Individual plants were placed in a cylindrical, 

water jacketed plexiglass chamber through which air was pulled with 

a vacuum pump. Air flow was controlled with an inline flow meter so 

that COp depletion did not exceed lO^ of the ambient concentration. 

The temperature was maintained at 28-30 C by circulating water from 

a refrigerated water bath through the chamber jacket. For each 

plant, three replicate samples of 10 cc of air were taken with 

syringes at both intsLke and exhaust ports for 00^ determinations. 

These samples were then injected into a Beckman 865 differential 

infared gas analyzer coupled with a Hewlett-Packard integrator. This 

technique is similar to that described by Clegg et al. (I978). Four 

plants of each treatment group were used for this determination. 

Five plants from each treatment group, including all of those 

used in photosynthetic determinations, were then used for biomass 

measurements. Fresh weights for roots, stems, and leaves were 

determined aLnd leaf aurea was measured using a Licor LI-3IOO leaf 

area meter. A portion of lesLf tissue (0.25 g) was taken for 
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chlorophyll analysis (Amon, 1949), Plant parts were then dried for 

five days at 50°C for dry weight determinations. 

In Januaxy 1982, a gxoup of plants were started as described 

above to be used for PEIP caxboxylase assays. However, only control, 

100, and 200 mM NaCl treatment groups were established. Two months 

after salinization was complete, enzyme assays were run using a 

technique similar to those of Osmond et al. (I969), Ting and Osmond 

(1973)» and Hatch and Oliver (I978). A coupled spectrophotometric 

assay was used to determine PEP carboxylase activity. This assay 

involves the addition of msLlate dehydrogenase and NADH to the assay 

medium to convert the product of the PEP carboxylase reaction, 

oxaloacetate to malate (Figure 1). As malate dehydrogenase reduces 

oxsLloacetate to malate, NADH is oxldized to NAD. Since NADH absorbs 

at 3 ^ i^ and NAD does not, this reaction can easily be observed 

spectrophotometrically. The absorption at 3 ^ i^ declines as the 

reaction proceeds. The validity of this method relies on the 

rapidity of conversion of oxsLloacetate to malate by malate dehydro-

genase compaxed to the PEP carboxylase reaction. A Beckman DB-24 

spectrophotometer with a chart recorder was used for the assay. 

For this assay, approximately 1 g samples of fresh leaf material 

were ground with sand in a chilled mortsLr SLnd pestle. Also SLdded 

were 0.5 g PoIyclsLT-AT, 6O.O mg bovine serum albumin, and 5̂ 0 ml 

chilled extraction buffer. The SLddition of bovine serum albumin was 

necessaxy for consistent results. Hatch and Oliver (1978) found that 

bovine serum SLlbumin helped to decrease the rate of deactivation of 
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PEP CARBOXYLASE 

SPECTROPHOTOMETRIC ASSAY 

PEP Malate 
carboxylase dehydrogenase 

PEP • O x a l o a c e t a t e — ^ *^ ^ Malate 

Absorbs at -. NADH ....,>+ 
340nm ^ ^AD 

Figure 1. Diagram of coupled spectrophotometr ic assay 
used fo r de terminat ion of PEIP csLrboxylase 
a c t i v i t y . 
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PEP caxboxylase in extracts of Zea mays. Bovine serum albumin 

somehow stablizies and protects some enzymes in vitro. The extraction 

buffer was adjusted to pH ^,5 and included Tris-HCl (50 mM), 

dithiothreitol (2 mM), and MgCI^ (10 mM). The homogenate was filtered 

through two layers of cheese-cloth and the volume of liquid 

obtained was recorded. 

The filtrate was centrifuged at 40,000 g for 10 minutes in a 

Beckman J-21 high speed refrigerated centrifuge maintained at 4 C. 

The supematant was kept cold until used in the assay. 

The assays were carried out in a total volume of 2.5 ml in 

cuvettes. The finsLl mixture included Bicine buffer (50 mM), MgCI^ 

(5 mM), dithiothreitol (5 mM), KHCO^ (10 mM), NADH (83 pm), and 

10 units of malate dehydrogenase at a pH of 7»5. This mixture also 

included either 50 or 100 }il of the extract and was staxted by 

the addition of a specified amount of PEP. Results of these 

determinations were used to constmct double reciprocsLl plots of 

rate of catalysis versus PEP concentration. Values of maximal 

velocity, VmsLX, were extraplotated from these plots. 

For chlorophyll determinations, 0.25 g of leaf materisLl was 

ground In 85^ acetone and measured as described by Amon (19̂ 9)« 

Data were anaLlyzed using the analysis of variSLnce and general 

lineax models procedures of the Statistical Analysis System fiom 

which means and Duncan's multiple range test were obtained. Additional 

calculations were made according to Ott (1977) and Younger (1979). 



CHAPTER IV 

RESULTS AND DISCUSSION 

Growth and SsLlinity 

After haxvesting, plants were immediately divided into roots, 

stems, and leaves and weighed for fresh weight determination. 

Analysis of variance showed that there was a significant difference 

in fresh weight between ploidy levels whether expressed on a whole 

plant, shoot, or leaf basis (Figure 2). Thls was due primarily 

to hexaploid plants which had significantly higher total fresh 

weights than diploids or tetraploids at all but the highest salt 

level. This difference was most evldent in the 50 mM treatment 

group of hexaploids where the mean fresh weight was about 116^ 

hlgher than those of diplolds and tetraploids. 

These results differ from those of Scioli (1981) who found that 

tetraploids and hexaploids were not distinguishable for most 

chaxactexistlcs. Furthermore, all ploidy levels responded similarly 

to ssLlinity treatment. In the present study, tetraploids and 

hexaploids were quite different and in fact tetraploids were more 

similar to diploids in terms of fresh weight and for most other 

chaxacteristics. It should be noted that Scioli (1981) used several 

populations as seed sources for his study SLna. fewer salt treatment 

levels. His saLlt treatment regime was aLlso somewhat different. 

The effect of saainity on fresh weight was slight for the 

23 
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Hexaploid 
Tetraploid 
Diploíd 

0 50 100 200 400 

NaCI concentration (mM) 

Figure 2. Total fresh welght in grams of three ploidy 
levels of Atriplex canescens versus substrate 
millimolar NaCI concentration. 
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tetraploids up to and including 200 mM NaCI. Diploids were somewhat 

more sensitive to saLlinity as indicated by the significant reduction 

in plant fresh weight at the 100 mM NaCI treatment. For both the 

effect of ssLlinity on plant fresh weight was genersLlIy negative. The 

hexaploids however showed an enhancement of growth at the 50 mM NaCI 

level. Higher levels of saLlinity caused a decline in fresh weight 

but only the 400 mM NaCI treated group had. lower weights than the 

control plants. 

In most studies of polyploids, different ploidy levels have 

been shown to respond similarly to saLlinity treatment. Many of these 

studies were compaxisons of diploid tomato plants and axtificially 

derived autotetraploids (Faberge, 1936; Tal and Gardi, 1976; Tal, 

1977)» In this study, analysis of variance showed that there was a 

significant interaction between salt concentration and ploidy level. 

Increases in fresh weight in response to salinity have long 

been known to occur in halophytes (Greenway, I968; Gale aLnd PoljSLkoff-

Mayber, 1970; Poljakoff-Mayber, 1975; Flowers et al., 1977). Thls 

increase was primaxily the result of increased succulence or water 

content of the tissues (Longstreath and Nobel, 1979). Development 

of succulence in response to ssLlinity may provide a means to regulate 

apoplastic salt concentrations and therefore maintain cell turgor 

(Osmond et aQ., I98O) In this study it was found that although 

fresh weight was negatively affected by ssatnity, succulence, 

expressed SLS the percent moisture of plant fresh weight, increased 

with ssLlinity in SLLI three ploidy levels of Atriplex cstnescens 
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(Figure 3). Although analysis of varisLnce indicated that there was 

a significant ploidy effect and ssat by ploidy interaction, the 

genersLl pattem and degree of succulence was quite similar for all 

ploidy levels. Over half of this increase occurred between the 

controls and the 100 mM NaCI groups. This trend was CLLSO tme when 

expressed on a leaf material basis. Scioli (1981) reported a 

similar result with A. canescens but found that tetraploid and 

hexaploid cytotypes were not significantly different. Dooley (1975) 

however, reported that neither A. hortensis nor A. halimus showed 

an increase in succulence with salinity. 

Several studies have indicated that an increase in fresh weight 

with salinity in haLlophytes is not entirely due to increased 

succulence but also increased dry matter accumulation (Ashby and 

Beadle, 1957; Greenway, I968; Gale et al., 1970; Flowers et al., 

1977). In this study, dry weight generally decreased with increased 

salinity for all ploidy levels (Figure 4). Again, the hexaploids 

in the 50 mM NaCI treatment group were exceptional as indicated by 

the significant higher dry weight accumulation at this level. Dry 

weights of diploids and tetraploids were not significantly different 

at most salt levels. Scioli (I98I) found that dry weight of 

Atriplex caLnescens showed a lineax xeduction with salt treatment for 

aLll ploidy levels, however no 50 mM NaCI treatment was included. 

WaLllace et al. (1973) found that dry weights of A. canescens were 

higher when pIsLnts were grown wlth 5 ^ NapSO^. Working with 

A. halimus and A. hortensis, Dooley (1975) reported a slight 
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Hexaploid 
Tetraploid 
Diploid 
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NaCI concentration (mM) 

Figure 4. Total dry welght in grams of three ploidy levels 
of Atriplex canescens versus substrate millimolax 
NaCI concentration. 
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increase in dry matter accumulation up to 100 mM NaCI with a decline 

at higher concentrations. Chatterton (1970) noted with another species 

of Atrlplex. A. polycaxpa. that some biotypes exhibited optimal 

growth at 223 niM NaCI, whereas others were negatively affected by 

any level of salinity. 

Presumably the stimulation of dry matter production is the 

result of increased ion content SLnd subsequent increase in turgor 

(Greenway, I968; Hsiao, 1973; Flowers et al., 1977; Osmond et al., 

1980). Greenway (I968) reported that Atriplex nummulaxia gxown at 

100-200 mM NaCl produced more dry matter than plants at 1-10 mM NaCI. 

TotsLl leaf axea was also greater in the plants grown at higher salt 

concentrations. It was suggested that for salt accumulating 

halophytes, ion uptake by plants in high salt solutions would be 

more rapid thaLn by plants in low salt solutions. At high salt 

concentrations these plants would presumably accumulate ions to 

high levels. This would lead to increased turgor and cell expansion 

and therefore to increased lesLf surea SLnd more potentisLl for growth. 

Greenway (I968) suggested that this idea was further supported by 

the fact that net assimilation rates per unit leaf area declined 

with salinity even though dry matter accumulation increased up to 

100 mM NaCl. This presumably would not be tme for salt excluding 

halophytes. Ruess and Wali (I98O) suggested that Atriplex caLnescens 

may exclude some salts at the rhizosphere, If this is the case, 

perhaps it explains why there was no increased dry matter production 

in saLlinized plsmts compaxed to controls in the diploids and 
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tetraploids at least. A recent study by Richardson (1982) showed 

that there are some biotypes of A. canescens that axe sodium 

accumulating, whereas some are sodium excluding. It WSLS suggested 

that such a trsLit could have arisen from interspecific crosses with 

other Atriplex species. however there was no mention of ploidy levels. 

It would be interesting to see if these biotypes correspond to 

different ploidy levels. 

The effect of ssLlinity on total leaf axea was similax to that on 

plant fresh weight (Figure 5)• Hexaploids had significantly higher 

leaf axeas at SLLI salinity levels with a maximum in the 50 mM NaCI 

gxoup. Diploids and tetraploids had lower leaf axeas that were 

quite similax across salinity treatments. The diploids did have an 

increased leaf axea at 50 mM NaCI over the controls, whereas the 

tetraploids exhibited a decline at the same levels. The 400 mM NaCI 

treatment resulted in a large reduction in leaf area for all ploidy 

levels. 

Gale et SLI. (1970) demonstrated that humidity may interact with 

salinity treatment. They found that salt concentrations of about 

100 mM increased dxy weight accumulation by Atriplex halimus about 

four times over controls when relative humidity was maintsLÍned at 

27%, Plants grown at 65^ relative humidity responded negatively to 

ssLlinity so that control plants were the most productive. In its 

native habitat, A. csLnescens is often subjected to prolonged periods 

of low humidity SLnd low soil moisture content. In this study, plants 

were raxely subjected to relative humidities below 50$̂ . Perhaps 
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salinity treatments imposed on A. canescens under lower humidities 

would yield different results than those presented here. 

The percentage of plant dxy weight paxtitioned to the leaves 

increased as a result of salinity treatment, whereas the percentage 

to stem decreased. Thus the ratio of leaf to stem dry weight 

increased with salinity (Figure 6). Although the three cytotypes 

had similax ratios in the control and 50 mM NaCI groups, plants of 

different ploidy level were visually distingulshable. Diploids 

tended to have a few long maln stems with very little branching, 

whereas hexaploids were more bushy with many shorter stems and 

considerable branching. Tetraploids were somewhat intermediate 

but tended to look more like the hexaploids in terms of shmbbiness. 

Furthermore, all three cytotypes were noticeably shorter at the 

higher salinity levels. Similax results were reported by Gale et al. 

(1970) with Atriplex halimus. They found that there was a decrease 

in the mean height across a similar range of salt concentrations so 

that the leaf to stem dry weight ratio increased. Scioli (I98I) 

SLLSO noted a similax increase in the percent of leaf dry matter. 

The ratio of shoot to root dry weight did not differ between 

ploidy levels and was only slightly SLffected by saLlinity treatment, 

Scioli (I98I) aLlso found that ploidy levels SLnd ssLlinity treatment 

haLd little effect on shoot to root ratios of Atriplex csLnescens. 

Chatterton (I970), however, reported a decrease in shoot to root 

ratio with increased salinity in A. polycarpa. Tal and Gardi (1976) 

observed that the shoot to root ratio of tomato plants decreased 
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about 45^ for diploids and 51^ for tetraploids grown with salt present. 

Photosynthesis and Salinlty 

Salt treatment caused a significant decrease in net photosynthesis 

f or all ploidy levels (Figure 7). The analysis of vaxiance showed 

that there was no significant difference between ploidy levels in 

photosynthetic rates. There was no difference in the way different 

ploidy levels responded to salinity. 

This type of response to salinity is not unusual for halophytes, 

although the percent reduction in photosynthesis between the controls 

and the highest salt treatment of 400 mM NaCI is higher than usually 

reported. This reduction ranged between 6^ and 74^ depending on 

ploidy level. A 3^^ decline in photosynthesis in the C^ halophyte 

Atriplex halimus was noted over a similax ssLlinity range by Gale and 

Poljakoff-Mayber (1970). Similaxly, DeJong (1977) found a 32^ 

decrease in 00« uptake in A, leucophylla, a C^ halophyte of coastal 

sand dunes, 

It is not possible to determine how much of the reduction was 

stomataLl versus nonstomatal since conductance measurements were not 

taken. It is generally thought that for halophytes, both stomataa and 

nonstomatal components axe relatively insensitive to ssatnity 

(Gale and Poljakoff-Mayber, 1970; DeJong, 1978; Longstreth and Nobel, 

1979; Osmond et al., I98O). This Is presumably a reflection of the 

ability of these plants to osmotically adjust to ssatne conditions 

ajid to adequately compaxtmentalize the ssat within the plant or cell. 
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It appeaxs however that stomatal conductance in Atriplex canescens 

was somewhat more sensitive to salinity than normally found in 

halophytes. Whereas total leaf area was relatively insensitive to 

salinity up to 200 mM NSLCI, water use per plant decreased dramatically 

over the same range suggesting that stomatal conductance was reduced 

at even the lowest salinity treatment (Figure 8). Longstreth and 

Nobel (1979) xeported that both stomatsa and mesophyll conductance 

were responsible for reducing photosynthesis in Atriplex patula. 

However they also showed that the mesophyll conductance of A. patula 

was much less sensitive to salinity than the nonhalophytes examined. 

The transpiration ratio (g water used/g dry weight produced) 

was affected by ssatnity, although the ploidy levels were not 

significantly different and responded similaxly to ssatnity (Figuxe 9)• 

Salinity caused a reduction in this ratio indicating an increased 

water use efficiency. The transpiration ratio increased in the 400 mM 

NaCI treatment above the 200 mM NaCI treatment group primarily 

because there were larger decreases in plant dry weight thaLn in 

water use across this range. Scioli (1981) also noted a similax 

response of water use efficiency in Atriplex canescens to salinity. 

Most studies of water use efficiency refer to short term determinations 

of photosynthesis/conductance (or traLnspiration) ratios. Osmond 

et aa, (1980) reported that these short term studies have shown that 

thls ratio also increases with salinity treatment of haaophytes. 

Chlorophyll anaaysis suggested that one aspect of the nonstomatal 

component that might be affected is the light haLrvestlng system. 
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Total chlorophyll level expressed on a fresh weight or a leaf area 

basis was significantly reduced by salinity treatment (Figure lO). 

Ploidy levels did not differ in chlorophyll content and furthermore 

the change in chlorophyll content was similar for all ploidy levels. 

The ratio of chlorophyll a to chlorophyll b was not affected by 

salinity which is contraxy to the results of Scioli (I98I) where 

the ratio increased for diploids at higher salinity. Perhaps 

reduction in chlorophyll concentration reflects the integrity of the 

chloroplasts in general. For example, Blumenthal-Goldschmidt and 

Poljakoff-Mayber (I968) reported that chloroplasts of Atriplex 

halimus were extensively daLmaged in plants grown at salt concentrations 

above 100 mM. 

PEP Carboxylase and Salinity 

Assays of PEP caxboxylase activity were run on a different 

group of plants from those used for measurements of yield components 

and photosynthesis. Plants were maintained in a manner simiISLr to 

those used in the previous experiment though only the control and 100 

SLnd 200 mM NaCI treatment groups were used. Assays were run eight 

weeks after the treatment groups were established. 

A series of assays were m n at various PEP concentrations so 

that substrate versus rate curves could be developed. These values 

were used to produce double reciprocaa plots of PEP concentration 

versus enzyme velocity from which maximal velocities were determined. 

The pH dependence of Atriplex canescens PEP carboxylase activity 

showed a rather broad pattem with optimsa rates of catalysis obtained 
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Figure 10. Chlorophyll content in milligrams chlorophyll 
per gram fresh weight of leaf material of 
three ploidy levels of Atriplex canescens 
versus substrate millimolar NaCI concentration. 
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between 7.0 and 7.5. Activity was still quite high from 6.0 to 8.0. 

Neither the pH optimum nor the pattern of pH response were affected 

by ploidy level or salt treatment. A wide range of optimum pH 

values have been reported for this enzyme and very broad pH optima 

have been noted. The optimum pH is usually reported to be about 8.0 

but O'Leary et al. (I98I) for example found that maize PEP carboxylase 

was quite independent of pH from 7.0 to 10.0. Phosphoenol pymvate 

carboxylase activity was affected by both ploidy level and salinity 

treatment. For all saatnity treatments, the hexaploid plants showed 

higher appaxent maximaa velocities than tetraploids or diploids. 

For example, hexaploid plants had the highest activities of PEP 

carboxylase at 27.0 ̂ oles per minute per gram fresh weight (Table 1). 

Activity in tetraploids was about 51^ lower at I3.I ̂ oles per 

minute per gram fresh weight and about 71^ lower in diploids at 7*8 

}imoIes per minute per gram fresh weight. 

There have been few studies concemed with the effects of 

ploidy level on enzyme SLctivity but one recent paper reported results 

similax to the pxesent study. Joseph et al. (I98I) examined ribulose-

1,5-bisphosphate caxboxylase (RUBP carboxylase) in tetraploid, 

hexaploid, octaploid, and decaploid forms of tall fescue, Festuca 

axundinacea. The activity of RuBP caxboxylase was found to increase 

with ploidy level due to an increase in concentration of the enzyme. 

The specific activity of RuBP carboxylase did not change significantly 

with ploidy indicating that only the proportion of soluble protein 

as caLTboxylase changed rather than the catalytic properties of 
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Table 1. Values of Vmax of PEP carboxylase determined in fresh 
homogenates by extrapolation of double reciprocal 
plots with variable PEP concentration and saturating 
Mg and NaHGO^. Values are in pmoles PEP consumed 
per minute per gram fresh weight. 

NaCI (mM) 

0 

100 

200 

Diploid 

7.8 

8.3 

5.9 

Tetraploid 

13.1 

11.4 

5.3 

Hexaploids 

27.0 

26.0 

12.2 
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the enzyme. 

There is only one previous study reporting PEP carboxylase 

actlvlty in Atriplex canescnes (Wallace et al., 1971). Fourteen 

specles of G^ and C. plants native to the Mojave and Great Basin 

Deserts were compaxed and only one species surprassed A. canescens 

in PEP carboxylase activity. Most of the activities reported for 

C^ plants, however, were approximately 10-20 times lower than 

usually found in the literature, probably due to less than optimum 

conditions for maximal aLctivity. Vaaues for maLximal velocities of 

PEP caLrboxylase in the present study aæe more similax to those 

reported by Ting and Osmond (1973) and Hatch and Oliver (1978) 

for several C ̂  plants including species of Atriplex. For example, 

Ting and Osmond (1973) found that the VmsLx for PEP carboxylase from 

C^ species, A. spongiosa was 16.1 ̂ oles per minute per gram fresh 

weight, whereas A. nummalaria exhibited a somewhat lower value of 

of 9.7 ^oles per minute per gram fresh weight. They saso reported 

that the average VmsLx for PEP carboxylase from a variety of Ĉ ^ 

plants aversLged 22.5 ± 1̂ *0 >imoles per minute per gram fresh weight. 

Salinity had a detrimental effect on PEP caxboxylase activity 

at the highest level of 200 mM NaCl. For diploids, tetraploids, 

and hexaploids there were 24.1^, 59.7^f and 54.8^ decreases in 

activity respectively between controls and 200 mM treatment groups. 

The intermediate salt treatment of 100 mM NSLCI however did not 

significantly decrease PEP carboxylase activity below the controls. 

Activity was even slightly higher in the 100 mM diploids than in the 
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control diploids though this increase was not statistically 

significant. 



CHAPTER V 

SUMMARY AND CONCLUSION 

For most of the characteristics examined in this study, there 

were significant differences between ploidy levels. Scioli (1981) 

found that for many of the same charaLcteristics, hexaploids and 

tetraploids were not statistically different. While it is tme that 

the same seed source was used for both studies, the previous study 

included seed stock from several populations of each ploidy level. 

An aLdditional and probably more important consideration is the 

difference in the maantainence of the saat treatments. The study by 

Scioli (1981) included control, 100, and 200 mM NaCI treatments only. 

Culture solutions were changed only once during the 10 weeks aLfter 

the original experimental regime was established and solution 

level wsLs adjusted every seven days. In the present study, solutions 

were changed every 8 to 10 days and solution levels were adjusted 

every 3 to 4 days throughout the experiment. This would presumably 

provide more consistent nutrient and salt levels over the duration of 

the study. 

The growth response of Atriplex canescens to salinity was fairly 

typical of haaophytes. Although salinity had an oversLll negative 

effect on growth, there was very little reduction in most of these 

characteristics up to 100 mM or in some cases 200 mM NaLCI. This 

supports the idea that halophytes are relatively insensitive to 

45 
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salinity treatment. With the notable exception of hexaploids under 

50 mM treatment, no great enhancement of dry matter SLCcumiaation by 

salinization was found as has been often noted in other halophytes. 

An increase in succulence in paxallel with salt concentration, a 

response typical of halophytes, was also seen. 

The growth also indicated a increase in the ratio of leaf 

material to stem material, due primarily to greater reductions in 

stem dry weight than leaf dry weight. This same response was found 

by Gale et al. (1970) in Atriplex halimus. The shoot to root ratio 

was only slightly affected by salinity. This ratio is generally 

thought to decrease with salinity. 

Photosynthesis was negatively affected by salinity but to a 

higher degree thsLn normally seen in other halophytic Atriplex 

species. Water use data suggests that at least paxt of the reduction 

could have been due to increased stomatsa resistance in response to 

salinity. Assays of PEP caxboxylase indicated that activity was 

normsa in control and 100 mM treatment groups but reduced significantly 

in the 200 mM group. It is not possible to say what effect ssatnity 

hsLd on other enzymes involved in photosynthesis, but it coiad be 

that the first effect of salinity on photosynthesis was at the 

stomatal level, whereas the biochemical component was only affected 

at hlgher ssatnities. The reductions in chlorophyll content would 

not support this idea though. As Osmond et sa. (1980) discussed, most 

plants are known to exhlbit higher water use efficiency (photosyn-

thesis/stomatal conductsLnce) under salinity treatment by slight 
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closure of stomata. This would only represent a benefit if the 

nonstomatal component is not harmed. Halophytes can presumably 

maintain metabolic activity under these conditions by effectively 

compaxtmentalizing salts. Another factor lending support of this 

idea is that data from other studies has established that there is no 

reason to assume that PEP carboxylase is particularly insensitive 

to sallnity compaxed to other enzymes. The data presented here on 

Atriplex canescens. although far from conclusive, seem to follow this 

same pattem. 

A major question still remains about differences in productivity 

of the different cytotypes. Considering that PEP caLrboxylase 

activity or concentration increased with ploidy it might be expected 

that photosynthetic rates would also be higher. Such was not the 

case but it should be remembered that photosynthesis measurements 

were taken on a different set of plants at a different time from 

those used in the enzyme study. 

The growth of the hexaploids compaxed to the diploids and 

tetraploids as affected by ssatnity also needs further study. 

Previous studies of ploidy have found that plants of different ploidy 

level respond similarly to ssatnity treatment or other environmental 

factors (Taa, I98O). The response of the hexaploids is more typical 

of halophytes thain the diploids and tetraploids. However, above the 

50 mM NaCl treatment level, hexaploids are generally adversely 

affected by ssatnity. 

It is ImportSLnt to remember that most studies of polyploidy 
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were conducted with artificially induced polyploids and their 

diploid progenitors (Tal and Gardi, I976; Albuzio et al., 1978). 

Results from such experiments should not be extrapolated to natural 

polyploids. Often derived autopolyploids have been found to be 

adaptively inferior. Albuzio et al. (1978) found that the gene 

dosage effect in the polyploids was not consistent for several 

enzymes. It seems apparent from this study that the hexaploids 

axe superior in terms of productivity and salt tolerance. Furthermore, 

the response of the hexaploids to ssatnity was more typical of a 

halophyte than the response of the diploids or tetraploids. 

However, field studies with experimental plots SLnd natural populations 

axe needed to evaluate the relevsLncy of these results to a natural 

situation. 



LITERATURE CITED 

Albuzio, A., P. Spettoli, and G. Cacco. 1978. Changes in gene 
expression from diploid to autotetraploid status of Lycoperscon 
esculentum. Physiol. Plant. 44:77-80. 

Aldon, E.F. 1978. Endomycorrhizae enhance shmb growth and survival 
on mine spoils in New Mexico. In R.A. Wright (ed.), The 
Reclamation of Disturbed Arid Lands, pp, 174-179, AAAS, Univ. 
New Mexico Press, Albuquerque. 

Amon, D.I. 19^9. Copper enzymes in isolated chloroplasts. 
Polyphenoloxidase in Beta vulgaris. Plant Physiol. 24:1-15. 

Ashby, W.C, and N.C.W. Beadle. 1957. Studies on halophytes. 
III. Saatnity factors in the growth of Australian saltbushes. 
Ecology 38:344-352. 

Baxboux, M.G. 1970. Is any aLngiospexm an obligate halophyte? Amer. 
Midl. Nat. 84:105-120. 

Beer, S., A. Shomer-IIan, and Y. Waisel. 1975« Saat-stimulated 
phosphoenolpymvate caxboxylase in Cakile maxtima. Physiol. 
Plant. 34:293-295. 

Bemstein, L., and H.E. HaywaLrd. 1958. Physiology of salt 
tolerance. Ann. Rev. Plant Physiol. 9:25-46. 

Bjorkman, 0., E. Gauhl, and M.A. Nobs. 1970. Comparative studies 
of Atriplex species with and wlthout B-caxboxylation photosyn-
thesis. Carnegie Inst. Wash. Yeaxb, 68:620-633, 

Bjorkman, 0., M.A. Nobs, and J.A. Berry, 1971. Further studies on 
hybrids between C3 and C4 species of Atriplex, CsLmegie Inst. 
Wash, Yeaxb, 70:507-511. 

Black, R.F. 1954. The leaf anatomy of Australian members of the 
genus Atriplex, I, Atriplex vescaria Hewaxd and A, nummulaxia 
Lindl, Aust, J. Bot, 2:269-286, 

Black, R.F. I96O. Effects of NaCI on the ion uptake and growth of 
Atriplex vescaria Hewaxd. Aust. J. Biol. Sci. 13:249-266. 

Bloom, A. 1979. Salt requirement for crassulacean acid metabolism 
in the SLnnual succulent, Mesembryanthemum crystallinum. Plant 
Physiol. 63:749-753. 

49 



50 

BIumenthal-Goldschmidt, S., and J. Poljakoff-Mayber. I968. Effect 
of substrate salinity on growth and sub-microscopic stmcture 
of leaf cells of Atriplex halimus L. Aust. J. Bot. 16:469-478. 

Brownell, P.F. I965. Sodium as an essential micronutrient for a 
higher plant (Atrlplex vesicaria). Plant Physiol. 40:460-468. 

Brownell, P.F. I968. Sodium as a micronutrient element for some 
higher plants. Plant Soil 28:161-164. 

Byrne, M.C., C.J. Nelson, and D.D. Randall. I98I. Ploidy effects on 
anatomy and gas exchange of tall fescue. Plant Physiol. 
68:891-893. 

Galdwell, M.M. 1974. Physiology of desert halophytes. In R.J. 
Reinold and W.J. Queen (eds.), Ecology of Halophytes. pp. 
355-378. Academic Press, N.Y. 

Chatterton, N.J. I97O, Physiological ecology of Atriplex polycarpa: 
growth, salt tolerance, ion accumulation, and soiI-pIsLnt-water 
relations, PhD, Dissertation, Univ, Calif,, Riverside, 

Chen, S., SLnd P.S. Tong, 1945» Studies on colchicine induced 
autotetraploid barley, Amer. J. Bot. 32:177-181, 

Glegg, P.E., C.Y. Sullivan, and J.D. Eastin. 1978. A sensitive 
technique for the rapid measurement of carbon dioxide 
concentrations. Plant Physiol. 62:924-926. 

DeJong, T.M. 1978. Comparative gas exchange and growth responses of 
C3 SLnd Cjij, beach species grown at different salinity. Oecologia 
36:59-68. 

Dooley, L.W. 1975» Catalase activity and oxalic acid content in 
two salt stressed species of Atriplex. M.S. Thesis, Texas Tech 
Univ., Lubbock, 

Downton, W.J.S., and E. Torokfalvy. 1975. Effect of sodium chloride 
on the photosynthesis of Aeluropus litoralis, a hsaophytic 
grass. Z. Pflanzenphysiol. 75:143-150. 

Dunford, M.P. 1979. Personal communication. 

Eaton, F.M. 1927. The water requirement SLnd cell-sap concentration 
of Australism saltbushes and wheat as related to the salinity 
of the soil. Amer. J. Bot. 14:212-226. 



51 

Epstein, E. I98O. Response of plants to saline environments. In 
D.W. Rains, R.C. Valentine, and A. Hollaender (eds.), Genetic 
Engineering of Osmoregulation: Impact of Plant Productivity lor 
Food, Ghemicsas, and Energy, pp. 7-21. Plenum Press, N.Y. 

Faberge, A.C. 1936. The physiological consquences of polyploidy. 
I. Growth and size in the tomato. J. Genetics 33:365-382. 

Fisher, R.A., and N.G. Turner. I978. Plant productivity in the arid 
and semiarid zones. Ann. Rev. Plant Physiol. 29:277-317. 

Flowers, T.J. 1972a. Salt tolerance in Suaeda maxitina L.(L'jin.). 
The effect of sodium chloride on growth, respiration, and soluble 
enzymes in a compaxative study with Pisum. J. Exp. Bot. 23:310-
321. 

Flowers, T.J. 1972b. The effect of sodium chloride on enzyme 
activities from four halophyte species of Chenopodiaceae. 
Phytochemistry 11:1881-1886. 

Flowers, T.J. 1975« Halophytes. In D.A. Baker and J.L. Hall (eds.), 
lon Transport in ELant Oells and Tissues, pp. 309-334. North 
HoIIand, Amsterdam. 

Flowers, T.J., J.L. Hall, and M.E. Ward. 1978. Salt tolerance in the 
hsaophyte, Suaeda maritima (L.) Dum.: Properties of malic 
enzyme and PEP carboxylase. Ann. Bot. 42:1065-1074. 

Flowers, T.J., P.F. Troke, and A.R. Yeo. 1977- The mechanism of 
ssat tolerance in halophytes. Ann. Rev. Plant Physiol. 28:89-121. 

Flowers, T.J., W.E. Waxd, and J.L. Hall. 1976. Salt tolerance in the 
haiophyte Suaeda maritima: Some properties of malate dehydrogenase, 
Philo. Trans. Roy. Soc. London Ser. B 273:523-540. 

Gale, J., and A. Poljakoff-Mayber. 1970. Interrelationships 
between growth and photosynthesis of saltbush (Atriplex 
ha.liTnns L.) grown in saline media. Aust. J. Biol. Sci. 23: 
937-945. 

Gale, J., H.C. Kohl, and R.M. Hagan. 1967• Changes in the water 
balance and photosynthesis of onion, bean, and cotton plants 
under saline conditions. Physiol. Plant. 20:408-420. 

Gale, J., R. Naaman, and A. Poljakoff-Mayber. 1970. Growth of 
Atriplex halimus in sodium chloride salinated culture solutions 
as SLffected by the relative humidity of the air. Aust. J. Biol. 
Sci. 23:947-952. 



5Z 

Goodin, J.R. 1979a. Atriplex as a forage crop for axid lands. 
In G.A.Ritchie (ed.), New Agricultural Crops, pp. 133-143. 
AAAS, West view Press, Boulder. 

Goodin, J.R. 1979b. The forage potential of Atriplex canescens. 
In J.R. Goodin and D.K. Northington (eds.), Arid Land Plant 
Resources, pp. 418-424. ICASALS, Texas Tech Univ. Press, Lubbock. 

Goodin, J.R., and C.M. McKelI. 1970. Atriplex spp. as a potential 
forage crop in maxginal agricultural axeas. Proc. XI Intern. 
Grassland Congr., pp. I58-I6I. 

Greenway, H. I968. Growth stimulation by high chloride concentrations 
in halophytes. Isr. J. Bot. 17:169-177. 

Greenway, H., and R. Munns. I98O. Mechanisms of salt tolerance in 
nonhalophytes. Ann. Rev. Plant Physiol. 31:149-190. 

Greenway, H., and C.B. Osmond. 1970. lon relations, growth, and 
metabolism of Atriplex at high extemal electrolyte 
concentrations. In R. Jones (ed.), The Biology of Atriplex, 
pp. 49-56. CSIRO, Ganberra. 

Greenway, H., and G.B. Osmond. 1972. Salt responses of enzymes from 
species differing in salt tolerance. Plant Physiol. 49:256-259. 

Hassel, W.G. 1977. Plant species for critical areas. In J.L. 
Thames (ed.), Reclamation and Use of Disturbed Land in the 
Southwest, pp. 340-346. Univ. Arizona Press, Tucson. 

Hatch, M.D., and I.R. Oliver. 1978. Activation and inactivation of 
phosphoenolpymvate caxboxylase in leaf extracts from Ci), species. 
Aust. J. Plant Physiol. 5:571-580. 

Helwig, J.T., and K.A. Council. 1979« SAS User's Guide. SAS 
Institute Inc, Raleigh. 

Hoagland, D.R., and D.I. Arnon. 1950. Water culture method for 
growing plants without soil. Cal. Agr. Exp. Stn. Cir. No. 347. 

Hsiao, T.C. 1973. Plant responses to water stress. Ann. Rev. 
Plant Physiol. 24:519-570. 

Jennings, D.H. I968. Halophytes, succulence, and sodium in plants -
a unified theory. New Phytol. 67:899-911. 

Jones, R. 1970. The biology of Atriplex. CSIRO, Canberra. 



53 

Joseph, M.C., D.D. Randall, and C.J. Nelson. I98I. Photosynthesis 
in polyploid tall fescue. II. Photosynthesis and ribulose- 1,5" 
bisphosphate carboxylase of polyploid tall fescue. Plant 
Physiol. 68:894-898. 

Kaplan, A., and J. Gale. 1972. Effect of sodium chloride salinity 
on the water balance of Atriplex halimus. Aust, J. Biol. 
Sci. 25:895-903. 

Kleinkopf, G.E., A. Wallace, and J.W. Gha. 1975' Sodium relations 
in desert plants. IV. Some physiological responses of Atriplex 
confertifolia to different levels of sodium chloride. Soil Sci. 
125-í45-48. 

Laetsch, W.M. I968. Chloroplast specialization in dicotyledons 
possesing the Czj, dicaxboxylic acid pathway of photosynthetic 
CO2 fixation. Amer. J. Bot. 55:875-883-

Levitt, J. 1980. Responses of Plants to Environmental Stresses. 
AcsLdemic Press, N.Y. 

Longstreath, D.J., and P.S. Nobel. 1979. Salinity effects on leaf 
anatomy: consequences for photosynthesis. Plant Physiol. 
63:700-703. 

McKelI, C.M. 1978. Establishment of native plants for the 
rehabilitation of Paxaho processed oil shale in an arid 
environment. In R.A. Wright (ed.), The Reclamation of Disturbed 
Arid Lands, pp. 13-32. AAAS, Univ. New Mexico Press, 
Albuquerque. 

Monsen, S.B., and A.P. Plummer. 1978. Plants and treatment for 
revegetation of disturbed sites in the intermountain area. 
In R.A. Wright (ed.), The Reclamation of Disturbed Arid 
Lands, pp. 155-173• AAAS, Univ. of New Mexico Press, Albuquerque 

Mooney, H.A., 0. Bjorkman, and J.H. Troughton. 1974. Seasonal 
changes in the leaf characteristics of the desert shurb Atriplex 
hymenelytra. Carnegie Inst. Wash. Yeaxb. 73:846-852. 

Mozafar, A., and J.R. Goodin. 1970. Vesiculated hairs: a mechanism 
for salt tolerance in Atriplex halimus L. Plant Physiol. 
45:62-65. 

Newton, R.J., J.D. Puryear, J.R. Goodin, and D.L. Magax. 1982. 
Biomass from unconventional sources in semi-arid West Texas. 
In D.L. Klass (ed.), Symposium on Energy from Biomass and 
Wastes VI, pp. 167-220. Inst Gas Tech., Chicago. 



54 

Nieman, R.H. I962. Some effect of sodium chloride on growth, 
photosynthesis, and respiration of twelve crop plants. Bot. 
Gaz. 123:279-285. 

Nord, E.C. 1977, Shmbs for revegetation. In J.L. Thames (eds.), 
Reclamation and use of disturbed land in the Southwest, pp. 
284-301. Univ. Arizona Press, Tucson. 

Nord, E.G., and G.R. van Atta. I960. Saponin - a seed germination 
inhibitor, For, Sci, 6:350-353, 

Northington, D.K., J.R. Goodln, and J,K. Wangberg. 1979. Atriplex 
canescens as a potential forage crop introduction into the 
Middle East. In J.R. Goodin and D.K. Northington (eds.), 
Arid Land Plant Resources, pp. 425-429. ICASALS, Texas Tech 
Univ. Press, Lubbock. 

O'Leary, M.H., J.E. Rife, and J.D. Slater. I98I. Kinetic and 
isotopic effect studies of maize phosphoenolpymvate carboxylase. 
Biochemistry 20:7308-7314. 

Osmond, C.B. I963. Oxalates and ionic equilibria in Austrsatan 
saltbushes. Nature 198:504-504. 

Osmond, C.B. I967. B-caxboxylation photosynthesis in Atriplex. 
Biochim. Biophys. Acta 141:197-199. 

Osmond, C.B., and H. Greenway. 1972. Salt responses of carboxylation 
enzymes from species differing in salt tolerance. PIsLnt Physiol. 
49:260-263. 

Osmond, C.B., 0. Bjorkman, and D.J. Anderson. I98O. Physiological 
Processes in Plant Ecology: Toward a synthesis with Atriplex. 
Springer-Verlag, N.Y. 

Osmond, C.B., J.H. Troughton, and D.J. Goodchild. I969. Physio-
logical, biochemical, and stmctursa studies of photosynthesis 
and photorespiration in two species of Atriplex. Z. Pflanzen-
physiol, 61:218-237. 

Ott, L, 1977, An Introduction to Statistical Methods and Data 
SLnaaysis, Wadsworth Publ, Co, Inc, Belmont, 

Psaiaghy, C.K. 1970. Salt relations of Atrlplex leaves, In R, Jones 
(ed.), The Biology of Atriplex, pp, 57-62, CSIRO, Canberra. 

Perxy, S.W, I98I, Photosynthesis: photorespriation ratios of cotton 
as affected by environment and genotype, M.S. Thesis, Texas 
Tech Univ,, Lubbock, 



55 

Plummer, A.P. 1977. Revegetation of disturbed intermountain axea 
sites, In J.L. Thames (ed.), Reclamation and Use of Distuxbed 
Land in the Southwest, pp. 302-339, Univ Arizona Press, Tucson. 

Poljakoff-Mayber, A, 1975» Morphological and anatomical changes in 
plaLnts as a response to salinity stress. In A, Poljakoff-
Mayber and J. Gale (eds.), Plants in Saline Environments, pp. 
97-117. Springer-Verlag, N.Y. 

Poljakoff-Mayber, A., and J. Gale. I975. Plants in Saline 
Environments. Springer-Verlag, N.Y. 

Porath, E., and A. Poljakoff-Mayber. 1964. Effect of salinity on 
metabolic pathways in pea root tips. Israel J. Bot. 13:115-121. 

Porath, E., and A. Poljakoff-Mayber. I968. The effect of salinity 
in the growth medium on carbohydrate metabolism in pea root 
tips. Plant Cel Physiol. 9:195-203, 

Randall, D.D., C.J. Nelson, and K.H. Asay, I977. Ribulose 
bisphosphate caxboxylase: altered genetic expression in tall 
fescue. Plant Physiol. 59:38-41. 

Riemold, R.J., and W.H. Queen. 1974. Ecology of Halophytes. 
Academic Press, N.Y, 

Richaxdson, S.G. 1982. High and low sodium biotypes of fourwing 
saltbush: their responses to sodium SLnd potassium in retorted 
oil shale. J. Range Manage. 35:795-797. 

RichaLTdson, S.G., and C.M. McKelI. I98O. Water relations of Atriplex 
canescens as affected by the ssatnity and moisture percentage of 
processed oil shale. Agron. J. 72:946-950. 

Ruess, R.W., and M.K. Wali. I98O. Daily fluctuations in water 
potential and associated ionic changes in Atriplex canescens. 
Oecologia 47:200-203. 

Scioli, M.E.T. I98I. A physiological investigation of seed 
germination ans salt tolerance in a ploidy series of Atriplex 
csLnescens (Pursh) Nutt. M.S. Thesis, Texas Tech Univ., Lubbock, 

Shomer-Ilan, A,, and Y, Waisel, 1973» The effect of sodium chloride 
on the balance between C3 aLnd C4 carbon fixation pathways. 
Physiol. Plant. 29:190-193. 

Slatyer, R.O. 1970. Comparative photosynthesis, growth, and 
trsLnspiration of two species of Atriplex. Planta 93:175-189. 



56 

Stebbins, G.L. 1950. Variation and Evolution in Plants. Columbia 
Univ, Press, N.Y. 

Storey, R., and R.G. Wyn Jones. 1975. Betaine and choline levels 
in plants and their relationship to NaCI atress. PIsLnt Sci. 
Lett. 4:161-168. 

Storey, R., and R.G. Wyn Jones. 1977. Quaxtenaxy ammonium compounds 
in plants in xelation to salinity resistance. Phytochemistry 
16:447-453. 

Storey, R., and R.G. Wyn Jones. 1979. Responses of Atriplex 
spongiosa and Suaeda monica to salinity. Plant Physiol. 
63:156-162. 

Stroganov, B.P. 1973« Stmcture and Function of Plant Cells in 
in Saline Habits. Halsted Press, N.Y. 

Stutz, H.C., and S.C. Sanderson. 1979. The role of polyploidy in 
the evolution of Atriplex canescens. In G.R. Goodin and D.K. 
Northington (eds.), Arid Land Plant Resources, pp. 614-621. 
ICASALS, Texas Tech Univ. Press, Lubbock. 

Stutz, H.C., J.M. Melby, and G.K. Livingston. 1975« Evolutionaxy 
studies of Atrlplex; A relic gigas diploid population of Atriplex 
canescens. Amer. J. Bot. 62:236-245. 

Tal, M. 1977. Physiology of polyploid plants: DNA, RNA, protein, and 
abscisic acid in autotetraploid and diploid tomato under low 
and high salinity. Bot. Gaz. 138:119-122. 

Tal, M. I98O. Physiology and polyploids. In W.H. Lewis (ed.), 
Polyploidy: Biologicsa Relevence, pp. 61-75. Plenum Press, N.Y. 

Tal, M., and I. Gardi. 1976. Physiology of polyploid plants: 
water balance in autotetraploid and diploid tomato under low 
and high salinity. Physiol. Plant. 38:257-261. 

Tiku, B.L. 1976. Effect of salinity on the photosynthesis of the 
halophytes Salicornia mbra and Distichlis stricta. Physiol. 
Plant. 37:23-28. 

Ting, I.P., and C.B. Osmond. 1973. Photosynthetic p-enolpymvate 
caxboxylase. Characteristics of allozymes from leaves of C3 
and C4 plants. Plant Physiol. 51:439-447. 

Treichel, S.P., G.O. Krist, and D.J. von WiIIert. 1974. NaCI 
induced alteration of phosphoenolpymvate carboxylase activity in 
halophytes of different habitats. Z. Pflanzenphysiol. 71:437-449. 



51 

Turesson, G. 1922a., The species and variety as ecological units. 
Hereditas 3:100-113. 

Turesson, G. 1922b. The genotypical response of the plant species 
to the habitat. Hereditas 3:211-350. 

Twitchell, L.T. 1955. Germination of fourwing saltbush as affected 
by soaking SLnd chloride removal. J. Range Mange. 8:218-220. 

Waisel, Y. 1972. Biology of Halophytes. Academic Press, N.Y. 

Wallace, A,, and G.E. Kleinkopf. 1974. Contributions of salts to the 
water potential of woody plants. Plant Sci. Lett. 3:251-257. 

Wallace, A., V.Q. Hale, G.E. Kleinkopf, and R.C. Huffaker. I97I. 
Carboxydismutase and phosphoenolpymvate carboxylase activity 
from leaves of some plant species from the Northem Mojave and 
Southem Great Basin Deserts. Ecology 52:1093-1095. 

Wallace, A., R.T. Mueller, and E.M. Romney. 1973- Sodium relations 
in desert plants: II Distribution of cations in plant psLrts in 
three different species of Atriplex. Soil Sci. 115:390-394. 

Weimberg, R. 1967« Effect of sodium chloride on the activity of a 
soluble malate dehydrogenase from pea seeds. J. Biol. Chem. 
242:3000-3006. 

Weimberg, R. 1970. Enzyme levels in pea seedlings grown on highly 
saline media. Plant Physiol. 46:466-470. 

Winter, K, 1973a. Studies on NaCI-induced crassulacean acid 
metabolism in Mesembryanthemum crystallinum. Planta 109:135-145. 

Winter, K. 1973b. CO2 fixation metabolism in the halophytic species 
M esembryanthemum crystallinum grown under different environment 
conditions. Planta 114:75-85. 

Winter, K. 1974a. Evidence for the significance of crassulacean 
acid metabolism as an adaptive mechanism to water stress. 
Plant Sci. Lett. 3:279-281. 

Winter, K. 1974b. CO2 daxk fixation in the halophyte species 
Mesembxyanthemum crystalltnum. Biochem. Biophys. Acta 
343:465-468. 

Winter, K. 1974c. NaCl-induziertier crassulacean saurestoff 
wechsel ble der salzflanze Mesembryanthemum crystallinum. 
Oecologia 15:383-392. 



58 

Winter, K., and U. Luttge. 1976. Balance between C3 and CAM pathway 
of photosynthesis. In O.L. Lange, L. Kappen, and E.D. Schultze 
(eds.) Water and Plant Life: Problems and Mordern Approaches, 
PP. 323-334. Springer Verlag, N.Y. 

Winter, K., and D.J. von WiIIert. 1972. NaCI induced crassulacean 
acid metabolism in Mesembryanthemum crystallinum. Z. 
Pflanzenphysiol. 67:166-170. 

Younger, M.S. 1979. A Handbook for LinesLr Regression. Duxbury 
Press, North Scituate. 




